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PREFACE 

These proceedings contain the papers to be presented 

at the "IV Eu~opean Con6e~enc.e on Cant~oiied Fu~-ion and Pia~ 

ma Phy~-ic.~", which will take place in Rome, Italy, from 31 

August to 4 September 1970. The Conference is the fourth in 

a series of which the previous three took place in Munich 

(1965), in Stockholm (1967), and in Utrecht (1969) , and the 

first to be organized by the European Physical Society (EPS) 

through its Plasma Physics Division. 

The papers have been selected for presentation by the 

Paper Selection and Programme Committee. The responsibility 

for the contents of the contributions (received on 1 June 1970) 

is exclusively that of the authors. In the proceedings, the 

papers have been arranged in groups of related subjects, re 

fleeting the order of their presentation. 

Sincere thanks are due to the authors for their co-oE 

eration. 

The O~gan-iz-ing Comm-ittee, 

FJLa~c.at-i, 18 June, 1970 

I 



COMMITTEES AND SUPPORTING ORGANIZATIONS 

Organizing Committee 

B. Brunelli 

F. Engelmann 

Mrs. M. Fiorini 

M. Iannuzzi 

B. Rumi 

R. Verbeek 

c.haiJtman 

Paper Selection and Programme Committee 

B. Lehnert, Stoc.~hotm, Sweden 

R.S. Pease, Cutham, United King.dom 
(during the Committee meeting replaced by D.E.T .F. Ashbyl 

D. Pf~rsch, GaJtc.hing, fedeJtat Repubtic. 06 GeJtmany 

M. Trocheris, fontendy-aux-Ro,e" fJtanc.e 

Financial Support 

The organizations mentioned below have contributed financial 

ly to the Conference. Their support is gratefully acknowl­

edged: 

ComitatGl Nazionale per l'Energia Nucleare, . . Rome 

Commission of the European Communities, Brussels 

International Atomic Energy Agency, Vienna. 

11 



TOROIDAL CONFINEMENT 
T '1V.i.ttd l~~.tuJt.t. 

COjiCwstOllS or '1'13 '!'!lB~ "iiORr.3!!o:'M 011 'N':OlB'i'IC.lL 

PL~::i'!, P::'tSICS 

B. B. J:adOl:'ta8v" 

Inte I'TI lLtional Centre tor ,!,heorehcal Pby!lics , 'I'r 1"sto , I t,,1), . 

ABS'l'?.~CT . A ahort review of tht! II'lIin results of' ths plas", .. phyaicfI 

group at IC'!'P h 6iven . Both papars Ilnd T'eeulte of dhcuseio"a ere 

includod . 

'I'htI main t'1p108 of' the work and DfI",in llra ef' the plllslta ph,yniC9 V'DUP 

during April-Ausu~t 19"10, " eTS t'1r'11dll,1 pllL~ ... a confinement and 

non _linear pheno,"flnll in pla""/II . 

Con" .. :ming to r 01dl>.1 pI"" ... " oDnflno",ont, m!lny relotod problcDo ".ro 

cons1dend, nMely equilibriwo and diffusion , inatabilities and 

cooperative phonOll\i!na . In addition to the uaual diffusion in rare 

pl&91118, the ertect '11' p1allla 00llpl'fl8&1oo by longitudinal electric 

fie ld. in toroidal dhcha rf:l'fI vas invollti,gated . It was ah.oll1l that 

in the caae of ve~ low oollision f'requenciee , so_called banana and 

plataau reeiMs , tha pla •• a cGalpNlaaion is vary eff'acttva sO that 

it dOlllinataa tha dif'f'uaion at /J& - 91,p/B: < 1 .· .. ) This r&ault is 

in queli tativa asrea.ent with tha 'Il:perillantal data on Tokatnk- 3 

ooncerning t~.a ve~ long tima of particle contine .. ent '. Probably 

battar undara t ood is tl:e ion hesting proce .... on TokamlLk_3 which 

can ba explained on the basi. of the uaual alectron- ion e nerO' 

exchange and neoclauical ion thannoconducUvity . The machll./lilll: 

of drilt temperature instability Ill", alBo he invclved . But the 

prohla .. of ,lectron therllloconducUOI1 in not 801ved uniquely. It 

follow. both froal tbe an.lyais of energy balanee and from the over_ 

"".ting inatability th.t electron thormoconduchvit;y h conuiderably 

higher tban eluded ths:nIoeonductivity . One possible way to 

explain this ef'feot 11 given by trapped electron instability! there 

may be anothsr ponibility wbich would be coupled with the ano.,a10u" 

raaiativity cooperative phanomen • . 

• ) On leave f'roll KlU'chatov In8titute of Atellic EnerlD' , J.!oacow, USSR • 

... ) This effect 1181 oonaidared independently by Galeav and S.gd.eev at 

)lovoeibiralt • 

Dif'f'arsnt typea of toroid.l pI .... inatabilities \le", conaidered . 

In partiaular, 8 lIIars :raf'ined thao..,. of in .. labilit.1 af t rapped 

partiola. waa devaloped. It was vlry nice to learn th"t, pred1cted 

purely thaarotic811y, trapped particle in.tability ha" Tftcently 

haen dileovered u:perUoenta11y on the apharator device . More 

detaUed theo..,. of' nuh type inltabUit,. on tokamaka, both with 

Circular and alliptioal gr088- 8ection8 , waa dev810ped. . S0..8 

apagitig problem. of aniaotrapic and rotating pllUllla diffuaion 

""re aho aonaidanod , 

The detailad thlil"ory of' the oone and drift_ cone plaam" inatabiliUu 

lIhioh takes into accoun t tha longitudin.l inhomogeneity of a magnetiC 

fiald WIS given . It shOWl that tru. rest-Tiat-ion on longitudinal 

dilllona10n a of' adiabatia .. agnat iC trapo are more nevera thlUl WaS 

giv~n pra vioualy . But, at the "ama tilla it ahow8 t hat rBatrictiono 

an the r adiu8 af' th8 adiabatio trap is not 80 8eVere as waa 

previously baliBvld 80 that loma dieorepancy betweln tbe theory of 

the drift_ cone inetahility and the experillental data lIaa overcome . 

)\uoh of' the effort of t.h8 plallla group concen1ed inve8tigation. of 

d11"feNlnt type. af' ooo~rative nor._ linearplaua phenOllena . A nBW 

.ppro.cb to tru. probleo. of' pla8lla turbulence vu aU{l"ge"ted . It 

take" into aocount tba tllo-psrticle correlation in ita ",.:>tion which 

corre.ponds to 1_ lort of' cah&rent mot ion appearing aa ... cro_ 

particle. or "clUIJpa." Theae clUl'lpB bebave like nell particles witb 

graat ohargel tba,. Can gensrata wsve. and inte r aet wit!> eac h other, 

.\1 • • t1'Ong1)" turhulen t aitu.tion they can e :.:plain the a1IGr.!aloWl 

l'IIaiati'fitY I .t b . ... _pl.a .. a interaction they ",ake a qualitative 

explanation poeeible of tllo ... xponant lal t;tPB electron diatribution 

It tha fin.l llate . The different typea of a1Iooaloua :,e.taUvity 

and a"",a approacl\o" to I trong turbulenco treat,.ent were di l cuaaed. 

Tbe partiaipanta of' the plsuma 8'I'aup dso inveBtica~ed a.'"Id dhcunad 

mOlly prob l em8 Buah al wave propaaetion , interaction of waves wlth 

pllO"'a , and non.~lin elll"l/Il.ve intera ction . 

All Part1clpl\l1h of the plal" a croup art! grateful to ProreB9or 

Ahd.uB 3&111.111 and t he I nta n1atiansl At"",ic Energy A"ency and UllE3CO 

for hospitality It. the I ntan1BUonal Centre for Tileo!'fltioal 

Ph,yllic l , Trlu ta . 
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TOROIDAL CONFINEMENT (THEORY) 

<=PnCT or LOIlGITUtoi!1Ai. ELECTRIC FIELD Oil 'I'OROIDAL DlrrtJSl OII 

" p. RIItherford, L. Kowhhn1kh line! 101. Ro •• nblutb 
International CentH for Tbeoretical Pby:dC8, 'I'rinte, Hal,. . 

AlIS'I'RACT , Tba d.ri'll'ing toroidale1eetrlc field in tokaakll 111 shown to lead. to 

& lIi~ltica:\t pinct1ng aftect . Por (I , '" 1 tbin pincl:1n& 111 lIora rI,pid than 

outward dUf'\Jsion in tbe blLrlM& III'1d plahsu "'&1_&11 , 

It W,", pointed ou'\. t :J \( .... - c. 1) tbd the driving hroid&l _hotrle field in 

tok..-aka producaa • tJUcb hrger drift than tb. usual Er1JjJJ2 ... EE8/B2 . v. 

employ tbe U!fIlal toroidal co-ordinate. vith concentric cir.::utar n\l% IJUrfac •• 

of rad1u8 T , 611 ... urlnl; tb •• "lltutbat angh 1"O\lIId tb. magnatic u h and p the 

a:r.1l1'Utb-.]. angh round th. lIIajor ah. The ., . jor red!u. 11 R .. HO • r 1;:0118, 

and 3/i!Jf ~ O. 1f8'" ralUlonad tbat it Dna looked a t tr8"8d partit,l •• and ""ad 

the con"' rTatlon of angular 1I01l8ntu. 

(1 ) 

then, eince "' .. "'SDiebeB at a particle ren.ction point , it tollon that o"'.r 

lIany bounc. pe riods 

T }. RA~ + 
le 

80 thst 

» (2) 

Thh eOll.vhat Bur,rhing reault a~ aho b. und.rstood b,. not ing that the 

azimutbal el.ctric tield ..::h Ifta a 9 ..... &r,. ing .taUc potential tor \be trap­

ped particles. Hence tbe ~ban&rl"" are dieplaced end IICW have lID up-down 

.. ,..u,"etry. Due to tbie ",..lIIet1'3' the uuual lII~et1c radial dritte no lonpr 

o ancel ,."d a sillple calculaticn ot the etfeot ,.ield, e q . (2) . Ho .. .,tr, t bh 

silllp1e picture 11 not .dequate sines the ef'tltCt ot tbe electric fisld on 

untrspped particl .. is rather cOllpln . More important, the oollieionu friotion 

between partiel .. perturba tb. orbih i n a e!..llilar wa". to tbe electr io tield. 

Since the equilibriWII f' h1d n.C.llsar,. to drhe tbe Cllrrent I111lIt be of tbe 

order ot the fl'1ctional f orces , a .. U-conei.t.nt .olution Of tha problell 

lIIIIet be Bougbt . 

III etart trOll th. Vl. .. ov .qllation in t h . gIIiding centra l ieit: 

- C(f, ) 

H.re "'dr is tha uBllal 1II.g..tiC drift ' '' Il '" !i.(£-,uJ ) le: the .,.,locit,. 

p.rllllal to t be lIIapetio fhH. , to b tbe Marwellhn distribution end 

(J) 

tl (9 ,)1, £ ) tha parturbed distribution ilIduo.d b,. the .lectrio field ,."d 

eollidonll .tfeotl , C(tl ) repr ... nte t be oollilion op .... tor ' n' V indioahl 

a d.riv.ti", .. alor."" tb. magnetie field taken at eout .... t enera [" .... d 

IIl.611et1e aOllent ~. f'roll .q. ( l ) ... m.,. write 

(. ) 

(5) 

.. bere ( ) denotee lID u'erag1l o..,.r 9. Udng .q. (4 ) , integrating b,. parts on 

9, IIDd IIIIbstitutinS tor n·Vr t r o. .q.()) ( .. itb arr/h .. 0) we obtain tor tb. 

tlu..z: due to tbe .leotr io field 

(6) 

Thh Itrprell ll ion im .. ediate1y ebon tbe nu~ to be ..,bipolar . It "'ill then 

suffioe to oalcll1ate the llectJ'()n dtftull10n IIDd to U88 onl,. lllectnlll-ion 

ooUieior. ter.s in IIq.(6 ). 

Lorent.; eOllidon oplrdor 

C(f,1 = 

The calculation now procSld" in tbe usual w~ . Tbul ill tba low coUteion 

trequancy (banana ) limit the dominant teno in tbe .qllation is "'ltn.Vtl ' 

Tbie yiel de to l o .. .", t ord.r arl/~8 '" 0 and t o nert erder by e .... raging o_r 

eve obtain an equation tor deteraaining fl(t ' jA)' Tb .. sollltion i e 

El!!", 

f , 

'[~+' f~ 
.T ,,(v.> 

o 

(untrapped particl .. ) 

(trapped perticlos) (a) 

The averape ot "'" &re expr.ssibl. ill ten .. ot elliptic integrale tor the 

tok"",1lk gflomatry, and subetituting into oq. (6) .... find tor tbe flu:>; , efter 

rJUIIIe r ioaU,1 ava!lIetill6 tb. p integrals 2 

- I.~ (, ) 

Tbe ,"inue dgn indicates Ill! invdd tlu:z. Bote t bat tbe rell\llt iB rou.ghl.y 

eqllal to tbet whicb would ba obtein.d by IIIUltip1yins lIare' e drift b.1 tbe 

t raction ot trepp.d particlee . Ho.,ever, it we e:Ulline the fl1l% in d.tai1 

.,e tind th et it does not eo,"e tro.I! trapped partiolee but lIostly trOll t b. 

bou.nd&r,. 1qer bat .. e"n t rapped and untrapped particl... &rtdnU ,. in thi. 

region of .,elooit,. ep&Oe 0 l&rp unbalaneed colll.tona! triction .natll 

1a&ding to a lar gfl ,"odification or tbe orbitl and partiele d1tf'Uaion . 

It ehoul d also be noted that the di llp1ae8lllant ot orbitB leade to 0 111.1'p 

ohl1"~ I.parl tion and beno. a II.U-.::oocll1etant potntial. Rowwnr. 11; la 

.l1li113' ehown that introduotion ot' thh po~~,, ~ ial and the 4%'itt .. re .. u]:U ... S 

rrom it into ell.. ()) does not 1I0di.ty tbe tlu:>;. 

Pina1l.y , ... nota tba t it n bad kept \be first te" in aq.() ratber then 

t be Beoond eB tbl drhillll term ,w" wOllld ha"" rfloo.,.,red tba UIfl1a1 hNlaaa­

di!'f'allion result . Ranc e it iB eillple to OCHllp lrfl t b. nux due to .laotrio 

tiBld witb the Ull\lal d1ftuBion flu:>;. Neglecting el.ct ron_electron oolltaionl 
(Ind the ponible role or a nom8.10u l reBisti.,ity) ... oh tein 

~.j.,o / r.,/l.,.. '" - 2/ /le 

.. bere Pe'" 8 1f Pcentr/~lI\Irrace' Under the usual oonditione ot toklllK 
ezperiaente ~,! 1 &ri d .. e lIipt .rpect an in ... rd flo .. ot plUllla. HO'n'nr, 

it IIIIIBt ba point.d out tbat botb the ezperi.ental t ill •• oal. and tile tiaa 

eOale tor themal diffUsion are .horter b)' an order ot lIagnituds than the 

tbe aoal, t or particle diN"u.aion dillculle.d hllre. 

Finally, t be .bO ...... deaorlb.d caloulaUone aa". be p.rtora.4 t~ otb.r 

oollidoDal regia ... In tba "pl.teal" regia •• q.{lO) r.a1n. IIpJIT'lnlllatal.,:y 

?alid , .. bile in the hJ'dro~ .. ic reJ'i.ae th. effect ot tha al~ ti.ld 

baoo",ee l lOall althoullh tha d.toile ot tba tl'Vlfl1t i on "'"' no t ,.-.t 011111.1' . 

It hea been poillhd out to ue b,. L • .trt01ll0Tich t hat alllila.:r reR.l.ta ba_ 

ra.nnt1;y bean obtained b)' Oalee"l' and Sagd • ..., . 

""""''' 
1) A.. liara, SherwOOd Theoretioal " .. ting (Princeton, .I:prU 1970). 



TOROIDAL CONFINEMENT ( THEORY) 

Classical Diffus i on in TokOlllilk 

W. Fenebecg. Inscitut fUr Pla~maphysik GmbH, 8046 Garching 

near Munich. federal Repuolic of Gennany 

Abstract, The ma,s flow perpend icular to the magne tic surfaces 

is calcu la t ed for rotational symmetl'ic system" .The influence 

of an induced electric fl.eld on the clilssical diffusl.on is 

included. The formula Io'ill be simplified for a special 5el£­

consistent Tokomak case ..... ith magnetic surfaces of nearly 

circular cross sect ion., It will De shown that a stationary 

equ.ill.ocium with vanishinq mass flow has no physical meaning 

for realistic Tokomak conditions. 

The influence of an induced electric field produced by ohmic 

heating i n a teroidal discharge has not been taken into account 

in the worll of Ptirsch-Schlilter on classical diffusion [1]. The 

effect of this electric field consists in an additional t x t 
drift wh ich decreases the classical diffusion. If we ",ant to 

calculate this effect wc ,,"ust stllrt with the milgnetohyd.r<Xiynam:i:: 

equation 
L • - ~[Vp x ~J + ).i 

B 

From the condition t7-t _ 0 there results the differential 

equation for;L , 

'dJ- 'dF 'J.L df' l£f4 dF 
?"f'ri -'dt~ • - 80 R «F ~ 

"'hich is to be solved by the general solution: 

). • _ Re. £1..1 + )., (F) 
dF BoR 0 

III 

121 

III 

Here we have u.ed cylindrical coordinates (g, e, z), with! -

the distance from the torus axi s, e - the dire ction of the ma~ 

magnetic fiel~ Be • Bo ~ ,11. - th!'! distllnce of the center of 

the discharge vessel from the torus axis, Z - the distance fll;Dl 

the torus plane. We s hall also introduce iI system of polar 

coordinates: 

•• < sin .:>"" 

r cos 

It is lInown that the ~agnetic field can be generated by a 

scalar function F (2], 

(4) 

- - - - - - (5) 

",here the lines F • const coincide with the lines p - const. 

The contribution of the magnetic field of the diamagnetic 

currents to the main magnetic field Be is negl!'!cted. 

Pe .0/ it. 1 , p - the p l asma pressure - - - - - (6) 
B 

o B' 
In equation (2J the aaSl.llllptio n was lIIade /a/'" laep~) l/~ 

BB 

where a~ • }(~)2 + ~(15f) This as sumption is ~ot used 

in t he fo llo wing equations. 

The free function )0 (P) is determin"'d by Ohm's law: 

Ohm's la", in this fOrlll CilLn be r eceived on l y for constilLnt 

temperature . ~ 

('rhat means, U- Mass ve locity, n - particle density, e -elec:t1ul 

charge, m - electron mass,r - electron-ion collision time.JThe 

difference bet_en the conductivity par~llel and perpendicular 

to the magnetic field is tall"'n into account by a f actor 2.The 

electric field 
- - - - - - - (8) 

consists of a scalar field in the meridiona l (~, zl plane and 

the induced field in direction- a . 

f';,JA) .E. j ~",(, ~ 
(;: e<t 9 J (91 

~ 

If we multiply equati.on (7) scalar with B and integrate over a 

magnetic surface F • const, we obtain: 

3 

--- - -(10) 

2."7 E, [1-
~ v, j"c;,,!, , !-'oIJ 

The formula for the ma"ss flow M is obtained using the vector 
product of equation (7) wiLh ;, 

j" .. Of) 1[1fI .tJ-
/1= ('"'leFt '"J'/'W'/ -. '" 

"',.,."cEc ( _) ~C to -'(11) , 

.,<h u" ~. (stJ{~rJ~\<J~r~~) 
A. {F)~ JT ~(::) dJ, B(f):Jr;h~IDlJ- 0 lJI • 

, 1",,/. \ -,()F)-'oIJ 
~If lIT {tJ ?t 

_ (f (9?fr'ti'{UFjdJ. tJP.t/:J) 
Cif': ~, 

I F{itr'oI:7 
_ _ __ (12) 

Th!'! first term A( F ) accounts for the classical diffu eion in a 

s traight cylinder, the second term B(F) contains the pfirs c h­

SchlUter diffusion and t he third t e rm C(FJgivee t h e cCJ"lt::rlbut.ion 

of the electric field . 

In the following now we shall look for a epecial simp l e 'l'l)konilk 

case . The Maxwel l e quation for the meridional magnetic field is: 

Nt ~ .. ~ it} - - _ _ _ _ __ (13) 

Thi s equ .. tion will be solved in the app:ooximation of a h igh 

discharge curr ent . 

E ": .... , .\.~ , " .s 

Wa apply a homogeneous vertical ... agnetic fie ld 

J." 
D( "" RC 61 

( 4 ) 

_ .. _ US) 

(J - to t .. l curr ent, a - plasm .. radiu s) and obtain the solution 

for the magne tic surfaces: 
t - t> I ~ 

• (' , J J) _..,. IIIr .. tt"~ ... c> F = 'if X - :f)( (0) . ' J'. - b j 01-"".. .... C. . 
(16) 

In this configurat ion with nearly circularly shaped s urfaces 

_ can use a simplified expression fo r the mass f low. 

'R ' , 
1/- _ 't/r r ... c ( :'..".) ot" l. t t~C: " 11:,) , • - :r...... t -1.-t • ..:L.._'t~t J _ .. --

el~ l ~~ ~ h ~~~ - - (17) 

For M • 0 it follows for t he density profi l e. 

( ¥'") l:J e E. "etc-4. 
't "' ... . 1 - L ",,, I j :;. 16,JR. ... c. 'T - - - - - - (8) 

Por the conditions realiz:ed in T - 3 _ h aveL "" 103 , that means 

that the e l ectric f i eld in r ealistic cases ii too pall t o 

prevent the pla.sma d if fusion. An int eresting stationary stage 

with M - 0 can be achi eved o nly when a temperature gradie nt 

is considered [ 3 , 41. 
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TOROIDAL CONFINEMENT (THEORY) 

Plasma Equillbria of Tokamak Type 

H. P . Zehrield, B. J . Green, Inatitut fiil· J-ltIsmsphy&1k GmbH, 

Garching near Munich, FederBl Ilepubllc of Germany 

We present 8 general formalism for the description of an axisym­

metr ic plasma equilibrium . This is a model for the steady opera­
tion Of 8 Toksmak device. We use the hydromagnetic equations ta­
king i nto acc ount effects such 85 tensorial resistivity snd fi­
nite thermal conductivity . 'I'he reformulb tioo of thi s set leads 

to an equivalent set ,including the ge neral isa tion to tornidel 

geometry of the Bennett-P1ncb re!ation,and aD expression for the 
resi s t i ve plaSMa lose whiCh shows explicitly the eff ec t of tbe 
diSCharge current. This mathematically concise presentation of 
the full resistive equilibrium problem is appropriate to practi ­
cal calculations . As an example we COQsider a steady state on 
the r esistive time scale and for the case of small inverse as­

pect-ratio calcul ate the plasma displacement, and the rbdial 
distributions of all equilibrulOl quantities. 

To de scribe the stationary state of a Tokamak plasma , we use the 
f ollowing MIlD equations i n ~.K. S . units and s t andard nottltion 

rotS' B "f. ~p 
dwB~ 0 

E· ~'B - ~ ~ r; - -~f - ~ ~\ 
dw!~ - Q 

dw e!~ - "t H - pdw~ • dw(KVT) • Q, 

'1 - ~, 1 - (~'-1.)BB/B' 

The expresaion for ~ follows from the assumption that 

(, ) 

(2) 

(3) 

(. ) 

(5) 

(6) 

there " no time var iation of ~ in the plasma region. U is the ring volt­
age, \ the angle about the axis of symmetry and e the specific 
interna l energy . To cO!llplete the system lA'e add the ideal I!as 

equation of atate. We aasume that tbe temperature T is constallt 
along field lines. We iDagine that the plasma is encloeed in an 
ideally conducting container. 

The following observations should be made' 
(1) We consider a stationary state , by which is meant that the 

time variation is slow enough to neg l ect all part i ~l deriva­
tives with respect to time. 

(2) The pl aa. a losses due to ion-electron collisions, as descri­
bed by t be re sistivity ~ are balanced by a plasma source Q. 

(,) In the stat ionary state under investigation, plasllla flows 
are r etained but are auch that inertia effects are negligi­

ble. 
The usual d escription of an 8xi symae tric situation is carried out 
with the us e of cylindrical coordinat e s . The introduction of flux 

functions l e ads to a more elegant and convenient description!1) . 
W, emplo,. for ~ and ..1 the fluxes the "long" and "ahort" way, 
where each flux is evaluated in the appropriste direction bet -
w •• n the . agnetic 8Xis s nd s magnetic s urf ace . '1"e call the lIIag­
netiC fluxe s the long and the shor t way F and G respectiVe l y . 

The corresponding Cluxes of J, the cu~rents, we call I and J . By 
their definition, t he e quat ions used and the Es sumptlou oU T, 
F ,G,I,J ,T, P and ~ are surface quantities. The labeliog of mag­
netiC s urf aces can be done i n terms of anyone of tbe se, we usu­

slly emplpy the poloidal magnetic flux G aod denote deriva tives 
with respect to this variable by a dot. 

A straightforward aoalysis reve als that t he basic equations caD 
ba rewrit t en in the follo wing form 

d.w~ + At.. -t t.rr'u p. _ 0 
'R' jil' /" 

ill - Ai - J!. l,L 
(8) 

t + ;.L f... + pV • 0 
,\ Q,_~'r - M - hI ~ dS -l. Pi' ( I~, i -A~:.LIH:~rr} 9 

~ RoM rhJ.F If' 

(q) 

(10) 

P -1H/m (11 ) 

.. ~f1) (TH)TUi - 9Gtt~(\.lqCiI'd't) +\ard") (12 ) 

4 

('7) is tne fUDd~l:Iental equil~briul:I eGuttion. 0:) IS One ' s lbW 
i n the flux for-mulation ond (9) is the cifferentil.ol form of the 
Bennett-Pinch relation 1lJ. the toroids1 csse. 'lr:e l ss t twO equa_ 

tions express mass and enerfl,Y balance. The qua nti ties needed to 
explain this system we llst il, the following l ine6 

8- ir(~\ ' VG • AV\) 
+. d \ d'r 
L >= F • 1\ db Jiii'RP 

M • \ 9~ dS 
F('J-f 

A .. lu.(JA -J) 

V = Id', 
<l 
Ql' 

R is the dist ance from the aX le of symroetr-y . We note that the 
determinati on of th!! six quent~ties G,f\. ,l,p, T and ~ from ( '7) 

to (12) determines t he flo ws, so that the velocity ~ consists 
of t ,,·o po r ts 

( 15) 

(1 ) 2.. which is c6lculab le f:-o<ll C, 1\ and ~, and (2) the re<lla in­
ing part, which is divergenreiree and everywhere tange nt to the mag ­
netic sU:-faces . Tbis part depends on orbi tra ry surface quoutj_ 

ties '\f\ snd lfs • which cOllie froll! the integration of t'110 mognetic 
differential equations. 

(10) is the expresaion for the reSl.stlve plr.sllla loas and is ma­

de up of t hree different terms: 

(1) the so called "Classicsl Diffusion" term involving .ail' 

(2) the correction due to toroidlcity, fi r st d ~rived by Fflrsch 
and Schluter (21. By SCbwarz' 6 inequali ty this ter", call qui te 
generally be 6nown to be always positiVe, 

(,) a new terlll, invo lving the rin<, voltaE;e and al ways neg&tive. 

The structure of the derived set of equations suggests the fol­
lowing procedure f or an lpproximate ~eter~inr.tlon 01 el l equill­
brium qusntities . Leavine: for (I mO:!leot the equ i libri o..m equation 
(7) out of discussioL. , closer- investigation of the remalnin~ r-e­

l(ltions snows that the presc:-iption of any fall<11y of nested to­
rOidal surf aces G~const . allows the calculation of t~e s urCace 
quant i t ies I. J, p , ~ and T by ordillllry dIfferential equations. 
However ' t he quest ion now IS do t he solutions so found, satisfy 
the equilibrium condltion? Certainly t hey do not ':In average 
violate the equilibrium condition, because (q) i s ('7) averaged 

over s magne tIC surIace . But this doe !; not avoid 10c1l1 viola­
tion oI equation (7) , 

Whllt is possible 600 \1o'bat we propose, is to choose a family of 
surIaces, in otner words a coordinate system , which anticipates 
the expected geOMetry of the ma Bcetic surfaces and which is 
provided with large ly arbltrary built-in functions. After sol­

ving f or t he surf sce quantitiea we can use the built-in fu uc­
tlons t o modify shape am position of the msgnetic surfaces in 
auch a lIIaoner t hst the spproximation with respect to the equl.­
librium equation is as goud as possible . 
As an example we have dODe this for a large aspect-ratio torus 

and for the special case of no mass and energJ sour t es. 
Tbe results _ill be pre seated . 

This work is part of the jOint progrsmme between IFP snd 1!:uratom. 

(1} M.D. Kruskal, R. M. Kulsrud, Ph]'s . Fluids .1 • 265 ( 1958) 

C2J D. Pfirsch, A. SchlUter , II. PI!PAI7/62 (1962) . 
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PLAS~1A DIFFUSION IN l'OROIDAL SYSTE~!S 

WITII ANISOTROPIC PRESSURE 

International Centre f'lr Theoretical Physics, Trteste, Italy. 

~; The problem of reSistive diffusion of a plasma with 

an i sotropic pl'essure in a tOl'ol dal system is con~idered . The 

diffusion decrease s, with respect t o the isotropiC pressure 

case, whcn PlO > P ... and 1ncr!;lases in the opposite case, 

It is well known that coll 1sional di ff usion of a plasma in to_ 

r oidal sys tems exceeds that In a s imilar straight device. The 

e nhanl;elllent factor is due t o the combined effect o f t he tor01-

dal pa r ticle dr if ts and finite resis tivity :llong IMgncHc field 

11nes and was f i rs t calcu 1:J.ted by Pfi r sc h and SchlUter / 1 I. 

We investigate here ho w this taroidal effect is modifiod i n a 

plasma with anisotropic pressure. Such anisot r opy is actually 

present both in toro idal machines wi th Joule heating (Tokalllak's 

for exallpl e) where p" :> p ... / 2 / and when electron cyclotron 

resonance is used t o he:at the plasraa (then FJ.:> F .. )' 
The basic equations of our calculation are 

'J .J - 0 
~ 

where the pr essure tensor P is as~umed to be given by 
- 8 , B.I. -" • .!I ... 

(? l .... • p.:. (d.J.. - ~lo P. ----sr-

(2' 
(3) 

(4) 

~ leave of absence fr om Labaratori Gas Ionizzatt (Ass. 
El/RATOIoI-CNES) - Prasca ti, Ita l y. 

, . ) _ On leave of absence fro .. Kurcha tov Institute of AtomiC 
Energy. Moscow. USSR. 

and the other sy .. bols d o not need oxplanation. Severa l authors 

have exa .ined 1II0re complete fluid equa tions, in the Isotl""o plc 

press ure case, i ncluding ion I nertia and viscosity in Eq. (1). 

electron pressure gradient in (2) an..! allowi ng also for a ph! 

11\3. r ota tion due to a radially directed e lec tr i c fie l d / 3, 4 / . 

As it has been f i nally concluded / 5, 6 / that when all dlSSI~ 

t lve tel"mS are co r rectly taken in to account, only sma ll CO l"" rec_ 

tions to the Pfil""sch and Schlllter result a re obtained III t he c!. 

ses wh ich a r e !!lore interesting e xperilllentally , ""e res tr ict our 

attontion he r e t o tbe simpler equll;lons (1) - (3). 

Tbese equat ions arc applied to an axisymmet r ic toroidal system 

with large aspect rat iO (( - ~ <t j 1 whe re rand R are the 1111nor 

and aajor radiUS of the t o rus, l·cspective l y) . I n the usua l to_ 

roidal co_o r dinate systell, with the element of l eng t h gi ven by 

dS2 .. dr2 .. r2,wl .. (l -+- ( cos e)2 d:/, tbe magnetic Held can 

be taken al'! 

(5) 

with Bo .. const and ~. 1 . All quantt t ies can be expa nded i n 

the toroidicit y paralDeter ( so that n.no'~h ~n l r.81.4>.(~(r,lIl , etc . 

The final quantity to bc calcul ated is tbe t oroid al co ntribution 

to the diffusion flux across a magnetic surf ace which c an be s l~ 

ply ob tained frolll 

. 'I' '~ l no ·";- I -'-..!.# l f.tGlnIgj) (6) 
~ 2.lI" 1 B I r 9 

.... here c:: >_ & / de and the factor t -+-( cos 9 is the elelllCnt of 

area per unit length in torOldal co_ordina tes . The total diffu­

alon will be g iv en by 

<j " "Ir( • "d.us ( 7) 

.here qclass is tbe radial average flux 1.n a pla ne cyl inder . 

lIultlplying scala rly Eq. (1) by!! we ob ta i n for thc to r oldal coE. 

r ection to parallel plasma pressure 

(8) 
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p. 
whel'e, using (5) and s upposing an adiabatic l aw ~ .. const 

(r" 1 for the isotherma l case), we obtain for the denaity cor­

r ection 

(9) • 

The pal""allel co"ponent of Ohlll's law (2) togetber ""Ith (3) gives , 

after some algebra 

1 4 d</> • I f -t-, (PlO 'P""lc~~9 . TeI re ""J"9 - ---;:- ~ 0' r ..- (10) 

USing (3) and (10) in (6) and (7) we finally get 

'/ -() /r IpJ,O·p·o ) ( 11) 

wne re 

(12) 

DpS is the Ptirsch_ScblUter diffusion coeffic ient , '" being the 

rotational transform . The qualltlty , 1. ... PJ,o)"'/:;" now represents 

the additional correct i on factor t o the Pfirscn_SchlUter result, 

I'ela t e d to pressure an lsotro py. S ince all plasma quantities have 

been expanded to first order tn !. , it is cle ar ly valid o nly f or 

~~( . The derivation of the resul t itself shows t he phys_ p,. 
ica l reason for it . The additiona l contribution to diffusion r~: 

lated to pressure anisotropy arises because, f or PJ.. -# P", contr.! 

ry to the case of isotopic pressu re, su rfaces of consta n t dens! 

ty are displaced "" ith respect to IIIllg netic surfaces. When PJ..;> p~> 

the plasma is displaced towards regions o f stronger magne tic 

field, so that particle flux outwards dOlllina t es over Inwa rd f lux. 

In the opposite c ase p" ,. P.J.. the i nverse si t uat ion occu rs . These 

tendenCies clear ly a ppear in our r esu l t. On the othor hand , It is 

seen t hat, for smal l pressure anlsotropy, the Pf lrsch and SchlU­

t er diffus10 n is no t appreciably changed (*) 

(t) This differs fro .. a result found by WI ...,l / 7 / in the low 

denSity co llis10nle55 reghte. 

We have thus pointed out a new physical effect associated wi th 

press ure anisotr opy, con t ribut ing t o rad ia l r es istive diffus i o n ' 

In toroidal plasmas. 
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NtJCL&AR ruSlotl RI:ACTOR DESrG:,i::. ... REVIEW 

H. Krhtiansen and H, 0 , HaRhr 

Ph"", .. (.;J.boratory, Depart"' .. nt of rlectr!ca~ Engineering 

Texa~ Teel! University , Lubboc", Texas, 7<)~09 . USA 

~I Reasons for recent interest in fusion reactor duiro:n are 

dhcusaad . The various efforts and s tudies undel"way, particularly in the 

us ...... <.~ describ"d . Th" mDst significant .. "aul1:s to date and the mOat 

apparent needa for further rUUl'ch are ,,,",,,,,!'iud. An appraisal is made of 

th.e elll'""nt stilte of fusion reactor de"elopment and posdble d"v" lop"'ent tim~ 

• chedules are discussed . 

~I Since the lan lArA Conference on Plasm., Physics and Controlled 

Nuclear Fusion Rueareh at NovQsibirsk, USSR , in AUgus t 196B theN has been 

a cons1o;\e rabh "uurgen"" of opt!.m1lm for the futur e of the .... onuc1ear fusion 

reactors. This optimism h ba,ed on experiment al evidence , prosented in 

part at Hovodbirsk, that plaslllas do not necesnrill' diffuse across the 

confining magnetic: fielda at the relatively fast Bohnl rate bl/B) . Such 

av idence , conaiating of significant improvement in confinement times in 

.everal cOllntrhs rather than e single major break_through, indicates that 

IInder .c:el'tain con#t1ons , tha diffusion ratoll across the confining magnetic 

fhld lIIay approach the relativdy slow clasdca.l r ate ("lIB
1

) . Additional 

internt has been stimulated by the adventeges fudon ree ctors offer over 

fast br eeder r eactors in terltl s of enviro .... ental and safety factors. These 

advantages inclllde potenthlly high thenna l e fficiency, non _proliferation 

of weapons grade materials , inherent safety from nuclear eXpl05ions, nellli -

gible a.fter heat , and relatively low inv .. ntory of radioactive material. 

SIImIII!!'l' of Activit!ell I:arly fudon reactor studies in the USA were con-

ducted by Profanor D. J , Rose at MIT, Dr . R. G. Mills at Princeton Univer_ 

a1~ PleSllla Phyeica. Labora tory , and Dr . f . L. Ribe at Los Alal!loa S<:ientific 

Laboratory, Tha fll'at international conference on Nuclear fusion Reactors 

... s hdd at CIIlham LabOl'a tory in Septeuober , 1969, and was followed by a 

very slI<:ceaaful Working Study \leek . Approxilaately 50\ of the papers at this 

cont.renc:a w.re from the USA , IIS\ from the U.K . , and the res t frc:n the 

redel'a.l Repllblic of Gemany , Fran<:e, and the USSR, These perce ntages give a 

fairl y corre<:t p i ctur e of the relative interest in t he various countries at 

that t ime , The European i nterelt hBS apparently increased amce that tione 

and . evers l collntrlaa seeM to be planning larger stlldy efforts. The USAJ:C 

has allo condllcted several informal fusion technology meetings over the past 

1 1/2 _ :2 yaars , I n June , 1970, a Symposium on Fusion Reactor Design , 

deaigned to 8t1:llllate interest in fusion reactor design problems , was co-

s ponaored by the USAI:C and Te1<as Tech University wi th participation fro,. 

several national laboratol'iaa , indUstry, foreign <:ountries and different U, S. 

IIniverdtiea (1], 

The four USAJ:C 8upport .. d national laboratory plasma l'aaearch groups at 

Lo, Alill!loa, lIew Madco i Livermore , Californi a: Oak Ridge, Tennessee, and 

Pl'inceton , Mew Jersey are all now carrying out limited design studies . 

Severa l U. S. universities are also engaged in fusion ructor studies , 

inclvding MIT, University of Wisconsin , Texas Te ch University , and others. 

The USAf , MAS A, and saversl universit ies are giv ing consideration t o the 

llsa of fllaion rea<:tors in space [1], The U. K. apparently is continuing i~$ 

efforts indicated by the Culh81ll Conference and the federa l Republic of 

Ge1'll'lany 15 at least <:onlidering an increased effort in t his area, 

Studies end Problem Areas: The various design studie. conducted to date 
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have ",ade a hold assIll'Iption, nemdy that the plasma stabi lity problem !Ja .~ 

been solved . Very little consideration has been /liven t o specific I'roblems 

in how to stabilhe th" plasma , except i n soon" cas es to allo·J f or p<>~e r 

consumption to ~rovide feedbaCk or dynamic stabilization. 

In spite of i~norlng the stability ~roblem and in spite of n e ... "rious 

assumptions of continuolls versus pulsed and toroidal versus ,,>1rr<>r r eacto rs , 

<:ertain basie f"8tures ilnd troublesome proble~ "reas are bec""'i ... ~ " ppar .. "t, 

It appears that fusion reactors will neceuarily he quite la~~e . A <:om>onl" 

Quoted fiture is 5000 MW{tJ . A I) _T reactor will h~ an efficien t trit i um 

bree der. [;xpe rimental data on wall dal!\ag e , both due to neutrons a nd 

chsrg~d particles, are insufficient. 110 satisf~ctory ~olutlon has b" e n 

"u~ge sted to simulate t"" in"t .. n"" lU Kev neutron fluM f ro:n a O_T reactor • 

Un l ess turbulent he ating or shock and co:np...,ssional heating i" succ e,,~ ful 

the heating problem appears to b" extremely SeVere. Ther" ere no ~pr .. rent 

easy ways of incol1'oratin>: auxiliary heating structures, s uch a s ~ f co ils, 

into the reactor duign. Injection of fuel into an operating r ea c.t "r is 

anotber .. ajor problem. Theore tical calculiltions indicate that "the only 

feasibl e scheme .. a y be pellet inj ection . Even ass uming tha t r.'H t r .. l particle 

or ion injecdon will succeed in penetrating in t o th~ int" riol- o· the 

reactor one is faced with truly impreuive r"quirement" on beat!, flUM and 

energy, Many re5earchers are actually mol''' worrie d about heatin>: a ne 

injection proble"'s tban stability problems. 

Several Yery clever ideas and concepts tI,at have caused much discussion 

and interest inClude , among othe rs , the direct "nergy conyersion sch,,",e 

proposed by R. r. Po"t, the "Fusion Torch" proposed by B. J. Ea5tlun<l and 

W. C. Gough , Urban C""'pleM Design proposed by A. p. fras. ~acu\lDO \lalJ fl'ee 

Blankets Using Heat Pipes proposed bv R. lI. Werner, and Cryogenh: Lner~.~ 

Storage proposed by r . 1.. Ribe . In the space ellotted , pror;er credi t 

cannot be given to all the interesting ilnd clever ideas that a J.ready have 

resulted from a very limited study effort. 

Recc:nmendations .nd Conclusions : IoIhe ther or not fu~ion reactors can 

:ruccns flllly compete with fast breeder reactors depends on th" fJnal enaly -

sis on the economics of the two aystems . It is very clear , ho"evp.r , t!>at 

811'1 lIIeaningful econ""'!<: analysis must include future cost f actors <1ue to 

environmental and societal consideratIons . The econCfllic analY5e8 conducted 

50 far have largely bun carried out by engineers and scientists and no t bv 

professional econOlllists. I:nvironmental and societal factors have u5ually 

been ignored. This omission s ives reason for considerable conCern and it 

appears that any truly meaningful economic evaluation must be performed by 

a team of engineers , scientists, economis ts, ",colog15ts, sociolog'.sts , 

la"'Yers , and others. Some of the most critical technolor,y research areas 

are: plasma heating , fuel injection , wall dMlage , dire<:t energy conversion, 

cryoge ni<: energy storage, blank"t design, and heat transte r. 

If fusion resear<:h is continued at· the present world wide "ffort , 

succ" lsful , on _line , fusion r eector will not be buIlt in this <:entury . If 

environmental, political , or societal considerations make the development 

of fU8ion reactors a national or international priority then planned , 

acce llerated funding can speed the dev e lopr.len"t up so as to provide such a 

r eector in less than 10 years. A "scientific feasi bility" exp" riment wUl 

probably be reported within S years " ven at the pre sent level of effort. 

RL rERr.tlCC 

1. Proceedings of t!>e Symposium on fusion Reactor Desi~n , ~. Kristiansen 
and M, O. Magler , Eds" Special Report No . Ion ALC Contra ct AT_{~O_l) _ 

3778, Deparment of Electrica l l:n~ineerin~ , T"Ma s Tech Unive r s ity , 
Lubbock , Texas , 7~~09 , June l ~ , 1'17 0 , 

This work "as supported in P ~l't t,l' the USAEC and I.Sf . 
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~: rhe prohlems o~ reshtb" dirl\i~, o,-, ar.d t ber-al eonduc thity 

o f .. rotatin g toro i dd ~h.s ... U8 c onaiderood. It i s sholm U at ne co­

eff1cient of t~"'''.l ,",on,bctiYit:r 11 !tronSl.., daCl"fIuad in tb e e ... o f 

auffic1aot1y lul"'" collision fJ'l'luencl . }, l&l'~ t ran".,. .... electr ic 

(hId le p r-(" .. nt e d in th" plasma .,,~ i ta di rection de pends on tb" "oUhio" 

f .. aque n",)' • 

;;8 eons1 der n .• problem of ch. ... i".l diff'Ja ion of j,yd:ro~.I .. lIIic.l pI...,; ... , 

in tOT"Oid d 

.rrlK: t
1 :~ . 

.y .. t .... n tald"e '-"t o aceount 11 . .. ~iolUth.l r ot .. llon (S 'rin~r '. 

III (:o"t,lI.$: v itt vork. o f P.oeenblutt and Taylo:, 2) and 

C.lnv - " e uEl H,e c OCI l'la te lIy , t .. o !' t.yc!..rod.,ynaaical equ ations , in-

c l udin8 U:. h" . t - ba lance eouation", 

"'PI.. =_ d.i. ~,,;;;. ::.- J,."'I' ... :t:;. 
'(It ' .... ) (1: 

0. " - -. I - -rIl. ; 1\.. dt.' +V"P,=::e..n. ( E.. .. t..[V'BJ) · (.>1.;r - <.D:.,.T\...;-~l (2) 

qpe '" - U\.. (~ ~ ~(;eBf) "V'v~ .;Rr ) 

~" eLT. + p-J..v-ij -::::. - cLl"~ 
&. . ... o..t. " Y') 

~ n. c.l. To. .;- pc. J.(I1t; .. = _ J..,."'II. ' 
Z <it 

IJ) 

(4 ) 

I, ) 

In the continuity £q8 . (1 ) , the ion Il1ld elec tron dBnlliU." &re ........ d to 

b" equll , Eq . (2) repreBente the Iqudlon of ion .otionl rrl ill tb" Th­

eo"ity ten!o", Eq . ()) i,s the "queUon of eleotron 80t ion • .men .... 

neshc h d _1<o0 tl"On 1nerth and .,lac081t)'1 E<lB . (4 ) &l1d (5) .. eprtllllllt t be 

bn.t- b&l.nca equ"t i ons; d/dt :: WClt .. " j 'V'I cr - .;,~./ ... 1" tb. 

plu,, " cond\Jctirlty , ~ ill tb" tb"nod fDl'(:. , Cl
j 

i " 11" th.:,.&! flux . 

In tbe ... iaeolllty unsor " . take into account only th" "agna tic vi"cosH,. 

&ri d t bl lollptudi.l>al ion .i"co"it1' ~"V~ ~ Tb" the:noBl flux .. in-

• On 11 " .... froll Kun:batoT Inlltitute o~ :.tOllic u"arg . 1I0 1IC08, USSR . 

2(ftT" [ I d:rlf't beat nU"8" CId' - 2 9 :S V T &nd longitudtnal hat 
J Ij B j 

flU.J:u <lNj - -" Nj 11" T j • 

Tb. By,'h_ (1}-(5 ) giun t b. poul bllit:r of taking into ..,count 10.. 

Ifr.ch not coneidu".d in th e pNOviou. pl pen 2 ) , 3) and Tlr:r iaportant 

in tbie probhe. For e:""'pl ., in cOll t rut .. i t b alf . 2 , v. t u . in t o 

lIC eOWlt t b •• fhc t ot p u-al1el rtecolit)" Tbicb h .... cb l .. r~r tb .. t bat 

of tl'lMlITlree rt . coeit)' eoneldn.d in R.f .21 longitudinal loo ""cl .lectroo 

tb . ..... &l. eOllducth'H:r and dhplac . .. nt of tbe l urfac e" T j _ conlt fr'DII 

"' .gnat ie lurf..,.. . In contrl.llt rltb Ret.3 we tooke into account ioo rte -

cosH), ..,d tbe .... &! cooduetirtt)' and 4ilplaenent of Tt _ conet 1Ur-

t.., •• fro. I"gn.tic eurfaces. 

Tbe 1),lt-= of e quations h eolTld b)' I perturbation t"chnique in .. bicb 

all quanUthe &MO u 'panded r Ub re l p.ct t c tb. inveree upect retio 

£. _ r / B ( .. bere r 11 t h re.diuI ot I. gi"", 1IIae;n.t1c rurl'eca , 11 tbe 

•• jor ra.d iu. of tbe torue) . To .iap1 it, tt. c alcul ati".. .... introduce 

tb ree ........ ptioo." 1 ) no seroth order current j l o _ 0 1 2 ) tbe 101lgitu-

d.inal tb .... al con:l:.tctirt t :r -X.e h ... .., l arge eo tbat " e 010 erpand al l 

qu .,HH .. in 1{t... TI>ie ~..u.ptl.on h 'l'e.lid 0,,1,. in tI, ...... ..Jr. l,. 

co 1111100al c ... qR/ >"( (1I /lIer (" b.NI 'I. _ ~B/R1I8 ' BI 11 t h 

toroid&1 ooepon .ot of tbe .. agnetic f hH I Ba la the .. illUtb &1 IIt1g1e Uc 

fi el d l ). h the put icl e .. eWl f ... e P&thl 3) the l&rlOor radium of ione le 

•• a ll, r / r«( Bg/B
z 

• 

IiUb t1::eee " sulpHooe t he (1,.;"11 of p..nic l .. and be.t due to toroi4icity 

0 .. . ... Uy be c alculate!!. . Tb •• e flu" .. u . {\mctionn ot t h. rot . tion &1 

v.locit), " 0 . (E I 1Y1I2 
. In o r der to d.h ..... in. t bie _loc1ty " . 

dni ... WI .ddit1onel equatioo ( ..,alOgoul t o tbe t us.d iJ'I Ret . 2) . 

Tbe ""Nit. o f t he c alculation .... beat ehovn in th e foIlorin g dl egr_ 

(Fi,. . 1 ). 

J,' P:"~' I+---~ 

!® ® , I , , 
,-------1-- ..... -- - . , , 

o , 7 

For a ll tl:. re r i on of validity of OU r t reatment (" )t m: ' 

hy ion 10nSitu dir.al riacoa it.v &nl! tb . :raa1 c onductivity; in tb. c ... 

:a" R :89 (',)i ~ ..L < "1" < _p,r B ;- ,.h b le rohtio" iI e.etenoined hy tl:. 
z t'" D Z • 

~lect ron parallel thermal cooductiTity . '!'he toroidal correction to the 

coeffic i ent ot ion tb en .. l conducti"ity ta etrongly decreued , where , 
.!I.B. >..L -.! In this lI .. e " . b a .. the ordinary expranlon for. 

.I.. f'i Bz 
cylindrical p I...... The co.ffici , nt of dHfudo" rithin a fac to r "2 

is conet an t in tb. enUN region con a id. red. In tbe C&8e wbere the 

t ellp. re ture gr. dient ie of tbe ordar aI t b, d. naity gr. di,,,t , • lar(8 

t ran ,veNOe .lect r ic fiel d e"l.te. '!'hi. rhle in tb .... gion 

( .. )' h ;! t ia .. l arpr tben the Pfi .... cb ScbJutl!' fi eld . 

Tbe direction of thl' fi . ld d . penda c.. th ' collilioo. fre'IUanc,. .. 11 

shO"lTl sY"pbic&l.ly in Fig. l. 

Tb • ...,Uor is grehfUl to Dr ••• Dobro" olc), fo r u .. tul diecu ,a1on, . !I. 

. tab e. t o t b .,a l'rohuor J.bdu, Sal. , tbe Ir.hrn &t ioo &l. .It_ic "'. rg 

AEencl end InI'ESCO for bo~itality .t tb, I nt.rnational Cent ... for 

Theoretic al ~lc •• Tr i .. t • • 
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TOROIDAL CONFINEMENT (THEORY ) 

ClASS ICAL DIrrusl os IS AS A.~ I S1'X'lETRtC r OROtD.\ L 

I'LASiA FOR AIW1 1llA.RY COL.LISIOS Fltf;QI!F.;Scn;s 

", 
.1." . CO:"'XOR nnd T.E. STIlISGEfl 

UniL"d IUn::d ... Ato.;" l::II~rlO' Autho r ity, 

R" . " .. rch Gr oup, Cu l h"", Laborator)". Abin~doD, Ilc r k'h' r<', [n=la"d 

~: £:cp r " •• ion8 Br .. obta in"d to ,' .. LaBBI",,1 d,ftullotl ' " on IIxi.)"",. 

.. c~ric toru&, vnlid ovc r a "ide r"" lite of cond, t.on. "~lich inc l",\". th e 

inter",,,dia t e .. nd hillhly ca lU .loun l r rl! i .. ~.. Variou . l i.itihll' cases ore 

consi dered and t he .... t .. pol llr ",,, ndIUon d '.cuned. 

Introduction: Clue, ,,,,1 dir r .. . ioll in 'an!" OOpCCL r a<io, £ an9}"'· 

Uletric torii h,,, pre viously been di u u .. "d LIl certa,,, l iu.t 'tl l casp. · 

characteri.ed by t h e ",Ine of th e ratio ':!~~ "lIe r " " i8 l he culUsio""j 

.. ean rr"" path and Le the conncct1<>n J"" Jth. 

r" . i st.ivity, vile:Ollty "nd t.b~rmal conduct i nty are (·be lDOIin di llal p .. n •• ·., 

proceuu "uoci n ted wilh tb" diffuuo ... (1,2,3); ( i, ) 1 c ~~: c £-i ~here 

di sBip"tion i. prodded by La.ndau d,,",p'n,{ ~~ and (iiL) £.; c 2
L"t), ,,'her ., , 

trapped particle I' ff"ch arc i .. po rllU' t{ ~ J. In .. any up .. rl .. ""ta t he vari .. . 

tiulI of L.c v i U! rmdiu. cnrd ... 2~)" f ro. re:illn (d to nllion (ii)(2 ), , 
'l11UII n theory i, r equ.i red ..-bicb is V1Ilid ac r 0911 tbe t ran" iti on be Oo'l'e ll 

Lhue r eg i ..... . In addition tbe tbeory Should covl'r 0 ",de rnng" of anotb~r 

relevan t par""'o~or 'a tbe iun La .... or r od. uS in tbe .. aln 

t oroidal fie l d u" ,e i ll the r atio of pol oi ""l ~nd t or oi dol f, el d . and 

r " i " the density I e:ale le"gtb. 

Th e G .... l'ra l Dirru.io" Exp r u"'on: Tbe "lItl"Uon ,n t he e'lu .• ilb r , UI> p" r a -

.. e t e rs over " " ,netie: " udace _ i. o b t.~ 'ned fro .. t be g>l,d.nl_ccnt re kinet.c 

Cquatian(5) ... ilh a llha tnaga r -Grou . J\rook colli .i an terlll(6). ro r . impl'cit," 

tbe i l oilie ....... 1 IJG Ii te". is uled, ..ttich doe" nut p r ope rl y d .. sc r ibe l he ....,..l 

U9=p tiOU t hat the zero_o r der di ltribution ill ~a>;vellian. Thi. eIcl ude~ 

.. a." (iii) aincQ tbe di8tdbution function fo r trapped pllrtielc" cannot be 

upand cd in I: Inte,r"L.ng th .. rad i ,,1 dr i f t o"cr " e locity and t he n ove r 

a magnetic l urf"ce giv~" a n~t out .... rd t1w; of o rde r z", Tb .. "cloc ily 

in tegra t io .. iut r oduc ... the pi" ...... d uperlion fune t i on(5) I{ zj ) .mere 

\ '0 Le 
Zj _ :l

j 
+ I Yj , I

j 
• - c l3 and Yj - 2JtA j ,ej ia th~ th~na/ll J Pced of lhe 

jth I pec i e l , and Vo • _ r..Jllo il tbe ",,, .. utbaJ dr ift d ue to a ze r o_orde r 

r ,,,li,, 1 el ectrlc f ie ld. The diUuei!," velocity r ot tbe jth tpeciee ca .. 

(A) {Ill (cl ~ dl~ 
vdj • vdj + vdj ~ vdj - ejBo at 

be wr i tten : 

The tlo ... ..... rl atio .. i n lhe au .utbal dr if t , of o r de r ~,ie detel"Dined by 

ilie .... bipolar i ty eoodi tion , Vdi • Vde 
In tbe abo ve, 

V(A ). ~ (I + ~){J' r ~ (1 · - III 
dJ 2 r lloe .j Vo ~ j J 

• i" :L ( [.( .. u::) { • ' J ";: (. H) r. [.( .. ~ ) ,-:j' )} 

': ": ~"A! <' 
~'. + I.' 

"be r e p' i. th" ITadi enl or t he pia""", p r e.~ure, '1 i, tb., resiatidty 

nnd U. lh ~ d.t .... agnetic .-elocity of apeeiea j, k d,·notc. the 'pf'C'U ,. 
eo.pl....,entary to j. \0'" ba,'e defined 

... . ~ 3c - · l lIi Ti ,C. _ I+".~< 

8 

and 

' n . I'n . ( U) .' ) F ... L • .or I .. ~ .', • ( I .. I;;- -',. 

• • L_".,._rc 
., ,~ '") ". I I .. ~i:l" - r .. Z'" 

J J' .) J I 

r .. ,L , . propor ti onal to the d,elee u "c conlUnt 8nd ~ep r IU ""e,'oe lhtre 

,a an ~nhanc",-,ent of I"dl rhe dis~'(WIII\"e prate .. responuble ror \.~~) 
c h n,,::,·. f r UII I ... "da-u dlUWl"n;l to doeo o ' t .• · n~ :!l;' dp" ,·e~8c8. I".t~) , a H 

gC"HIII, "al'"n af r "818 tl \'C dlr f u . iop "lid \~~) ;8 a ~",all t~n:o prllpor­

t lon,,1 t.a rr and """'"'On to both ~peeIPI. 

Snp" ,,,1 C"9~S : "'"he" !"'J! <: I or 1"'11 ,. 1 , "ppr o", ... ' " fa .... ... ,v b.· uspd 

ror Ih
J

) .. nd ~he · d i ffu.lon up r eUlon ti .. pllfl l'l. Thi. allo .... the 

flll'''''' ll ~ " wil l ng ca'~t to b" l l· .. atpd n,,~Jyt,clllly: 

(0) x, C Y, ' "e " )'p , YeS, " I. ""n h"lh ,on . and el~ctrap. hcbD'·~ 

". h, :tll l)' collls.onal flu,d ...... " f,nd cnn.,d~rD.hle a od.f.c"(;OM 1 0 the 

co. it~·, but the aClual ..... b.pol"r d.rtu~lon ,d hardly chan;!ed. O'er putt 

or tll" rw,!!" " Iec lran l h ~ "." l c" nduc l,dt)", .... "cb la not eo r ro,clly ducrlbed 

Ity tb p eqllation~, ]I 'OJ.o runtOl . 

(h) ", " Yi ' " e« Ye ' y~,yi " I. In t.bi, e:au both a p"",.. a r e dc.­

cr'bed by f,uid_Iilt", I!qUllt , on l but only t he electron l a r e colli .. on 

dam'n .. t .. d. Tb" reg,nn I I ""pa r<ant uper",,.·utally bllt has not I, r "",a".t}" 

Th ~ Ilot h r c s sp can ilh"" cnn~lder"b i .. ~nl!""" ~ ... ",,t a'-cr t he Pf,rlch.SchIUt .. ,· 

(c) :I, ' ~ .. « I , ... , .~' .. C I. Th is casp cor re. pond. t o 'OHS nn,' "i "C'fon' 

undnrlu,nt- Landa.1I dallPI"g. \o.~ reproduc~ t h., retolt. o f refere llC<· 5, hut 

f,nd Lh .... a r e reuricted to ~~ t . 

r~.ulu or (d) . 

I .... nd"u dJwr,ed , ~'h ,!e the ion. bcbB" ~ B8 /I "cukly collieion .. l fluid ..... ~ , 
r ,nd lIlf D.:>bipolu at"tl' 1"0- - t'~ " . Vd - I·p• ' ,·.I,d ru r ~ ~ 5. 

Conclu!,on.: Genernl e 'lu/ltlOn. a r .. der"'ed ro r th .. d,rru~,an .·,Iid O'·P r 

"'os ~ or pll r an"t"r Splice or e~p"tl .. "nLa l i"t~ rut, in t he C" MP (c) thcae 

" '"'pn lll lane agr .. e ... , th ""ri, Cl' nnal.,·,., •. "",,j I e in c".e ( a) th~y I "ad t.o " 

.Jod. r' cbtion of e .. rlier fnuJU. The l' uiti n g cu.,. (b) and ( d) ho"" not 

pr",·iou. ly bHn t r ealed, The gpn~ra ' re t .. lt could be e\"slu .. ud n .... erical l )-

t o r .nd tbe d,rr .. . ,an rate ,"",en the p .. r ...... t~rJ r,,11 ",thin lhe traneil10n 

ntz'o",. 

1. I'PI11SC1l , D. "nd SCllLl)llll, _\ . ·,.u_1'I"nk I".'.' tut,· tl~por ~ 

Sa. Hpl j m j 7/ 6'2, (1')62) w'publiahcd . 

2. Snt ISGER. LE. Ph)' •. FlUId., (to be publ .. h~d) 

J. GAJ..£:EV, A.A. Zh£TF Lt,uer., lQ.. "J, (196')) 

~. GALEt.V, A,A. and SAGDEEV , " .Z . , So,·. Phy • . J . E. T.P. ~, 2)J, (19t>B) 

5. S I'HI SGEll, r.I: . Phy •. Flu ida, ll, 8 10, (11)70) 

6, .'1IIilL\ llO\SI\II, A.I!. nnd l'OGUI'S£, 0. 1' . SO". Ph ..... re"h. I'hy •. 

ll, I'}:;, (1966). 
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TOROIDAL CONFINEMENT ( THEORY) 

BULK VISCOSITY, MAGNETIC - FIELD CORRUGATIONS, 

AND CONTAINM ENT IN TOROIDAL CO:"FIG LRATIONS· 

J. M. Oawlon, N. K. Win lO T, E. C. B"w"r~ . and J. L. John.ont 

Princ ,,' on Un;"" Tlity Pl;Ulna Physic s Laboratory, Prince!on, N. J., USA 

~ T h" din ipation U50dated wilh hydrodynamic now through 

rn.a.gneli<; field co rruga tions .edll""" the ability of a p\ ~ sma 10 compensate 

to ,' EX 2. gradient D . and o ther drifts by flQ'" p"'a l1c! t o D . Th;. eCf.:c! 

ia investil!Bled fo r lotoidal confinement. 

Magnetic fie ld co rruHationll or field st rength vadation,. ate common 

i n lotoida1 devic:". , being produ ced by the finill' spacing . of th .. cDi lt, by 

heUcaL winding", and ('ve n by the loroida\ nalU.e of th .. field illlelf. DiSli-

pal ion due to now throuJlh ,h" ... field irregula rilies re~lricls the 00 .... along 

the Held a nd lead. to more rapid pL".ma lOlls Ihen would othe rwi ... be 

pred ;c t~d. Fu rlhe r . ca.lculation. (I) 'ho .... thal resi~t;v i ty cau.e . a toroidal 

plas ma 10 rotate. but indicale no preferred direction. The viscolily a.lOci-

ated wilh e leclron flow remove. lhi~ degeneraq'; the plasma rotatel in auch 

a .... a.y al la make the magnelic axi s positive . 

We modify a previ()l.Idy deacribed numerical model~l) by i ntroduc iog 

a vis eou. drall re p r~sented by phenom"nologicaJ term . l-'iVi and I-'e Vein 

the re lpective Ion and elect r on mom"ntum equalion!. The mallnitude of 

Ihe.se coeff;c.ent. c an be elli nlaterl by noting th~1 plas ma bchavior in movins 

through the mallnetic field co rruga t ions i •• imilar 10 that of a ftlatic plasma 

i n a time-varying magnelic field. In Ihe a nalogou. nu gnetic pumping model l•
l

) 

colbsion. increase th" lemperalu ... of th., plasma throu gh the di. , ipation 

auociated with the fini te relaxation l ime bet ..... ee n the parallel and perpen-

dicular degrees of freedom. For the flowing pla.ma this energy i. obt .ined 

at the e"pe n l" o f tranl l"t ional kinetic e neTgy. 

Ber ser et al~3) I tudied ""'gneti c pumping a •• ociated with collisionl. 

From I h"i r equation for energy diuipation we obtain th .. coeffiCient for 

viacou l drag 

w« v; t, w a nd :\ mea'ure the field variations seen by Ihe fluid. 

B~ Bo / Itt COl wt), and V i . cl~ .. ical '10' collision time. The f r "que ncy 

ve fo r the .. Iectron' il larger than that for the ions by the 'quare root of 

th .. ma51 ratio /m./m )I/l provided the temperature. "re equal. For the , , 
Itellarator model th .. pumping f re quency wil t: i~ roughly th .. mean ... e_ 

locity alonS Ih" field linn divided by the fi e ld p e riod :\ . The el ectron Ve­

locity i a la r ge r Iha n the ion ve loci t y . .. nd W" is "bout ~m/m./lllarger 

tha.n Wr T herefo r e we find that /-I .. i. larger tha n /-I; by approximate ly 

thil rat io. In order to .nclude th", e viacou' s tresse s we introduce the 

t .. rm s l-'iP V and /-IemeJ/e into the p a rall,,1 component of the momentum 

equation a nd m odify the va lu " of '"' 11 in Ohm' s law. Thi . las! modificalion 

i . no rma lly numeri ca lly small ~though nO! nece89arily fundam e ntally 10) 

compared 10 clanical rCliativily. Thus the equations We adopt ar e 

9 

-V9 t1 VXB ~ [1/ 1 t(4I"1-' It.}) e e J. 
- c - - := e pe _ B _ B 

9p / attv·pv" O . 

The se provide momentum balance for an ilotherma l plaama , an Ohm' 9 law 

with resistivi t y, charge neutrality. and mas. continuity. 

For our numerical calculationB we choose typicallahoratory values 

{o r the dcnoity, temp" .... !ure. B, ~ nd rolationa l t r ansform, take I-'e and '1 

conl tant in space and time with /-I '" (m./m )lll /1" and follow the time 
e LOll 

evolution of the fluid until in {Jaw becomCl lIea<iy. 

The magnitude of the 

rota tion velocity i s plotted as 

a function of J.l.
i 

in the first 

fig"re. To the l .. fl it ap_ 

preaches iu fr"e rotation 

.. " 
v, .-

' .0 

velocity, while to the right 

• ~.----",~,,;-,-,-,_-.C' I-""'=--..J 
it approaches zero. Over this 

parerl to acoul l ic times. 

The s econd figure show. 

the material flux through a 

m agn .. tic surface vs J.i.;" For 1 
small j.I., the rotation velocity '1'5 
reache s its maximum value 

Fig. 2 

and there is a pronounc ed out-

• ~·:------'~";-.-;-t-_-_C,,-",,=,,-_...J 
ward s h ift o f the pres sur e 

. ur face relative to the magnetic .u rfacel. For Ilrg .. 1-', parallel Oow is 

greatly restricted and the plaama drifll Out of t he Iyl tem. In the Inter_ 

mediate range theTe ;s a s light decr"' le in the flux. but i n all Ca . ... it i . 

gr .. ~ter than the Plirsch-SchlUter va lue. 

The change in the flux c au ... d by vilco.ity r e .ull. from modiJying th .. 

den l ity va riations on magnetic su rface l by r e. tr)ctinll flow along t he fi eld . 

The calculations confi rm qualitat ive expecta t ion. regarding the influence 

of viscoaity in e nhancing iou, aod agre~ wi~h o t her cal cullltionft In limi t ing 

Ca8eS. The dependence of nux on parameura auch al lemp .. rllture and 

magnetic field is d etermined by the Bcalins of 1-'. 

Rotation ~poloidal flowB) l"ads to limllar behavior, and the .hort 

periodicity length :\ make. thia di.lipation a ve r y effective mechaniftm 

for reducing the radial e lectric fi eld . In a more reali t tic model. H>tll term. 

tn Ohm', law wou ld I"ad to large r now velocHiel and make viscou, eUecu 

more important. Other di • • ipative proc" •• e. (heat conduct ion. L a"dau 

damping, etc.) would a ho cootribute to the damping. 

• Supported by the U . S. Atomic Energy Commlllion, Contract AT(30-1)-

IllS, Ul ing faciliti'" .pon.o t e d by National Science Foundation Grant 

NSF-GP S79. 

t On loan from W e stinghou." Reaearch Labora tory; vl a lting Culham. 

(1) T. E St r inger, Phy a . Rev. Letter! ll, 770 (19b9). 

/Zj N.l<. Win l or , J . L . JohnBon, and J . M. Daw l on. J. Camp. Phya. ~in p r eu) . 

13) J. M . Berg er, W. A. Ncwcomb, J. M. Daw 80 n, E_ A. Fr ieman. R. M _ 1<1.I1arud 

and A. Lenard', Phy •. Fluid • ...!., lOI ~1958). 



TOROIOAL CONFINEMENT (THEORY) 

ROrATICN AND DIFFUSION ill A SElF-OJNSISIDl1' 'TOROIDAL pI.AS>\A 

'Y 

!1.G . Haines 

PtwsiC$ Department, Imperial COllege, 

London, S.W. 7, Ehgland 

~: An axisyrrmetric resis tive toroidal pla.slra is considered in the 

fukiurak configuration in which pJ..ar:ma currents prod~ the rnt.:>t.im'IRl 

transfornl necessary for containrent. 'Ihe self consistent ~etic field 

resulting fran all plasma currents is :incllded in this fluid IT1Jdel, and 

tre :rotation:; arxl. dif'fusioo are f anl. as f~ctiore of tine. Several effects. 

additional t o tt-.= Pfirsch-Schluter OOl"!"eCtion, am c~le in rragr.itude 

contribute to t he dif'f\isiOll, in par'ticu1m" cne ternJ depe~ on t".ff! shear 

am another 00 the eutwaro displacell'!nt of the plasma relative to the 

~tic axis. 

The additional diffusion arisiJ"€ fr(m :resistive effects OIl the parallel 

neutralising currents has been calculate:l by Pfirsch ard Schlut.er
1

. 

Str~er2.3 and Rooerbluth am Taylor
ll ine1..ude<l rotation aOOut the minor 

axis, arrl predicted a resonmt e nhancenEnt which is tn::dified by viscosity. 

All these papel"S ~lOY an inconsistent m::del in which the lIBgI"IOtic fields 

produced by plasma currents are ignored arrl yet their vaCUln fi",ld is not 

curl-free. Here we cCIlSider a s e ll' consistent fluid Il'I:de l including also 

the corred t:iIr.e deperrlence of all Quantities associat ed with ttE rotation. 

We expanl in ttE inverse aspect ratio c = r/Ro arxl use the (r, 9, ,) 

coordinate system, am solve the tiJre-tieperrlent rotational problem with a 

The fluid equations used incline parallel viscosity am finite lmm:lr 

radius effects , but, in this treatin£!nt, assurre uniform tarperatUft! for 

each species. For convenience in the later applications of boundary 

con:litirns on the rmgnetic field we choose the ge cmetric axis defirnd 

by the circular minar cross-section of ttE corrluctir:@; walls, and expsn:! 

about this. The m':l.g!'1I!"tic field is 

IH~~e [ar 2 (r, a) ,ael (r)+Se2(r,e),1+6f,2(rl] 

to secon:l ~ in " , and the lowest crder p!'e5BUre balance is gi Yen by 

'nle cc:np::ll"leflt of A:rpere 1 s Law that relates the ordering of cur-rents and 

fields is 

In the e xpansion we fi.n:l t rot the l owes t crder II-dep:'!rldent ~ters have 

s iRple sine ard case depen:len::e , ard ac~ "'" write, for e~le, 

The ordering of 1t is essential.l,y t 20i where l1i is the ion-!!Y!"O 1'requency, 

whilst all centre-of4lRSs am ~tic velocity c~nts are to lowest 

order t times the iGTl ther'!III8J. speed. , except tre electron velodty in 

je-l which is of the order of the ion thermal speed. The resistivity is 

effectively ordered by the Hall parareter whidl is "I. c -2 

We find that t he averaged second order radial flux of plasma ~)2 

is given by 

·3 

·1 

· 1 

0 

10 

+ norers ~l r Srs onc 
2cBo dr "2 B;I at 

whe~ - 6rs (r) is a n-ea.sw'e of the ootward dlsplacenent of the ~etic 

surfaces frun the gearletric axis, and is determined by t:-.e solution of 

the inhcrnogeneolJ."'l differential equation 

ere' whiCh determines the disp1a.cerent of the naenetic surfaces !larallel to 

the m.Jjor axis, is essentia lly zero since it satisfies a hcl:rogeneous differo=n-

tial equation with an identical qJeJ"'ator as above and I:II.ISt also obey the 

boundary corCitions of ..:ern at the Fetal wall. It is <;herefore anitted in 

tile Cl.ffusion fonru..la. 

The quantity Xc treasures the ootward displacetrem. of the pl.asm3 den:.ity 

relat ive to tre rngnetic surfaces an:! is defined by 

c - _ ~ clno ~ [ _ no(Te+Ti) + norer"S djS-l] a.n::I c -!± ~ 
n- nn 2 dr

S 
3 82 2c8 dr ~ - 3r 

"0 e1 0 0 

where v is the Jci.rEnatic viscosi t y, .. "'" find the time depe.'ldence of xc ' Xs 

an:j tre velocities u
60

, u~c ani u~s fron 

raxc (~ + .f'. _ u )x _ u + c 
at 6 e 10 s ~s ~ 

'!he time behavicm' has been fOlDld 

over a ride range of pal:'8I"teter"S and initial corditions. A typical l""e-Su1t 

for v! = v: = -1 , c/ae1 = 0 . 5 , c!\ = 0.1, d661 = 2, an::! C"B~l = 0 .2 i" illu­

strated bel"" . In all cases a stable steady state was achieved. 

In conclullion we have fCUlCl the transient acceleration of the plasm 

leading to r-otation about t he rrajor arxI. mimr axes. 'lhe diffusion of the 

p~ is enhanced by a tenn in dj,_l/dr which llE&ll.lreS the> shear of the 

TTBglEtic field ani also by xc ; the OtJtward shift of the pla!mB relative to 

the magnetic surfaces . I\n initia.l transient term in .x/at is .. lso p~sent. 
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TOROIDAL CONFINEMENT (THEORY) 

Eifoct o f lnert.la o n LoS SOB frOat 1I PIa ....... in Toroidal EctJilibrillll'l 

a .J. Gree n. H.P. Zchrfeld, In $ titut filr Plasmaphysik GmbH, 

Gar ching ne ar Mun i ch. Federal Republic of Germany 

We investigate the m~gnetohydrorlyn~nic equilibrium of a 

resistive, lo .... -density plasma in a model steIlarator field.The 

effect of inertia on plasma motion is treated exactly.and its 

influence on plasm" 10B8 determined. It is shown thilt the 

losses due to inertia ttre limited by the conditions for the 

existence of an equilibrium . 

One of the bas i c theoretical problems in the fusion programme 

is the calculat i on of pla$IDa loss frota particular containment 

devices. Howe ver, because of the complexity of the problem, 

brought about by the choice of plalllllill model and the complicated 

geOllletry of realiatic devic es, t.o say nothing of boundary 

conditions , it haa not been posaible to c arry thJ;Oough a 

cOlllpletely satis factory calculation. As an example '0/8 can 

c o nsider the PriJ;Oach-SchlUter calculation [1] foJ;O plasma loss 

fnu a 1II0del .teUaJ;Oator or Levitron device. In this 

calculation the pla .. a flow velocity parallel to the magnetic 

field can become ve ry large, and thia casts strong doubt. on 

the assUlllption that the plasma inertia is negligible. 

In thl! present calculation _ have included the effect of 

plasma ine rtia a nd investigated the modified losaes from a 

model confiquration. We describe the plasma by means of the 

one-fluid equation a (aee below,where "standard" notation is 

used), and treat the flows and geOll'letry exactly, but consider 

resistive effects as a perturbation to the perfectly 

conducting pla sma lUotion. 

f'!.:Vy 

-V4>. y.~ 

Q 

o 

'!'he lIIaClel lIIagnetic field used. is the axisysEetric Pfirsch -

SchlUter field where we used the cylindrical co-ordinate 

system R, Z, ~ and in a meridional cross-section, the polar 

co-ordinatesr, e. 

Two aesumptions deserve explicit mention a) isothermal pIa_a 

(i . e.c the aound speed is conntant), and b) Q the maas source 

term that i a neceasaey to replace losses, as we are cons~g 

stationary solutions. Closer invoatigation of the equations 

reveala that the differential part of them can be brought into 

a form ~. "lR{G, 9), .... her .. G indicates a column of four 

known algebraic functionaln of quantities to be determined . 

Expansion in resistive .ffroSts lall.ds to easily solvable 

differential equationa if '. "lR(G(n-l),e ), so that the nth 

order aolution i. given by quantities in the order n-l, 

together with surface functions 
• 

sIn) Le. G(n). 'If.d9'R(G(n-ll, e') + s(n)(r). 

These surface functiona in nth order are determined by the 

condition that the (n+l)th order solution is periodic in 9 

i.e. Lt;eR (G( n), 9) • O. Hence. once..,.. have the zeroth order 

we have il systematic procedure to obtain all higher orders.What 

we have done is to nolve t he zeroth order, which corresponds to 

non-linear ideal HHO flows, and to derive the plasma loss 

e:ocpre$!lion in the resistive fiTst order. 

It is interesting to note that we are led to restrictions on 

the ideal pla sma flow. In terms of the mass fluxes the long 

and the short way, theae aTe shown in the fiqure. One can see 

(for de finite valuea ot aspect ratio and rotat iona l transform), 

the possible departures from the quasistatic case, which 

corresponds to the neighbourhood of the origin. The quantitiea 

plotted are related to the mass fluxes r the short and 'V 
the long way. The two regionll where stationary solutions e re 

11 

poa" ible. can 

be shown to 

corre$pOnd to 

luper and 

SUbsonic 

meridional 

flow, where 

the 1I.pp:q>riate 

sound speed is 

not c, but fc . 

In first order the llIass loss rate through" lurface (where 0 
is located at r ~ 0) is 

where each line can be identified .... ith s particular forc .. . Note 

that thi, eXpression is given in tertDs ot zBroth ordeT 

quantities. which can in pTinciple be calcu lated trom caIi.it.iona 

o n the first order solution. as we h",ve pointed out earlier. 

These conditions are differential equation s and their solution 

ie a boundary value problea . We can.howeve r, entilll",te lo.aea 

without a full solut ion of thelle eqall.t ionll , Different e~es 

.... ill be presented which indicate th",t in repreaentative situ",­

tions the -extra" loslles caused by p la_a tlow are of the Slime 

order as the classical (quasi-atatic) res intive 10Slles. 

[11 D.Ptirsch, A.8ch l uter : MPI/PA/7/62 ( unpublished). 

Thia work is part of the joint proqrwm.e bet_en IPP and Bur",taII. 
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TOROIDAL CONFINEMENT ( THEORY) 

ENHANCED DltI'USiCfi IN A KCfi - U1III'ORII. II.AGNETIC nEW 

S . Purl 

In.Ut .. '!,. fUr Pb .... phy.lk . IArdling bd Y.iinchen. ".nun), 

~, A untfor .. electric fi eld tr.n .......... W ... paUelly non-unU'ol'1ll 

.. agneUc fieU produc .. parUch dift'u.lon e ven whe" the electric fhld 

IplctN .. contain. no de co"pon""t. 11'110 dlrrusion la addi tiona l 1.0 the 

.. I .. e l ! ~! dlft\ldon and occun 1oottoplclll), In the phne perpendicular 

to the .... "'.Uc fhld direction. 

Analytical Solution, I'rOIl Eq.(~ll of Ref. ', the "'IueUon or tun ne • •• motion 

of • particle in I lPt;neUc lilt to. and l ubjeet to • z - dlrec\ed •• p,Ually 

unlfona .lectric rlald EllI 18 given by 

,,' 
"tin. "r" Vx • j.y ' r .. x . jr . Oil! _ , 8",1t) , ".It) - 'l[S,. ltl j8)'tt.~ 
and Bill IlIpU" B [xltl. ylU. ztU1 at the in l tant.ooneoul podUo" of the 

pa rUc)e . 1'", " .... :rhi parUcln '''''0, 0,-0. a nd £q,('1 gha. 

_ _ up[J ( ...... ' r;It] -, 1 
~r(tI-up[- j ... ct.lG .. ltl{ff '1 1::1 .. )GlgI ..... dg c . • vrl Olf 111 

. "'" t jC ... ... ~ 'gl 

whe re oCt.) .. "'c'''' It.) , GIU - exPj '''clt) dt, .. nd tilde denotu Fourler-
, 0 

tr.n,formation. Inh,raUn, Eq . 121 '10 obhln 

rltl 

'" ... . ,-. , 
By .pplyln, I'Haplhl 

-, 
• exp( -jl",c • g)t.] 

'" 
,rlO) 

rule to Eq . ll) it h readily ve r1rhd th.t. the 

flut branch of pole. at .. _ • r .. present.. guiding center drift. n.. ,.cond 

tl r .nch.t "' ......... c - ,; r .. pr . . .. nt. the .N'oct of upan~ln, p.rUch o rbit • .tu. 

to p.rU c l •• cc .. l.r.Uon froll the corrupondin, polu 1n th. ".loc1ty "'Iua-

Uon. ",h .pl r .lln, lIoUon dou not contribute to ",lding cant .. r ..,Uon. 

UnHk. th .. abov .. pol ••• the pol •• t ... c .. -g producea • d r ift vith • 'luadra-

Uc dependence on till'j ho ........ r . it. contribution la negUgibly .... Il In 

practical confinGent .ylt ..... 

In ord. r to aillpl1f'y t"urther &n.ly.l • • w. conelder .n ideol p.r.bollc 

1I1rr or io ... hich '"c It) .. "'c' """Ipt • &I .... her .. 1'/2 l a thn longitudinal fn­

q'-lancy of the particle along the =lrror exh. 6 it. initial po.tUon • • nd 

A .. 11'1-' 1/11'1.1 1. 1'1 bein, the .--tio of the ... xi ........ to th a .. in1llulI _gneUc 

n .. ld .. e n by th .. particle. 11 .. fllrther .U'-l .... tha t Eltl l e untahingly ,....11 

'0 al to leave "'cltl uf\3ff' .. cted j thi . being hntallO'-lnt t.o a .. UJLlng th.t Eltl 

.nd Gltl are indep.ndent. "'en GIIlI _ ZK up[- jl .in e] * Jnll) axpljn6) 

bI, - nI'l a n d Eq • • 121 end Il) beco .. e 11- A.J.Jcfpl 

and. 

VIU .. axp(-j",t - J •• lnIPt.6 1l[.f:. '"'f El"" d",axpl jn81 
r c .. I 

",(JI... c· nplt.] " r IOI·:plJ' .1n ,,1 
jl .. . "c • np , 

upl-jell J 
"c • • p _ .. 

,., 

'" 

0[- e~plJI"-IP)t.J -, 
• np{-jr .. 

c 
• "p)t} 

u pljl .. o ., • IIp- .plll .11 
"'-'1' -. ... p-ap , 

c~p[-jl ... c • IIplt} _1 
• '''rIO' e~plj_ I1n 011: J 11 ) e xpl - jlDlll • r lO) 

M • ., -., 
whe r o ell ~etlon. extend r ro", -,"" to . _ • In thh pep .. r ~e .h.ll ci r c'-l",-

vent the .In,,,hrity .t .. 
c 

• "I' " ° I which give. rhe to tho q'-l.d r.U c drltl 

t ..... , by r&qulrln r; "c/p to b .. a non-int .. ger. Por ... tatlonery r.nde .. electric 

12 

~!n, conle r diffudon . Note t.hat In ' ...... era ! (in c l'-ldln , the c . .. o f' I paU"lly 

Ing to £q . (61 ' re not. .0 ea .y to pe r fol"lll. tin c e Elt) end Glt) "'"-y not be 

independent . It 10 to be r _"",bered that th .. dlrf'-l s ion I . I.ot r oplc ror .;'0 

a nd In the! x..!! ~Irectlon ror ._0. 
U.lng th .. IdentHy ?;; J .. I I (JII_ . (II " JQ( OI. It I. so .. " frem Eq . (6) thn 

rot _.p~O. the ..... gnit'-ld .. of the dHt\ulon tarll 10 . ... 11 co",p .. red te the 

n u _0, f'or comp.rable nlu u of the ehctrlc f'ldd. Ho ..... er, th" ccntrl-

b'-lUen to dlffll.lon Flra llel le th .... Iaetrlc rhl d lMy . til l be iIoport.ont due 

to the pre" ence ef r.lhe. I ' r , a u :blpolar fIeld. In the r .dl.l direcUon . 

",y.ieal M,chanta ... , Con.ider the ca , e _p ~ I th the el .. ctrlc field 'in ph •• e· 

_",etic f'lcld d'-lrin, the pO I IUva h. ! f'-cycle . nd a ...... ker .... "'neUc field 

d'-lrln r; the M p the haif' - cycle of the alactrl c field. o.. l n , to diN'erent 

! X ..!! r .t08 In the two n ghnl of U ..... ,netl c f'llld. t hero h • n " t dlo-

phc ..... nt of the ",Idln, c."t., in the y - dire"tlon . 

Altho'-lgh l uch a 51"1'1" uplanaUen le not neiltb!e for the x-direction 

drlrt. 10lle In.lght ... y be gaIned by con. lde r lng the v .. locity &q . I.I . For e 

In addition to the f're'lu,""cy "c' !>..orln, th" pOI IU • • I",: r - c) c l e c r the 

eloctric f'hld of f' req'-lency .... P. the order of change in the particle yolo­

city to E/",c .. nd 1"1'11 .. . en x-dlopl.c .... ont tIII ~ E/ ... cS . o..e le the .b. enco 

ef a 1'01" .t .... p in Eq.I'I. the p.rticla 11 obliged to uturn thlo ~eacthe 

on .. rlO' d'-lring the ''-lbee'l'-lent neg.Uve helf'-eyc! .. of' the electric fiel d, 

nec~ultating a f'UTth~r di . placl!It<mt till In th .. . .... dlreetion . 

The . bov .. d rif't e are f'Jr . t-ord .. r c OII~red to the] 2.! drlft _t .... 0 . 

Thore le yet .. second-order drtf't d'-le \0 the non-.... ct-.dhbati c 1I0tion of' 

the perUclo " e.ldenc .... by th .. pole at "'c • ,. ° In lh' t ... conta i ning 

.rlOl in Eq."1 IUld i, aho .. n In .. 0 exa" ereted &enner In n g.l zl . Since the 

particl. velocity incr •• ee linearly in It.e. thit drlf't c"'"ponent ha • • 

qued r .Uc depend .. nce on ti.e. The _ .dll\lll d r if t prod'-le .. d in a linll le tran. lt 

.c ro u the mir r er t . O!r ... x - rlllnl, therefore the ""gnit'-ld. of t.hl l drift 

la negligibly ..... 11 for ... c "" p. 

~, Both the f'ir"t an d the ... cond ord"r drlfto would be . olle .. het 

r aduced by the Inclusion of th .. te ... cont..oinlng "'er In Eq . l11. 1h'-l ' the 

lonllit'-ldlnll velocity v. decre~.n and the duration of the p.rUclo', .ta~' 

Iner .... e5 in the . trong ... peUe f'leld ret;lon r.nd v l ce-ve r n) . ther"by 

perU .. ll:r co",p<mseUng f'or the dlf'foronce in the oppoo1tely diroctod drift s . 

Shdl. r ly. the diN' .. ren" .. b .. been the udl1 in 11,.(2) wo'-l1d be rad'-lced. 

relJUlting in • • till ._lIer ... cond o r der drlf't. 

For cOllperable Blnct ri c field fl'-lct...leUonl. the drlf't . a nd the " ,0-
d a ted dif'f'Uslon ",o'-lld be ..,ot _rked in _gn .. tlc mirreTl, bw::Ipl -tori •• nd 

AclmovledllClOent, tbh wo r k he . been perfo .. ed a. p.rt of' the joInt res .... r ch 

?rogra .. o~ the IneUt"t ror PI ..... phy a1k . nd E)Jrato • . 

Bft) 
B(t) 

E (t) 
r>rY"VY>_ r (t) 

~, I . s . ?url. Fhy • • Fluid . ! . '1" (I~U I . 



TOROIDAL CONFINEMENT (THEORY) 

Stable Magnetohydrol5tatic Equll1brla without 

Rotational Trans form 

by 

Dletr lch Lortz 

Instltut rUr Plasmaphyslk. 80116 Garch!ns 

bet MUnchen , W. Germany 

Abstract: The general class of vacuum f ields!! -11> with 

closed lines of force 1n the nelghborhood of a given closed 

curve C was investigated, where ~ 115 tangential on C and 

Q .. ~ j~j-'u..t has a maximum on C. 

The condition that a toroldsl MHD equilibrium have closed 

lines of force and vanishing longitudinal current can be 

met by the follow ing sYlI\I'IIetry: 

( A) The c urrent denSity =:!. has reflexlonal symmetry to a plane 

and!! the respective antlllymmetry such that j 1& tangential 

and!! 115 normal on the symmetry plane . 

Such equ111brla with symmet ry (A) have three major advantages: 

a) The existence of a toroidal finite a equilibrium can be 

proved [1J (in contrast to a s tellarator conflguratlon) 

b) No inter l or conductors are necessary ( In contrast to 

multipoles ) 

c) Sufficient stabllity crlteria can be satisfled (In contrast 

to a.xlsymmetrlc configurations without Interlor conductors). 

It Is well known l2J , t)] that for the atability of closed Hne 

configurations without a longitudlnal current it is suff1cient 

to construct a vacuum field 

such that the function 

'1 (r(!), ·X(,)) 
posseses a local maximum. Several spcclal configurations of 

this kind have already been discussed 141. [SJ. l6j, [7J. 

In this paper the general conditions are derived that in the 

ne1ghborhood of a given Closed curve C there exists a vacuum 

field with symmetry (A) which is tangential on C and such that 

q has a maximum on C. If the independent variables ~ are 

interchanged with the dependent variables ~ I 't' J -f, then 

.q . 

(2) 

(1) is equivalent to 

'<I! (I! ~~ 

><1'='1",,, 
A solution of eq. (2) has the advantage that the field 11nell 

are explicitly known. If the curve C Is described by ~ (CPJ "I 0) 

one can find 11 systematic expansion of ~ ( .:P, '1', x.) with 

respect to 't' and t . The n_th order derivative of eq. (2) 

represents a system of ) (n+I) inhomogeneous 11near algebraic 

(n+2) (n+1 )_ order derivatives 

( ..,-;::,j .I"_1 'J ?t+,) 

on C, the inhomogeneities depending on the lower order 

der1vat1ves. It ia found that the rank of the system is 2 n+). 

ifl!!1 I s everywhere nnite on C. So there are n solubility 

conditions for the right-hand sides . Ir the field has the 

symmetry (A). then theee conditions can always be satisfied 

and in each order two functions or ~ can be arbitrarily 

prescr1bed. 

If the c urve C with curvature;>! lies in the plane't' _ 0 and,!! 

has reflexional symmetry to this plane, then the conditlon 

that q have a maximum on C veduces to •• , f 
1~/;l'J.~-~:;)J,.'rJ .. l"",o) It,,,,,;t.t 

;\"1/:>""'''''' t. ),r·( f /Lj.- II..~ ' _ Lf'~ / .f...)c.U £0 

;l"'1/J% ~ = 1~l~( f'L+1.4'L+.I,.?')cU "::0 

where 1111 ~ I has been chosen on G. f)j~~llre aymmetric 

periodic funct10ns of the arc length.R. with per10d 11' a nd />0. 
If! 15 the t "angent lal unlt vector, :!l the unit normal on C, 

and {,. '"' t. >(""1 , tMn 

·.'!h~~f~: '<I~/)'I':_V,!£)')l.!/:lfl_l.r!j.V~ , I 
Oll!j:I~' ... M. 1. ~ v-:} ,?L~/4i'}~ ... of - '}!: , v. r!-?'J « ... -f I J 

'V ... j.f-xfL-, fli(r'v)' t"j/~l~.f'- o. 
A configurat ion of this kind has been plotted In the f1gure: 

a) half of the curve C (D~ .e'lur), b) - g) c roBS sect10ns 

of the surfaces q _ const perpendicular to C for the values 

l., Itr.;"'- (h= 0.',' .,,,-) . The figurea b) _ g) are rroagnlfied by 

a factor or 100 relativl! to f1gure a) . 't' ::t-he.1I been reatr1cted 

in such a ",ay that the neglected terms cubic In 'fill, are 

absolutely Ins than 5 ,; of the linear terms . Th1s rnulta In 

'1/1- 1.,1'0. 
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TOROIDAL 

STABILITY OFAXISYMHETRIC MULTIPOLE 

CONFIGURATIONS WITH CLOSED MERIDIONAL FIELD LINES 

by 

Eckhard Rehhan 

INSTITUT FUR PLASMAPHYSrK 

D-8046 Garching bet MUnchen. Germany 

Abstract: The stability ofaxlsymmetrlc equ1l1brla having 

meridional fleld lines only 1s investigated. In o rder to 

obtain stability. a hard core must be placed inSide the 

plasma. The pressure distribution can be chosen such that 

absolu te stability is obtained . However, a low pressure 

layer extends up to the wall. 

We consider axlsymmetri c equilihrla with closed meridional 

magnetic field lines produced by t oroldal currents. By 

using a stream functlon't(r,z) the magnetic field!:! can be 

written 

CONFINEMENT (THEORY) 

and 

CL 

Ineq uality (5) can be fUlf1lled by mflking l p'lsmall er than 

a certain upper limit. If D ~ 0 in the Who le region of 

ascending pressure. then this limitat i on applies only to 

the region with p '5,. o . From (6), whi ch is the cri t erion 

gi ven in ref.r1], no r estric tion follo ws fo r the region 

with P ' OiO because of (4). On the other hand, the pres-

sure in the region with p'~ 0 may not drop to zero aga i n 

within a flnite distance from the outer wall. It may 

however decay rather fast towa rds the wall ( in a straight 

cylinder p ... 1/rif ) . Since f inite restivi ty and other dif-

fusion effec ts w111 enforce ~ low pre ssure layer extending 

t o the wall even 1n cas es where an ide a l rflD equi libriUm 

would be separated from this by a vacuum region. the 

low pressure layer ob tained here wi ll be no serious 

,n d lsadvantage. 

in cylindrical coordinates I'tS,z.. (g.ls the unit vector 1n 

the Q directi on) . The toroidal current .J. .. j~.I;> is rel ated 

to the pressure distribution p('t) by the relation 

i Ir 
For equilibria of this type the following form of the 

energy principle has been given in ref.f 1 J 

cL! 

with 

~(L .. ~)r ~ Jld r'~!rJ(~rtf"J.D x ~J ~ 0 (1) 

L' 2.t.: J .t..t JIB~ V': hSJ..,:,J J ~ 1 13-1 9 ,1'1 

Thereby 1- .. const. are trll.jectories orthogonal to the 

flux surfaces't 00; const. , ~ is the vector of curvature of 

the ~-l1nes, and !.,. ><; Vt!IVltl . From (3). Bernstein et a1-

have derived a necessary stability criterion and in two 

limiting clI.ses ( low B and almost oircul ar field lines) 

necessary and SUfficient crlteria. 

It i s possible to derive f~ber stabillty crlteria in 

the general finite B case and to shoW that stable equi­

libria exist. Expanding Jw around the center 11ne of the 

flux surfaces one can ahow that the plasma is always un­

stable u nless a c urrent carryi ng hard dore ls placed in-

side the plasma. S i nce the plasma should be separated 

from the hardcore we assume that the plasma starts with 

p _ 0 on a ~- llne at some distance from t h ehardcore. From 

(,) lt ls obvlou .. that we have s:tabl1lty ln th", l""'g l on 

immediately behind since p')o. Towards the " all the pres-

sure must decrease and therefore Vp lI!U!lt reverse dlrec ­

tlon on some flux surface , Accordlng to Vp_ J. x !!.. Vp l'e­

verses lf 1 or ~ reverse s . However. it can be shown that 

the second case would be unstable , and therefore j and 

p('t) .. j/r must change sign. 

ExCept for very singular situations one can further show 

that the average curvature of the field 11nes ·must be 

positive: 

o 

If X is decompose d into Xr ~ Xr with 5 Y[)(j ch • C and ~~ {, 
, 'X 

then (3) splits into the two independent criteria 

(' I 

Ku lsrud; Proe . Ho), . Soc. (London) A 244, 11 (1958) 
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• TOKAMAK EOUILIBRIUM 

b, 

J. L. J ohnlon,t J. M.Green". and K.E. W .. im .. r 

Prlnceton Univer.ity PI. a m. PhyailOl Laboratory 

Princeton, New J"rlcy, O.S.A. 

~: Axisymmetrlc hydromagnetic equilihria are obtained to de-

t .. <mine how externally applied magnetic field l , that support the Con-

figuration, mU l t be altered to comp , e •• the plasma to a snuller miljor 

radius and thus obtain additional heating. 

A promi sing technique for beating a toka fJlak plalma, above 

that obtained with anom.aLoul reaistivity. i. to inc r ea." the Alre .. gth of 

an .,x ternally applied vertical Held 10 adiabatically compre •• the plurna 

by pushing it inward into a .. .,gion of Mllher toroidal field. (I) Th .. purpo ... 

of thi. work i . to determine ho .... tbi. r;"ld mun be abaped to m.;o.i"tai .. iLD 

equilib .. ium. and adjluted to achieve the delired beating. 

To aolve the equiLibrium .... e make the atanda rd tobmak 

ordering in an alpeel ratio e:<pan'ion 

B 8 I/z 
~-"f - (~) «I. , " 

Here R and a are the major and minor rad i i of the pla l ma, Bp .od 

B
t 

.. re the pololdal and toroidal compon"nU 01 the field, and L i. the 

rotalionaltran.form. We obtain exp,.e ,.ion. fo r the at ream function for 

the po loidal field in the region near the p lalma where Ihe aapecl ratio 

expansion is applicable and in the external region .... here r /R il finite 

and Ihen uymptotlcally mltch. 

In the inner region 

We generaU:te Shafranov'. 

i formalilm. (Z) introduc inl 

an 1', e" coordinate IY'· 

t em with I' conltant on the 

mallnetlc IU r faCel.P= per ) . 
R - -----oj'1 

Thu. 

x= R-r cOle. tJ.(r)+[E(r)+P(r)] cosO +" 

z . I' ain 9 +[E(r).P(r)] Iln 9+ 

Here .0.(1') denote I the ahllt of lhe center ofa lurface of radiuI I' from 

Ihe magnetic axi l , E(r) 11 the ellipticity of the lurIace, and Pe r) modi. 

fie I itl label. The maenetic field ia 

with B a constant. We prelcribe the pre l .ure pit) and rotationaltranl . 

form L (1'), and lolve the equilibrium equation.!)( ~"~p order by 

order. 

In the OUllide r egion w e .eparate the fi e ld into two partl. 

!" ~out -+ !eJrt,' wilh !OUI a,"oelated with current in the plaarna and 

~ ext due to currenta in external conductor s. Adopt ing a .el of toroidal 

coordinatea, we write an exact expre s ~ion for ~out , that u.tisne l the 

boundary conditione that ~out vanish onthe toroid al axi l and rar from 

the pla.ma. We write an e:<pre •• ion for !ext in term. of it, verticil 

component B1 . nd iU curvature It at the plasma . 

15 

AlymptotkaUy matching the.e expr e . alonl, B. "B + B 
-ID -Ol,\t - exl 

in the ";cinity oC the pLasma. complete. the e quilibrium cliculation; 

• r [ . 2: Ln 

evaLuation on the plallma lIurCace r '" a . Nole that thilequationrelat"ltbe 

eccent r icity of the plasma .udace to the curvature of the external fie ld. 

U the rotationaL transform II conltant and the preal\lre dilt ribu_· . 

tion i. parabolic inside this .urface. 

RA~ /a" (I+Z,8 I()1 4. 

R
Z 

(rE)' la]" 2R2 E la ] - (]+4i I C4 )/3Z 
a a a' 

To see how the equilibrium IcaLe., We ' .... ume that the 

current re.ponlible for the toroidaL field 11 changed 10 that 

RH eR D rZ and B i . adjus ted 10 that R " R laZ . Then conler . 
00 _ext . 0 

valion of toroidaL flu.x. poloidal flUl<, and malS dete r mine. the .caUng 

of r, f. p (auu ming an adiabatic equation of alalet e tc.' 

p" p aZO/3rlO/3 + , 

8R , 

( In _0-. , 
o 

5 - .. 

For t he parameter. of a device propoled at Prlncetoo 

-R
O

,,90cm, t/Z."L/3 , 

(Jeo "0.56, R/a varying 

from 5.3 to 3.3 with 

R 0 maintained constant -

" 

the ion temperature .hould 0f--'-'-","""-''-'---'-1.li:>.l'''--'-llL--1 

increa . e from 0.3 ItV to 

I 
I.O,ltV with the configuration P 

changing a. ahown. 

• 
• 

1\ , , , , , , , , , , 
; I .. . .- n. 
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TOKAMAKS 

SPACE-TIME EVOLUTION OF A TOKOMAK TY PE PLASMA. 

C. Mer.;;er and Soubboromoye. 

ASSOCIATION EURATOM-CEA 
Deparlemenl de la Phya.que d", Plasma el de la Fusion eon,.61ee 

C IIt"I,,, o'Elude. NIlC It!a i.es 
BO'l~ P051ale n" 6 . 92 F'o nle nay-au,,-Roses IFtl rw;e) 

Ab,lrcu;1 : A math e ma t ical model i, lel up 10 c:ornpute the .pace -I lme e volu t ion 

o f 0 l OKOMAK type plolmo. Two ""omp lel of appl icat ionl ,how tha t Ih<; mO­

del c On be u.ed 10 do I!lI lropololion <;g kulationl of TOKOMAK mochlne. Or to 

cony Dui numer ic:o l "I<perim"nh to IU I pOulble inlerp re lolionl of meoll".emenh. 

EQ UATION S. 

The behaviour of 0 plol/no Ilobi lized by a .Ironlllongi lud lnol mogne ­

t;,; 'i.ld ond lubmitted to 0 dilchorge current con be delcribed ma,;rolcopic:olly 

f l} with 0 One o r two fluid mognelohydrodynomic model. In one fl llid, the 

Iy" .m inc lud .. . MAXWELL"qllotio.u, OH M'. low, mOSS continllity, momen t llm 

.. qlla tlan, energy balance and 0 sta te .qllo tion . 

";::t -;;J' dB -;=; - - --v>\;t,. ---:n- vxB=J.4o J r:;·B=O 

7"'<5'((\l]x9) ~~ +v. (nV)=s Q"p=JlIB 

6'- 1:1
2.2... \..,...4I.. + p V.V+V. ( - L< VT) + Pc. tP,. , '" 

p= k.,T 

(I) 

Th. ,ydem ( I ) i. wri tten with 11,1101 nota t ion. and in .Iectromogne tlc C.G . S 

unltl. I I, a local .ollrce of mo", Pc ehorge .. xchonge la" and Pr .odlction loss 

(Bremulrahlllng and cyclotron radiation) . We onume Ihot a flull.Ko of col d 

neutral o tom • ."te " th .. plo.ma from the wa ll. Th1l fl uK may be em itted di rlC­

tl y F,om the wall Or conltitllled by th e fraction of Ihe diffu.ed fluK.!rom Ihe plol ­

mo whic h i, nal pumped and which I, ob,o.bed ond reemilled by ,I., wall. One 

Fori of 11. .. flux .N' .. get. ioniud by c oUilian. with elecl,an. h ou.ce of mall ) 

and onoth.r pori collide. wi th ho t ion, eKchongin g ih charge (c ho,gl eKchan g .. 

1" ,,) , The ,y.tem ( I ) i, mllch .implified in the co,e of cylindri cal ,ymelry . 8ul 

rn tha t app.aKi matian, the derivat ion of the av'!'rag" diffu,ion ve locity .how, 

r.,at on. cannot give a ccaunr of th. toric e ffe c t nOt the trapp .. d par ti cle. eF­

f. ch, ·W. have rep lac .. d th .. diffusion t.,m in Ihe overage velacily by On e flec­

'ivI di/fu,ion taking in 10 accounl the taric effect Or mare g .. n .. rall y any in.la­

bili ty effect. The sy.tem ( 1 ) in eyllndrica l .yme"y and this auumption ore 

Our ba.ie: mod.l • . The computat ions are carried oul with a 18M-91 eampu l .. ,. 

Th. values of the longitudina l magnetic fi .. ld, th .. ,odiu. of the pla.ma , th .. 

ma jor , adiu. of th .. 10ruI , the , hope of the discharge cu" .. n l fun ction of time, 

the in it;o l man, th .. coefficient of re.mi"ion of n .. ulroh by Ihe wa ll, c ron 

• eclion, of ionh:a tion and cho.ge .. "change or .. inlroduced a. dO lo. The mode l 

con work with any giv .. n funcli on of the el.ctrical r .. shlivlty , diffllslon ond 

th .. mol conductivity. 

EXA MPLES OF APPLICATIONS OF TH E MODEl. 

TWD exampl ... of application I of the mode l will be giv .. n h .. ... 

I) - Qllo.i-JlotiDno.y solu t ion. Suc h 0 ,allltion may be condd .. , ed o. va lid 01 

the end of a .ufficiently long r.ctangulor cu" .. nt disc horg ... We dD *" . 0 

In 011 equalionl e"c"pt Ih .. mall continlli ty wher .. We replac.-ir-by (_w' n )w, 

being an algcn ... al"" , PhYlically the 101,,110n mcon. 11001 oil '1"an-

Ilti.s or. stolionary .. xc .. pl the den sity whi ch i. slowly dec reo. !ng, Thi. model 

ha l b.en I ... t .. d in the co", of ROSINSON ' , ["2] up .. ,lments ond there is an 

.. /teel lent og,e.",ent belw een m.asurem .. nt. and compulati ons . We can use Ihi . 

model to do e"'rapolatian colclllotions of 10l(OMAI( machin e •• 

2) ~ Possible inle 'pr.lot ion of M1RNO V\meOlur .. ments. 

MIRNO V ab, .. rv .. d a .trong cooling and oeleriaralion of plo.ma cOn ­

to in men I dllrin g ° .econd ri.e of the dilthorge c ... rr .. nl. One of the pouible ex­

planation, of Ihis phenom .. na ma y b. due to th .. influenc .. of Ihe sh.ar. The 

.econd current rise deer .. a .... the ,h ear Over th .. \lollndary ,egion of Ihe pla.mo 

ond u:ciles lam .. ins tability previo,",sly .tabi li ,..,d by the .hear. Th1l lnllabil i ly 

in crea.e. 11.. diuipatian coefficienh and causes Ihe cooling Db.erved . We UI" 

our model tD do num .. rical e"plrimenlS tD lul Ihis pOll ible explanat ion. A. in 

these e"peri men" , thermol 10u e. ore predom;nant, we ha ... e con.id.r.d only 

, one dlulpolive co .. ffici .. nt (thermol conduelivity I( ) . To fi ll th e id.as we 

16 

ollume that instabilities are e xcited when the absolute volue of the sheor e , 
o t Ih. poinl of radiol coordinate 9/10 of the plasma ' Ddius, decreases be low a 

criti ca l ... olu. ec and we aSlume the fo llowing rOllgh low 

k .. I( . 
Gale.v ' 19(0.91 < 8c K - ").K

Bahm 

;I. b.'ng 0 foetor. Th. FIG URE Ihowl the en .. rgy ..... olulion cDmpuled for On. 

6 energit;Ee:rg 
8.10 

o. 

value of ~ ood th,e ..... ollles of Sc' W. see thD ! during Ihe l econd increase 

of the cu .... nl, Ihisexplanatian may I .. od la on .. nergy decr .. ase Df Ihe .om .. 

order o. il wos obs .. rv .. d. A slemal ic computaliDn shows the eKiJlence Df 0 

v.ry narrow region (?o , Bc.) leoding to ° .imila r .... lIlt . 

Ma.e av ... MIRNOV obs .. rved th .. oppeoron ce of in,tabi liti .. s 

in the Dscillagram of th .. current d.rivotive 01 a lime /';, t after th" beginning 

o f the ... cond current rise. This inle .vol I:::. I correspond. to 0 current inc r .. ose 

A I . MIRNOV ob ... rv .. d Ihat this current incr .. o ... 61 doe. not depend on the 

initial I .. vel 10 from which Ihe lecDnd currenl rise occurs bul e" hibi!S a depen ­

dence on the .Ie .. pn .. .. of this currenl ri.e (an increaoe in Ih .. sleepoeu Df rhe 
• ri.e caUll!!' ° d .. crea.e in ll.1). Thes. two phenom.no ore t ... led abo in ou' ma-

d.1 and 11. .. compllta tions or .. in qllDlitative ogr .. e ", .. nl with ""perimentol re ­

sults. The e xplanation of MtRN~lV' S . e.ulh b y th .. influ .. nc .. of Ihe shear is 

t h.r. fDre plausible, Other e>eplanot;on. , lik. Ihe influence Df the tlaring mod .. 

moy be tested in the SOme way . 

{ IJ H . WC, C . MERCIER, SOUBBARAMAYER 

Int .. maliono l Symposium on clol .. d confin .. menl.ysl"ms, 

DUBNA 1969. 

l2j D . C , RQ8 tNSON and 01, NATURE, Voi.2 24, Nov,l, 1969. 

s . V. MIRNOV, Nuclear Fusion, Vo l . .'?, nO l, 1969 . 



TOKAMAKS 

Curren t Diffusion and Enc rg;y Balance i o Tokamak Systems. 

'f.N. DnestrovsJdi, D. P. Kostomarov,H.L.Pavlova, 

Uoscow State University. Moscow USSR , 

Abstract . The tracsport proceEses lD Tokal!lak systems nth the 

anomalous resistance and electron thermoconductivity of plasma 

are considered. The computational results are in good agreement 

with the experiments on two To kamak devices. 

1 . In our report /1/ the energy balance in Tokamak systems with 

c~asslcal traaport coe~riclents /2-4/ was researched, The result­

es of calculations for the ion and electron temperatures wQre 

in good correspondence with the experimental data, At the same 

time the measurements of the plasma resistance have shown that 

its value exceeds the c l assical resistance in several times 

15-6/. Furthermore the calculations of the current diffusion 

lead to the large skin-effect for current and electron temper&-

ture if the classical transport coefficients are used. In this 

report we study the current diffusion "with soma pheno~enological 

picture of anomel resistance and electron thermoconductivity. 

2. We have used tho following system of equations on ion and al. 

ctron temperatures (Ti~.t) and Te{~,t) in ev) and current magne­

tic field He: 

'01, l' '" > 'l1,) Co (T,-T,) at :=. nl: '5":c!. n'~"i"":x:. - 1~loIl 

U~ _.l. '0 (x. }"( TIc) en (T. _ - . 2>¥ '1'1. 1. «'oIl' 
-0 10 - nx?lx. n.\( J, "'3:" +~l. " le / " '"' l.:c oX J 

- 't f\ { 

Here t is time in lIlSec. r =*~ ~ HH8 ,H is the longitudinal m.ae;n.tic 

field in koe , nc::r·)",.{(i- '1~ :x.') is the plasma density in~ C\~" ;:c,.-}, 
R and et. are the large and little radii of plasma torus (in cm). 

/... "' 61(-G," ... ', ~= , · ~')·H'!~" ,:=-'n O/p)p is the relative ion mass. The 

.:::lassic81 thermocondLC ti vi ty coefficients ).,. \; " i., e) are 

gi ven by the equati ~ns /2-4/: 

In the system(1) there are functions tb:,t)and t. (::0:-,10) 

sllowing us to describe the anomalous resistance and elactron 

thermoconductiVity. In the sa;plest case t{z,t) equals conat811t, 

which deterBinds frOIl! tha mean experimental valua of the plesma 

resistancs ("middle" modsl), Nevertheless this model leads usua­

lly to too slowly current diffusion. Therefore ws bave used al50 

ths " local" model connected ..nth an idea on ioo-sound instabili­
ty oouoing the aDo~91ity in traanport coeff1ciente/7/. On this 

model X is the functioll of the local relation of the current 

eleccli"n velocity':.\, to the velocity of ion- so und':::,; i,:£(91 ,b=~. :~6<~ 
then ~~l and vlesma is classicel.lf 6> i then t is festly 

increasing. Usuelly we set th?t ~( r;) " ~. t (:",o;-1A 1- co<r. {P-l)/.l\9J) 
~t ll.g~ l~lI ~ :-I."J i (9) ::.t ... "", ~+ 9>1 +£. 9. 

In computations we set 1.).9·2 and 'i_A was chosen so a.s to corres­

pond· to tho oxpe~imentol values of the plasma resistance. 

For T-J device g~ i"7iF_or 'l\I-J 8>5 and tCo}.lo.t"""," conot (in this 

case the local model coincides with the middls modol). 

J. The system (1) was solved by computer with the following b~dm 
ry and initial condi tionsl Tj (l;t)::. 1;. ,r(l,t)=".2. ~W:='J".(t.l ,lj(x.o)" I;. , 
r(x,o) = f" • • ]lth·lJ\+("J.-J,)tft,} ~f Odd.\, 11t)=Jl if bt " J(t) 

is the t otsl current io ka . On fig.1-5 the results of calcula­

tion...$ are plotted for T-J device /5/ (R =~('O,Q"' l::,lh. j?,J, "5, 
Jz""H0 . t.\~1, ,.1:4, T;. ",I O) for mi~ture plaBGS w;!.th J($ bJ'drogon snd 

7~ deiterium. For the comparison of the various anomality models 

on fig.1-2 the current distributions in space are drown for the 

different moments of time. 
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00 fig.1 the ~o tted lines correspond 
j/o'~'1 

'" 

.00 

200 

, , , , 
1 
1 

'I 
~'" 

" 
" ,.' , , 

I 
I 

¥ 
10 

5 

--"" _/ 

'~'-'--,.-~ ~ qs I,D X OL.---~q''---~l~,O- X 
F;$.i Fii.2 .Fii.3" . -. 

the continuous lines correepond to tbe middle model (t.'1,g,,,-I) . 
On fig.2 far dotted l1nes~.'t(9J, t,=l. for cantinuous lines t.1,; 
Me)( 0 Eh. 2 , l_ll ~ to ). It is easily seen that only the laat 

model lesds to the sufticiently feat current diffusion . On tig. ) 

for this ll:odel the distributions of X{x,t) ar. plotted. The curves 

sbow very high anomality near the pl.ama boundery st the initial 
moments of time. Atter this the cUrTent dietributiona ere smoo­

t bing appro.xilr.atln.1 the value l_1t "bich tits to tbe e::l:perimen­

tal deta. On fig.4 the electron temperature distributione T~b::.;I') 

1500 r-2-'_~ 

1000 

~--c,,,,---Irr-- ' 

STe tJ;"R(:ed for h"o mode1a:~::.tl::.i dotted lin.a) an.d t",¥,,,t(9) 
( continuous linea). The tast smoothing ot tbe continuous linea 

is in good coincidence with e::l:periment /8/ . On fi g .5 tor these 

two models a160 the dependence !!lex Te, max Ti and energetiC"tl.1 

_,T. 

1500 7S 
___ li __ _ 

"./J, 

'00 

m ..... 'r. <rE 
...... T, ( ..... ,) 
{.vJ 

WOO 10 

500 5 

time 'tt an tillle ere. plothd. Tb. tat 

curve corresponds to the experiment • 

On the l~t f!g.6 th. sne1ogoue de ­

pendenc~tor T~-J device are trsced 

( R=40, azB , H- 27. Jj.. .. T, J1",27. t 1=2, 

11 ,,2, Y ... c.:c ",6). 1'h. sood coator_ 

mity ~tweeB the theoretica.l and 

"experiUlenta~ reB"lllts indic.tes the 

reeonableness ot the ueed model of 
pfsllla anomal1 ty . 

The authors thank scad. L.A.Arzi­

movich for stating ths problem 

and very useful discussions. 
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TOKAMAKS 

THE niERGY BAlJ.NCE AND THE LIFE'l'1 1.:E 

OF lOllS IN PLASUA OF TOKAMAK T-} 

L . A.Artsimovicll, A. V.Glukllov, E.P . Gorbunov, ll . P.Petrov . 

I.V . KurchBtov Institute of Atomic Energy, Moscow , USSR 
A.F.lotte Pbysico_Technical Institute , Leningrad, USSR 

Abstractl The energy balance of ions in the tokumak device 

'1'- 3 was examined using ion temperature, obtained frolll the 
anal,sis of energy spectrum of charge-exchange atoms. The va­
lues of ion energy lifetimes are given . It is shown that the 
iOD energy l osses are ~inly c~used ~ the classical boat c o n­

ductivity with trapped particles taken i nto account. 

In closed toroldal devices of tokamak type , where the 
plasma coil is beated by the current , flowing throught it, 

and is stabilized by the strong magnetic field, the energy 
life-time of iODS is quite important characteristics of the 
plasma thermoinsulation. Introducing this characteristics one 
can write the equation of ion energy balance in the following 

form: -11 'f\'t :3 cl\~ 3 Ii,. 
O,~\O f'\\",= Z\'\I< ,,(;t +]"nl< ". 

where A 1s the atomic weight of the matter (hydrogen or deu­
terium) , Ti is the ioo temperature, n is the plasma density. 
The left-band term of the equation is the energy passed from 
electrons to ions by the Coulomb collisions per sec in 1 cm}. 
The electron temperature Te is not included in this ter. , be­
cause the flux of enersr from electrons to i ons quite weakl, 
depends on Te in the range of Te/Ti from 1.6 to 10. The expe­
rimental value of the ratio Te/Ti i s always in this range. 
The equation (I) assumes that the ions are mainly heated b, 
the Coulomb collisions with electrons. Several experimental 
facts ~onfirm this assumption , when the density of the plas­
ma ie not very low Ieee for tnstance(I) / . 

Pig.I presents the dependsnces of Tl' 0 and (E on the 
discharge t~e in the center region of plasma column in T_} . 

LE values presented 
have been calculated from ~ 

equation (I). using Ti 1£ ~ 
and n shown in fig.I. Th8 (IO~.K)" r,. 
vaiues of Ti bave been re- 3 ~iCt' Ti 
Cieved from the analyeis 2 1IJ ~ 

of charg~excbsJlge atomic ~ 

spsctra and the values of fa 'E 
n ." fro. rad.1ointerferomet: 
ry. 

The energy loasee 
from ion co~onent of the 
p l asma are caused bJt 
I) heatconductivity, 
2) diffusion. 3 ) charge­
exchange ot ione on the 
residual ~B. Hencet 
...L _...L .... .l.... +..L (2), 
't'e: - L"1t ccL 1'e. 
tilte due to heat conductiv1.t;y, 
lifetlae of charged particles). 

, 
4 

'FIG.I 
where "rH is the energ:r life-
1'd.. i s d1fruaion lU'etime (or 

" is cbarge-excbB.n8e 11te-
time of i one. The coapariaon of tiae values including in eq. 
(2) characterises the contribution of these three processes 
into the ion energy losses. The values cc. and 'd are de­

tenined by the folloring equations: k= ~<""), 0' 
8lld in the station&r7 case for pure b;ydrogen plasaa/ 

'{'J:: n.:<nr>i. (4). where ns is the density of atomic ~dro-
gen or deuteriu= in the central region of the plasma colu.nx 
(we are considering here the energy losses just for this regi­
on). <~1J';>c. and ('6'lf>l. are averaged by the YB:nrellian 
ve locit, distribution products of re sonance charge-exchange 
and electron io~sation cross sections by ion and electron ve­
locitie s respectivel,. 

The velue na included in (3) and (4) has been measured in 
tokaask TY_} by the r egistration ot absolute intensitiee of 
Bslmer ~drogen spectral 11nes(2). There were no such Ilessure­
ments in T-3 device. Bowever, here it is possible to evaluate 
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the density ns ' using the absolute ato~ic charge-exchange 
flux e~itted by the central region of the plaema column . The 
vslues na thus obtained f or tYrical regimes of T-5 during the 
stationary period of the discharge are within the limits of 
(1.5 + } .O).IOB at/cQ3. By the W87 . such evaluation for ~J-3 
gives the values of na close t o 109 at/cm}, whi ch are in 68-

tiafactor,y agreement with the spectroscopic data. The values 
of 't'(. and 1:J... calculated by eq.O) ano (4) , apply ing 
the above .,alues of na' eesenAially prevail 0. 1 sec. The com­
parison of such values with L& ,equal to I S .. 20 lIl8ec durina 
the stationary period (see fig.I) . shows that the main part 
uf th~ !un energr i08&08 in the c ontra1 r ugion o~ the plaa=a 
is caus ed by the heat conduc tivity. 

The theoretical consideration of the classical ion beat 
conductivity in toro ldsl s)stelll8 with regard to trapped pe.r­
ticlee is carried out in(3 • The theory developed gives tbe 
necessary formula for calculation of beat conductlvit, coef­
ficiente for various experimental conditions. Using these for­
muls es well as energy balance equation (I) , it can be shown, 
tbst the ion temperature in tokaaaks should be proportional 
toi1I~R1ili . .cf lt.t .where I is the discharge current, R ie t he 
aaln radius of the toroidal eyBte~, Bz ie the strength of the 
longitudinal magnetic field, n is the average density of the 
plasma. The proportionality coefficient can he found by sol­
ving the heat conductivity equation at the given current and 
densi ty distributions by !i 
the pl asma colmm cross­
section. Pig.2 shows the 
eXperimental data of maxi­

mua i on tel!lperature in T-} . 

The ion temperature in the 
central region of the plas­
ma column during the statio 
narr period is plotted on 
the ordinate-axis . The val­

uee of~l\{eRtn'. A-Y,t. iU'e 

~/­
/ ! 

/ 

plotted on the abscissa-axis. Exper1&ental values ot Ti have 
been =easured at n being from I.5xIOI3cm-3 to 3.6xIOI3cm-}, 
I - froa 60 kA to 110 kt, Bz - from 25 kOe to 38 kOe . R in 

T-3 is equal to 100 cm. Black spots are the eXperimental data 
correspo~d1ng to ~drogen, the white spots _ to deuteriua. It 
ia clear that the elCperiaental results are iD good agree.ent 
with the function ~IH~R~n · I\-~2 . Straight lines I and 11 
Shown 10 fig.2 present the function of Ti cslculated on the 
base of classical theory of ion heat conductivity (3) .tth 
two different assumptione on current and density distributi­
ons in the plasaa. Line I correaponds to the un1for. current 
and density distributions hy the cross-section of the plasma 
coluan. Line 11 is cslculated for the case when current and 
dens~tr have square-parabolic radial dietributions. Ths 
straight line. which approximates the elCperiaentaI data , lies 
between I and II (it is shown bJ daBbed line). 60 it is fol­
lows from the elCperlaental data given in fig.2 , that in the 
range ot~n~z'Rt", . A-1ft from 4xI06 to 9 . 2rl08 (wbere I _ in A. 

Bz- in Oe, R - in cm, n - in cm- 3) t he following formula 

t",.s plao" ,,=( .. g"OS).IO-7~nllR'n · A-'t, (5) 

This result confirm the assumption that the ion energy 
lossee in T- 3 plasma in tbe considered range of physical pa­
rameters are caused ma1nll by tbe classical heat conductivity. 
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TOKAMAKS 

'l'1E PL.;s!.IA :::rtRGY DI TOIWL\K n FffiM El.:':C'TRICAL ;lm 
TIlOl!SOtl SC;.TTEarNC MEASUJID:!:!li'S 

" 
E.P. C~ rt>un"v", D. ? hanDY', U.J. ~lIeo clc ", D.C. Rohim",,," , V . • 5trclkav+ 

U.K.A..E.A., Culhalll i.aborator.f, Ahin&Uon, Beri:~ . Enl!:land 
LV. Kurchatov tnsUt.ut.e of At:roic Enero, lIosco .. , USSR. 

Ab~trnct: The radial c!iatribution" of the e l e ctron derl3 ity ani tempemture 

have been <Dl!lUured as functions of time ~t'tII!l photon sc~tter' n5 t.,,!!ether with 

I'-WIIU 1nteri'erorncter "'''Il~ure:nent~, and have been "","p"red with the total 

e~ rc;,y d ... 'iVlld from the dtalllllgnettc signal am the electrical "lI verOM:l~ . 

thrwgh04Jt the ranee of omic hl!atinll currents 40-150 leA ani d"reltiu in 

the r Mp 1 ...... · 5 x IQ'} en- } . Th8 tranne rna e l ectron ene ry !calu as the 

::quare of the e\lrT'Ont . Beta rith r-eSpllct to the field of the current 13 

about 0 . 5 but incn!&3es .. ith ti:De to gf"ell.ter titan .. tow.:u~b the end of the 

current pulse. Ancmslous Nls h tiv1.ty is obs" " ,,d under !lost pl..-.SlII8 ogrditions. 

Introduction: Pnll1all11UY !le~u"""ents(l) of" the tnm,nene ta.poralure 

udflj!; the technique of luor liSht ~e"ttori~ on Tok .... "k 1', hue shown that 

local tClllp!n.tU~5 CBn be hit;her th41\ 1 keV am th4t e~"entia.lly all the 

electroll5. at leut on the ""pHc axis , have a llIaxweUian diatribution of" 

velocities . The phohn aCllttertflj!; ""sul t.:!! cOn1'im(2) in order of" ""'f;1Iitude 

the previoua din'lu).,y.etic t/SCperowres repo rt~ f"or 1"3 .nth a short ( 15 ", uc) 

current pulao. 

The total elactron rl~a e lll!rgy deduced f l"D!!> t he .. al .. e" cd' Te an!. 

ne obtained by Thl;m5on sc:atteri"8 h~ b~n cIDpared rlth the t otal plll-Ma 

ene r gy e .. a.l.u.ated from the elcctrical!l"""ure.,ent a thmu!lhout tha $MIe dia-

charge anl. o .... r a ride rll.!ll5'" of dlllchllrll'" pIll'WIII: ter:o. The t oroidal field, 
Bor , 

Bo hu to I50neral been cnose n 5 ~ that q"' BeP. ~ 2 . 5, althou,;h lIildJ.y 

.. ""table coOOit101\8, q < 2 . 5, hen al~o been studied . 

The Radial Diatrib .. Uon of" Elcctron Pressure: In order t o e .. aluate the total . 
electron enerQ' in the plUlla cohlln, 2:0; [ r ne( r ) Te(d dr, it is cOn .. en-

hnt to cal...,late the "en l'1ldi1l5 of" the pla"'a pre"sure di"trlbution fl'Olll 

the radial deNity and t ... parat..re prortlu . The prof"n"" f"cunrl f ra. the 

rh,."on 5catteri."8 were s)'llllletrie '*>l1Il the ""~IlI!tic ",,1:0 (takin~ into 

account efIY ,..~ displac ... enh of" the pl.e"",a column ) . The laaparatun! dh­

trih .. tion durinS the middle ef the cu rrent pul"e is "hoom i n Pi~. I , each 

point batnS the man frao u p ta 10 dheh/lrges . The profile is dt:"cribed by 

Te" Teo( 1- ( r/Il)4)2 , ""ere Teo i s the value' 

on t ho maSIlI!t1c axis am 11 = 17. 5 cm3 i3 the 

!a.!!.! 
limite r rad iu:!. A sailer radial depaoormce ' .(.1 

is round f"or the denaHy frcl:l micrtM'llVe aoo 

3cetteri"fj lIIeuur-ement3 . The electron 

e lll!'W par ca in the pla.a col .... n in 

these conditiona 15 ~be n by 1tr! n"a Teo ; 

r p" 11. 7 aDS. The tompel'1l.wn! dh -

• 

...... 
tribution elU'l,y in the diacharp IllL!I aOle""at oIif'f"en!nt, e . .I\ . for time" :: 

4 IIsec from the initial CIIrrent rl30, a talpemt .. re in::reue On the outside 

of the plu ... (of' up to 1. 5 times the central .. &1....,) w"" ob:oerved due to 

e Id n curre nls . 

COIIIparl!lOn of 2" .(r ne(r)Te(r) 4r and the Di"""'~netic P:IlI!rgy: The tot.&1 

tranave"", enora w .... calculated fm. the ..... gmtic f"lux in lhe pluma col .... n 

by a lIethod deacribe1l. by Wima .. (,5) am impro .. ed by AnwIhin . The r es .. lt is 

COlllpR",d -tth the scatteri"8 meuurel!K!nts throuShout a typical di:ocharge in 

Ptg. 2 . Taki"8 into acco .. nt the ~ ion energie,,(4) (about 150 eV in Fi8. 2) , 

and the respe ctive errorn, there 15 "l:n!"""ent b e t .. een the two values . o-/er 

the .. hole rellse of p"rtnstern stUdied the e~",emcnt is l e s s good (up to 5<J% 

d11'feronce). The diameanetie tfl:llpcreture depcms critical.ly on lhe mean 

curn.nt radiu:! eal...,lated frCI:II the electrical circuit equationa(5) . Th15 

I 
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. radius h in tenerel 301110 what leas 

than too llKlan pI ..,. radlu:s, rp' a m 

thla resul ta in a diMlagnetic pl a3lllll 

lonp" noture equal to or higher than 

the 3cIlttorint tcnp:ratuno .. e~ .. remenb . 

The elCWlplc's when" then! 18 poore:!t 

a81"901Dcnt ara correlated with t he 

largost diN'erencea between the cal-

~ preeaunl dhtrlbutlon. A 

oOllparison be tween the toeen tran:o .. eM!e 

dillll>:l.goetie tompcruture , Te + rTi' the 

IllllCUl trana .. erse ion laDpe .... t .. re, Ti' 

the lMIan electron t e::lp!roture 'I'e f"r.m 

the laser meElllIU1lGIBnte and I'tnally 

T"".., the col>ducti .. ity t.np" rature throughout thll l8J:\e diech.arge. ill :shoom 

1n Pi~.,5. TIlt! electron tellperatul'll and deNSity obtained by the lase r teeh-

nique on the a"l'lnetic B.J<is ...... ains practically call1tant after the rt~t 

10 millhec . (Pi~ . 4); an the other hand , the diaSlllagnotic tOllperatul'll L, 

11101'11 "C'Ilsitive to irregulo.ritles in the current IIavef a r'lll due to plA5lIIa d rU·t 

and paripheral inl'ltabilitiBs . Eve n when the plasm.a becOlles .. Iakly unst.,le 

. duri"li the cu rrent p.ll s e the decn!&:le in the tIialporatlln! en the mIIg>nt!.c 

axis i 3 not Ilanl than 10 t a ~. 

The Value of Beta : The te<O.poral .. ariation of Te and ne on the ~ ia 

shcnm in PiS.4. The .. alue of ~e i . e. r 211e '" 2 Hk'!', is abou t 0 . 45 m lU' the 

lIiddle of thoo current pu.lse -.hen tha tra.mu rne e""rsY is a aazi_. l'Ie 

can h"""...er eJ:ceed 2 late in t he dischCU'P;'! aa the current decl'lluea . 

Ss;alirus idatio",,: For the .nole ~ ot dillChU'WI COrilitiON studied Te 

and the tranave~e e lll!rgy are pncticall.y indepomderrt of the \ ortl idal field 

I '1 - ..... 
.I 

I ' 
i, 

,: 
:' 
" 

• ,~ . 
The dependence of the tc=pe ratllft 

llnd I is Darked ~er a m 

charaoterhed by lie '" 0 . 5 tar the t1oo8 

of Cllui_ enersY content in the plUOla 

col ..... n . The _:0. .... total e ne rCl fmm 

the lallOr and d.illCDagnetiC Ileaaure.enh 

h.MOIfTl plotted ~ainst the heating 

CUl"~nt OVcr the mJ1gf! of" discharge eord itioT15 studied in Fi! . 4 . 

~: The tatal e",,1llY deter.ined froll di-.gnetic algnale 1:0 in 

Ilgl'lle .... nt with the aID cd' e l ectl'On energy obtained f%'Oll ThOlllllOn Icatterin~. 

and th" ion en~' rgy . The total energy increa185 ea the square of the current 

and the value 01: 1'113 et cu.lTent mllXillUII ie alW~1 about 0 . 45. 
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RESEARCH LA!30RATORY OF ELECTRONICS 

• nd 

FRAilCIS Bl'l'TER lIATIO,!AL I.fAGilEI' IAnOMTORY 

I.(ASSACHUSf."l"I'S I!ISTITlfI'E OF TECHiiOLOC:Y 

CN-rBRIDGE , liASSACHUSEl'l'S U. 3 . A, 

~: ALCATOR Is a nel" pl,asmo. contnirunent e:;periJnent 

characterized by hiSh magnetic field , ~ood c~ntrol of nyrnmetry , 
and cOpious dl"'UIl05 t:lC aeeellll . It wl11 bill operated ri .. ~t i n 

the Tokamak mode with major radius R _ 54cm, minor radius 
a _ 12c,l, and centerline fie ld of 120kg . The initial operation 

will exploit the high allowable pll!Ulma current density t o 

explore the I11111ts of ohmic heating , and t o study the que s t! :> n:; 

of enhanced re s i stivity and thermal tram:fer . Major aspects 

of the experimental design are described. 

ALCATOR is an acronym for the high field toroidal plasma 

experiment under construction by !·Irr and the Bitter !lati onal 

Laboratory. It ~Iill be operated fi r st as an ohrnically heated 

Tokamak but other configurations are easily achieved ~Iithin the 

basic design- - noncircular minor cross sections , high shear 

stellarators , etc . 
Initial Goals The advanced technology developed at the F' r llnc i s 

Bitter National Magnet Laboratory makes possib le t he use of 

magnetic fielda in the range loo- 2OOkg in devices of moderate 

size, This field can be exploited in Tokamak devices to yield 

high current densities [recall that j .... (E\.r/qR)] Which results 

in very high energy input rates and the possibility of main­

taining enhanced resistiVity (i . e . 1 -" ? sPitzer) even f o r quite 
large value s of density and temperature . ALCATOR should be 

able to maintain enhanced r esisti vity ~Iithin the Krusks.l ­

Schatl'anov limit even f o r densit i es of lolll /cm3 at clectron 

te~peratures of several keY . OUr initial experimental object 

will be to explore the limits of ohmic heating in Tokar.lal~-

like devices ~Iith particular attention given to ~e asurements of 

electrical resistivity and possible enhanced theroal transfer 

t o the iClns , The aspect ratiO of ALCATOR lIas decided ~n by 

l'1multanc:;)us con!lideration of t he achievable current denSity . 

enere;y cjn.finer.lent t1.r.1e and available pulsed pouer(32!,'U). 

The final d1JJ.ensions represent a cOl:lprOlllise of achievable 

current density in order to a1low siGnificant ion heatin::; . 

Experimental DesiBn ALCATOR ia a pulsed toroidal device using 

LI{2 cooled COl'lp:;lIl ite copper-steel Bitter plates to produce 

120kg on the toroidal center line- - the pea~ tor~idal field in 

the plasma region is l 58kg. The 2 . 5wn thickness of' steel in 
each plate supports the majority of the stre &s , approachin~ 

6~ Of yield at t he point of peak stress . The plasma current 

is induced by an air core transfonner capable of supplying 

1 . 2volt-seconds of excitation. The 300 turn primary has a 
20kv voltage l1m1t and can supply a maximum of 65 volts to 

the plasma. Peak calculated fringe vertical field s at the 

plasma edge aret 5 gauss , The copper s tabilizing shell, also 

LN2 cooled, is outside the vacuum chMlber, The time conlltllnt 

for transverse fiel d generated by this shell is in excess of 

25Omsec . The l imiter 11111 be inserted through a full \'Iidth 
2crn transverse Blot in such a fashion that its size , shape 

and position can be changed easily and quickly, Full p:>l~er 

repetition rate will be one pulse every ten minutes 1"lith 
reduced pOI-Ier pulses proportionally more o!ten , The major 

speeifications are detailed in table I , 

TABLE I: DESIGIl SPECIFICATIOHS 

Ua jor Radius 

Toroidal Field 

~ Coil PO'<Ier 
CurNlnt 

1 . 0 . 

:;4crn 

120Jtg 

2un1 

1301tA 

32.5cm 

Cu Shell RadiuS 15 . 5cm 

Thickness 1 . 25cm 

}Iinor Radius(l1ner) 13cm 

Pulse Duration 200nsec 

Transfonner Prod , 1.2v-sec 

energy :; . ,sJ-iJ 
field 14J:kg 

Pr~&, vert i'ield 

Dv Field(8 crn) 
Uniformity 

2,0 

Diar;n~still The r.a ,1or I 
diD~n;lstic acc ellS p ::rt l! are 1 
illustra t e d i!l ~' i!!urc 1. Ther e 

ere four 2c:ll l'l ide '''i' '" se~ti ":;)ns , t 
tw :;) pairs ;,) f :;b l i que occ ess 

tu: ,es, and tllO a ::io.l t ull es . 

These penetrations can ~e ~ade 

\"I ith '/ery small pertur\)a ti::ms 

of the t ::r j idal ma6netic field . 

The oblique halcll inherentl y 

cause ~"ittle perturi) at i:,11 

be<'lmse t.hp. C'.u rrent redi.!!­
tribution in the Bitter plates 

reduces first order field 

perturbation. The t r ans verse 

"T" sections are compensated 

by reducing the thickness of 
the Uitter plates near the 

slots to increase the local 

OBLIQUE PAIR 

~ 
COI L ~ 

1- DIAGNOSTIC ACCESS 
denl!1ty . The " pax1r.lw~ fie l d perturllati:;)n" caused 1,y diacnjstic 

access is ~ at the 12cm l1Jniter r adius . One of the diaf.nostic 

ports wi ll be cornplete~ devoted to a 7 spatia l c~annel Thom~on 

Bea tterinc experiment to measure the velocity spectrun of the 

electrons , One of the oblique pair tl tll be used f o r the 

Simultaneous measureMent of T~ and T~ for the electronll . Other 

o:-;pe r imental ~echniques that l'lill be used, in" addition t :: the 

important ma1;netic field sensing schemea ao liell-doveloped in 

the Soviet Toklll!la k e :tper:lments , Ifill i nclude a 3311). laser 

i nterferometer , bremastrahlung monitors and several meth "_ds o!' 

measuring i on distributions-- ch a rge e xchange neutral spectra , 

doppler ehifted La radiation , end analysis of fusio n reaction 

products, 
Operating Regimes The experirnel1tal design 1"las , of c~urse, 

based on the expected behavior of the plasma in ALCATOR . The 

accura cy or thes e predictions is limited by lacl{ of prior pla ll l~a 

e Aperilllents in t he particular reg1.I:.es t j ' e e~plnre (l , h ut 

reasonai" le e :(trap::: llltio:1s CBn o e hased 'r. e ""ist inB 'the : retical 
caost<:',e r llt,-Clns a nd c" :peril'lle l""tal results. 'r'le- t~'sn :; tcnt ;lcat in:­

and confincll""ent ;)f plam::ns in ?oj;a,"";1ak8 13 e conple :<: non linear 

pro!llem i:lVolv!r.~ G'..:er1..i:ms "f V1l l'r 1nr. part ic le arA ener~; 

cjr.riner.lent Lines. \ll<1e l J "!har. c;i 'lS re5 i1;t i v '. t y , r opi.d l:' chll:>6 i"lr 

and p :l1!llitl~' anomalo\\s thernal t r ansfer , current re'li~t r1 ' " "ltion 

and pany other SU!r. featUre ! . 'ie bave ca rried jut e xte:1sive 

numerical analyses t a king tbese f actors int :l account , Typical 

transient and steady state pla.!!::a cor.dition:J are plotted in 
figures 2 and 3 . The re sulta are hosed on 1Ir1 accurate r.lodel 

of ALCATOR geometry , classical t ransfer of energy fr o::l electronll 

to ions , enerBY conta1~ent tine as given by GOrbunov(l} and 

enhanced resistivity according to the model deve l oped by 

COPPi(2) where the scaling parameters have been chDsen t o ~it 
the exil!tins data, In the operating reGimes near t he ma..~imu.':1 

ion temperature, Bp ie of o r der 0 , 2 . Similar calculati~ns 

allol1ing for the p:;)uibility of enhanced transi'er Of energy 

f r om elect r ons t o ione ehowe great sensitivity to " emall changes 

in this rate. 

Ref: (1) E. P . Gorbunov et al. IAE- 16Bl (1968) 

(2) B. Coppi and E, Mazzucato 1":A'I'T-720 (1969) 

supported by the un1ted StaLl;: s AL"LUC Enel"g,Y CQr.lrn1,,:!ion 

** The ALCATOR Design Group is compr ised of D. Coppi , D. n. 
Nontgornery , G. Beltef i, A. Bers, R. Blanlten , It. Brige;s , 

H. Kolm, L . !" Lid sky , R. Parker, P, F:0l itzer and K. 

Thomassen, and has been augmented at times by other memhers 

of RLE and the Bitter Laboratory, 
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TOKAMAKS 

LONGITUDINAL HEAT CONDUCTIVI TY INVESTIGATION ON 

"TUUAN" DEVICE 

U.G .Kaganski, S . G.Kalmikov , K.G. Shahovetz 

A.F . loffe Pbysico- Teehnical Institute . Lenin~ad 

USSR 

Abstractl Measurements of a temperature gradient slong the lIIag_ 

netlc field a re made in "Tuman" device . Measured plasmo. longitu­

dinal beat conductivity coefficient is in sgreeaent with a theo­
ry at plasma densities lOI4_I015cm-~ and "electron teaperatures 
IQ-.20ev . 

At ohmic heating in Tuman mashine the energy input ia main­
ly in narrow toroidal parts while a main plasma bulk 1a In 
strai ght parts (fig1) . It is pointed out in the work /1/ that 8 
finite plasma heat conductivity along a magnetic field lines can 
lead to a temperature difference between the toroldal and the 
straight parts . 

In this work experimental data on electron temperature are 
obtained for ohmic heating period . 
In the toroidal parts electron tem­
perature is determined fro. plasma 

conductivity measurwents . At t be 
centre of the straigbt part electron 
temperature is determined fro m plas­
ma diamagDetism and density meas~ 
ments. The electron temperature is 
assumed mucb bigber than the ion one 
in accordance witb tbe ~ork Ill . Ex_ 
perimental conditions and diagnostics 
a r e di scribed in tbe work Ill . Fig . I. s. Tbe real pla~ 

configuration in "Tumsn" 
device . b . Tbe model used 
for calculation. J"R = 2e 

Results obtained from o~cillograms 
for a typical regime are sbown in fig.2. 
Tbe changes in plasma density and con­
ductivity temperature are small atter 
l OOjUSec. However in tbe straigbt part 
electron temperature rapidly falls ~tb a 
dec rease of energy input rate in the 
end of tbe discharge. A comparison of 
tbe curves (b) and ( c) in tig.2 shows 
an existence of a temperature gradient 
in Tuman masbine. Measurments carried 
out over range of hydrogen pressures 
show a strong dependence of tbe tempe­
rature gradient on plasma density . Ex­
perimental data are presented in fig . 3. 

Tbe balance equation for electron 

component energy is 

t(i~"r.)" 9< ~9" ~'j.. ~9'-:;' -jO (I) 

Hare 9-'- is tbe energy input rate per 
1cm-3 ; 9,; is tbe enerlSY loss rste 
caused by heat flow along the magnetic 
field ; ~"_ tbe energy loss rate due 
to e lectron-ion collisionSI tbe ener­

gy 1088es re, tj~ ,~~ are due to 
l ight emission , diffusion and beat 
conductivity across tbe magnetic field . 

Fig. 2 . 
a. Electron temperature 

obtained froll. conduc­
tivity measurwents . 

b. PlaSllJa density. 
c. PlaSDQ diamagnetism . 
Tbe discharge conditions 

p = 5mtorr, U = 75Ov , 
Bt = 18kG, Bs= 0 ,9 kG . 

Plasl!lB. column configuration in "Tuman" device is shown -i n. 
fig . I (a) . A correlation between plasma cross-sections in the 
toro.idal and tbe atraigbt parts i s determined by a longitudinal 
magnetic field strength. In a typical regime Bt = 18 kG , Bs = 
= 0 , 9 kG . For the case of equal plasma conductivity the energy 
input rate 9i = i~ in the toroidal parts is 400 times higber 
then the energy input r ste in tbe straight psrts. Tbwrefore 
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we can neglect the direct energy input 
in tbe s traight parta . An estimation 
sbowe tbat the basic role in the ener­
gy balance for tbe toroidal parts 
plays tbe best stream along t be magnetic 
field stimulated by longitud inal con­
ductivity . The beat stream can be 

nitten in t he form ?" =-ce}% . Tbe 
beat conductivity coefficient .J!! can 
be takeD 121 8S .;e:= a.. r;¥;. For tbe 

toroldo.l porta c quatl,on (1) can. be 

reduced to. 

• 
t .•• 

, ..... 
Fig.3 . 

t(j'l-K7;/= 9"- +t(.r~;) (2) 

It tbe energy loss occurs along 
tbe magnetic field only our tusk is 
close to tbe problem of plesma ener­
gy loss in theta pincb 13/. 

Variation of conductivi­
ty temperature ( I ) and 
diamagnetic temperature 
(2) with pressure. 

For tbe second balf of a diacharge plasma density and 
conductivity changes are small. Suppose tr-'"l.Tcjo:O lIIe have 

~ + i. (~ff) :0 0) 

In real conditions 5k =- ;?(~ l'.J but an essential change 
of the energy input takes place only near c=~ . Tberefore 

we assume for s implicity ?.i. ... 9~.J . " d7: 
Tbe equation (3) i a solved at boundary conditions ~ = 0 

at z ~ 0 (tbe condition of simmetry) and Te := 0 at z = e . Tbe 
condition Te= 0 is a limiting case of a very strong plasaa co­
oling in the straight part. 

Tbe aolution of t be eguation (3) has tbe form 

T Z = ~::./_ 1.:./ 
e 40( e (.) 

This solution gives a correct descriptIon of some experi­
mental results . The weak dependence of electron temperature 
from the ener gy input rate is in agreement witb experimental 

data . Tbe aolution (4) also shows tbs plasma te~erature doeBn't 
depend on plasma density. I n expert-ent s some temperature raise 
was observed witb an increase of density . 

For plasl!lB. energy balance l:snalisis in tbe straigbt parts 
the electron cooling caused by energy transfer to ions must be 
taken. into account. Tbe energy loss rate 9h" = ..1"";~"-7,'} ra_ 
pidly increases witb a density rai ae . This effect can. explain 
tbe experimental data shown in fig.' . 

Tbe equatl.on (4) perm! ts to deter­
mine tbe longitudtDal heat conductivity 

a,IO" .. 
coeffiC i ent. Temperature calculated 
from conductivity measurments is taken 
as Te at z a 0, tbe ohmic beattns ener­
gy input is calculated from plasma cur-
rent and voltage oscillogramal tf. 3Ocm. :1--------­
Tbe va.lues of Cl: obtained from t be 
equation (4) are given by points in 
fig.4. Tbe tbeoretillral values of 0:: 

obtained by Spitzer 121 are given in 
the same fig.4. (eoli~ Iln~). Tbe plas­
ma longitudinal conductivity over tbe 

l'ig.4. 

range of experimental conditions i a in agreement .tth the theory. 
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MULTIPOLES 

MAGNETIC SURFACES IN A QUADRUPOLE 

by 

J . H. Williamson, UKAEA Culhllm Laboratory, Abinqdon, £ngland. 

~: Local illlperfections in the magnetic He ld elln a lter 

the topology of the mag netic su r faces, the reby allowing plasma 

~z escape. A modest longitudinal magnetic f ield will maintain 

the nest ed surfaces near the plasma boundary, so that the residual 

c:?O lO~lCal char ges near t he separatrix become unimpo r tant. 

:'he I;tilb,l,t:," of ph.glll" in a t:o ,-oldal multipole i s not much 

affected by the presence of an <lxisymmetric t oroidal field B0 as 

th15 merel ,. opens out the closed lines of force to produce nested 

magnetic sur fll.ces( l ). ac..wever, in any real device local imperfec­

tionli will d e st r oy the perfect symmetry and so cause the mag netic 

su r fac e s to break up and possibl y reach the walls. On t he whole, 

the toroidal cu r vature does not play an important r ole, so the 

re su lts which follow were computed for a straight unshielded qu ad· 

rupole. The cloeed lines of fo r ce in the unperturbed system we re 

labelled by the coordinate and the ~-component of vector paten· 

tial A~ :; >1'. The o r igi n of '" was chosen to be the separatrix . 

and i dea lly. plasma can be cont a ined be tween the c r itical surface 

'* " l and'" '" -3.5 wh ich represer.t e the surface of the conductors 

C:'[.'Q.X 2 ' . 

One i~por tal'\t class of local impe rfect ions arises from def· 

-e ,:~.'~ ·o;.r.~s ~r. the conductors wit;" n the plasma . Measurements 

.;: D 1AX Showed that the peak perturba tion fleld B, was grea test 

cl;)se !co the conductc r su rface a nt: at a d is tance o f 102 cm f r om 

the Joint . Be for e the Jo,nts werl' prop.,rly tightened. B, was as 

larqe as )Q'i{. of B~ . but it: ha s now been reduced to less than 3% 

a t all joints . 

If the perturb .. ~ion B, is small enough, then th., adi abOlltic 

approximation (the method of averaging) can be used . This assumes 

that lines of forc e follow their orig inal closed orbits except for 

a slow drift in '" and~. As no lines of fo rce may cross a magnetic 

surface. t he flux threading OIIny cross-section inte rsecting the 

s u rface is i:wa riant. ay Stokes ' theore ... this can be written as 

~~,d~ taken around the l i ne of intersection which for convenience 

is chosen to be the unperturbed orbit. This i ntegral is 

o.(Ilt,z) ., .. ~, ·D,At 
.~ 

because the zero·th ~rde r te~ Ao .Bo vanishes eve rywhere . Fig . 

Shows the t raj ectories 

in "', z space of the mag' 

netic surfaces when B) is 

the field of a magnett c 

dipole centred o n one 

conductor a t z _ 0 with 

ite polar axis in the x 

direction. The traject­

orie s do not de pend on 

the magn itude of B): all 

t h a t happens as B) is 

• 
,~~~~-,~,-~~ 

-B o • , B 

Fig Projection of the surfa ces 

increased is that the surfaces are traced out more q uick ly. The 

f u ll line. represent the su rfaces which encircle on l y the defect­

ive conductor or both, while the broken lines represent those 

which enci r c le only the other conductor . 

Because the separatrix ", .. 0 has a f ield zero, the adiabatic 

approximation must break down in its vicinity . However, the 

magnetic .urfaces are we ll d efined for both positive and negative 

"', 01100 the region of invalidity shrinks as Bl i s reduced . 

therefore join up the Su rfaces acral I the s eparatrix. 

We may 

In the stippled regions : 1'1 Fig. 1, the magnetic surfaces are 

nested tori surrounding the t ..... magnetic axes. 'nle res t of the 

"',L plane i s occupied by a single su r face with a rather complicated 

configuration. It can be thought of ae being made up of a series 

of glo"es having a thumb and only one finge!."" , Fig . 2, one inside 

the otller. The digits of 

each g :ove arc pulled 

i nside :lut and the f i nger 

&tlcks out through lts 

own wr j s t, and ends by 

marg inS- on t o the wr ist 

of a ia!;ger si~ed su!;!; · 

ou nd .n .. glove. 11le 

thumb c.lds while st i ll 

i m,ide the hand, so it 

merges onto the wr ist of Flg . 2 Topology 

a glove ..mich is slllaller than its own. Lines of force /\\Ove f r om 

one glove to another and , unless they chance upon the ri ght 

mix t ure of thumbs and fingers, qu i ckly reach a wall or conductor. 

Thus. no matter how sma ll B, is, only the volume represented b y 

t he stippled regions c a n be used to confine plasma for an indef· 

i ni te pe riod. 

The time scale fo r the drift motion depends on the size of 

the perturbation. When B, is 3" a o . 5 eV e lectrons on the crit · 

ical surface at z .. 0 can re ach the conductor in only 4 us, com­

pared wi th the observed plasma lifetime of 2 ms. 

Ono way of trying to suppress the effect s of local imperfec­

tions is to apply a un iform longitudinal fie l d B
z 

of the .!Jame 

o rder as B,. The vector potentia l can be taken to be Ax .. -ya
z 

and hence the invariant (which is the flux the long way r ound) is 

whe re v i s volul2le enclosed per uni t length within the orbit "'. 

When B~ .. 6.5% x B, is applied (Fi g . 3), closed magnetic sur­

fl!ce s exist both inside and outside the separatrix 110 tha t t he 

topology of t he s urfaces 

in between becomes il;rel· 

evant and. plasma COlln be 

contained a long t he whole 

lel"'gth of t he Machine. It 

is t) f cou rse preferable 

for Bz/B, to be greate r 

tha, this minimal va lue 

as thp b reak -down of 

nesting near"' .. 0 will 

allo w aool!lalously fast 

o 

-B o • Z B 

Fig .3 Effect of Bz 

transport of plasma there. Combined with the ord inary diffus ion 

mechanism in t he outer regions. this will lead to a n e nhanced 

p1as",a loss rate. 

Fu rther calculations have shown that if t h e per t ul;bations 

rema~n "'ithin the scope of the IIdiabat i c approx imat ion (B,5 10% a .. ) , 

t he r.ecessary Bz is min imised. For the wors t pel;turbation now 

presr nt in CLIMAX, BI .. 3" Ba ' a~ s hould be a t least 0 . 17" a " . 

typically lSG. 

.. 51'1 grateful to Dr . R. J. aickerton for his critical apprai ­

sal 0 : this work and. to Dr. A . N. OelHs and h i s group who 

measu.e<' the perturbed field in CLIMAX. 

~~n~ 

2 2 

1. FI ~" "H, H.P., Advances i n Plasma Phys . .!' 67, 196B . (Inter' 

s rience, N.'!' . ) 

, . N .n .. , T. K., et aI , tIlrd European Conf. on Controlled. Fusion 

ar >lasma PhysiclI, Utrecht, B, 1969 . 



MUL TIPOI,-ES 

CONVECTIVE MOTION IN THE CLIMAX OUADRUPOLE PLASMA 

J. H. P . C. Me", .. ..." A. N. Oellis, R. PTentice and c . D. King 

UKAEA Culha~ LaboTatOTY. Abingdon . Berkshire, England 

ABSTRACT' Measurements of plasma density and flollting potential 

in CLIMAX indicate l arge scale convective flow , tra nspor ting 

plasma ",cross the fluX surface!';. A lIIE!chllnislII is p~oposed by 

which th i s f low can be s e t up due to locillised regions of cold gas. 

The Langmuir probe measurements of plasma ion saturation 

curre nt . is' and floating potenti"l , Vf' in the CLIMAX toroidal 

quadrupol. (1). have be .. n ext .. nd .. d by ailaultaneoulIly using six 

probes positionedllround t h e ma jo r toroidal az i mu th at angles 

9 .., 2 7 , as. 155, 207, 295 and 333 degrees from the conical theta 

pinch qun (a t 9 _ 0 ) used fO E" pla sma injection . GE"eat clue was 

taken to COE"E"ect fOE" s light diffeE"ence. in probe ilrea by inter­

changing the probe positions. 

Figure 1 is a plot of contours of equal is (repE"e senting 

plasmil density n. in arbitraE"Y units) in the ..... 9 plane perpen­

diculaE" to the magnetic lines of force. at time 600 LJB after 

injection. The flux function'*' meallures the total magnetic fl.u:x 

' (dtltItS) 

Fig. 

bet ..... en a given lIurface and the 

. • rd < separatn.x. - O. wheE"e 'ja - -. 
The minimum ~%(. critical lIuefa ce 

is labelled 'It _ +3 a nd the private 

flux lIu rfaces inside the separa­

t r ix sre given negative .... values. 

Figure 1 showe n to be IItronqly 

peaked neaE" .... - O. but with almost 

2:1 variations in the e direction. 

variation to b. maintained as the 

ove E"all density decays. in con­

tE"adiction to what one WQuld 

expect for plasma i nside the critical lI urface. wheE"e £; x!! flow 

should be ~eneE"lIted to equalise n along &. 

Fiqure 2 shovs equipotential contouE"s of Vf (in volts r el ­

ative to the wall) in the same >It -9 plane. The arrows indi c ate 

the direc tion of ! :x!!. This plasma flow is essentially peE"pen­

dicular to the expected equalilli nq flow near .... - O. Note the 

" --'"""---~2"""--- '" 
, (dttun) 

large disparity in linear scales 

between 9 whe re 3600 corresponds 

to -500 cm and >It ..meE"e .... _ 0 and 

+3 aveE"ag .. _2 cm sepaE"ation. 

One possible reasol'! for the 

maintenance of the qradient 

on/ 09 is that the charqe sep­

a rat ion field pnxluced by the 

"B particle flow is short­

circuited because maqnetic 

imperfections open out the linell 

of force to form magnet Le IIur-
Fig. 

opposite space charqe. 

faces. wh ich connect E" _gions of 

These surfaces would COE"E"espond locally 

with the equipotentials. TO test this. 100 volt electE"on beam 

was i njected along the field line s at 9 = 900 o n >It ~ - 2 and inter­

cepted. aftet" undergoing vB toroidal dt"ift. still on ~ _ -2 Ilt 

9 - 270 . The oba erved equ ipot e ntials do not therefore coi ncide 

wi th the magnetic s ur faces in this region. Furthet" measurements 

will show whether there are fi eld impet"fect ionll ehewhere. 

The cont out" plot s of n and V f obtained on t"ever!ling the 

quadt"u pole t"ing c ut"t"ent at"e s hown in F i gut"e s 3 and 4 respectively. 

The t"egions of h i gh dens i t y are still stt"ongly cOt"related with 

those of most pos i t ive V
f 

so that the £; x!! flow is approximat ely 

reversed. 

Although the base pressut"e in CLIMAX is -10- - tort". the 

23 

;:;: -2 

-, 
-, 

" " '" ,~ 

,~ 
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Fig. 
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' (d'g tlls) 

Fiq. 4 

0.06 cm3 chat"ge of hydt"ogen gas in the plasma gun will produce a 

diffusing cloud of neutral gas of pE"essure _10- 3 torr l ocalised 

near the gun a t about 1 ms aftet" its relea.e. Thi. could be a 

major f a c tor producing the convective flow observed. The initial 

ion energy (T
i 

.. 50 eV) will be rellloved in a few microseconds from 

ionll l1B ddfting into this neutral gas . The direction of the ion 

VB drift velocity VB t"everlle. a cross 'It = 0 and with the reversal 

of r i ng cUE"rent. and is along +9 for negative >It in Figures 1 

and 2. Since VB .. T
i

• positive space chargll will accumulate as 

the ions enter the neutt"al gas and are cooled. The negative space 

chat"98 produced by the electron flow will be much less. since their 

t"ate of energy loss ia le.a by a factor _(M/m) ~ . 
This modal is consistent with the observed sheared £; x !! flow 

at 8 - O. and with the shift of the positive s pace ch&E"ge centres 

scro.s >(r .. 0 when the r1 nq current d.i rection is revers ed . The 

components of £; x !! velocity are in the 0ppollite direction to VB 

a nd so a mechanislll for limiting , to the order of T . , 
' by the magnetic field scale length i. produced . Larger 

divid.ed. 

E field s 

would prevent hot ionll ft"om reaching the neutral g1l.Jl to produce 

the positive space charge . 

The sheared. £; x !! flow also observed near & ~ 1900 may be 

due to cold gas evolved froal the wa ll during the initial injection 

phase. 

Considerably help with the .... ur~entll by A. Marshall ie 

gratefully acknowledged . 
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MULTIPOLES 

PLASM HfASUREHEHTS IN 

A LEVITATED PULSED OCTUf'Ol [ 

." 
H. K. forscn, D. w. "'erst. R. A. Breun, A. J, Cavallo 

J. R. Drake Ind ~. C . Spmtt 

PHYSICAL SCI ENCES LABORATORY 
THE UNIVERSITY Of WISCONSIN 
Had i son , Wis~on" in U.S.A. 

~: Studies with levitated hoops In I pulsed toroid.l octupole were 

undertaken with gun inJ"cted and .icrawave produced pin,. .. ,. Density decay 

rlltes ~re l ess than Bolw and_were Less with levit ated hoops (!>'n with 

suppor t ed hoops. 

A levitated toroid .. 1 oelupol .. hllS been constructed to study pl asmn in 

highly alllsytmlet ric minimum B geanetri es in the ab~ent. of hoop supports. 

HaJar di",ensions are shown 

In Fig. I and the ""9netic 

field is suppll.d by. 5 1\\1, 

0',6 I1J caplCitor bank which 

provides 1.3 AA pel!k turrent 

with I haLf sine Juration of 

43 ,"sec. Peak f ield is 14 

kG .nd this gives I:"',n,mum 

of i2 gyrorldi I for lOO eV 

protons. FIGURE 

Magnetic fie l d erm" were minimized by distributing the primary .nd 

' ... ge current conli ..... l ty wl ndings to ... tch the 00.11 curt"nt d"nsity. Th" 

excitation gap "dg" wu resiHlv"ly tri ....... d to glv" .n eff"ctiv" width 

proponion.1 to t he ... jor r.d ius. Tap e red po r t plugs insur" a th ick ~kl n 

contact whe n wedged In. Field errors at the surface of the hlXl91 due to 

reslstivlty' differ"ncu I n t'he welds .... re .. usur"d and are 1"55 than 1'1. 

Sixteen pneumatical l y driven; b" l lows -s~"led levltors "re Uled to 

suppOrt the four alumlnum hoop , whose fota l ma ss is 2300 kg . These 

supports .re subsequent l y r"innrted to cltch the hoops. 

Gun I nj ect Ion .nd v.cu .... pu"",l ng .re .11 IIC Cornp 11 sh"d through a 

sing l" 10 CIA dl_t"r op"nlng. Th" .Iumlnu .. vacu...., tank of 8.6,106 un3 

r".ches . b.s" pr"uur" of 2 ' 10 -6 torr wi t h . turbo-mol"cu l .r.pump in 

pIII ral1el with. 25 ~ diMlUer titanium orbltron pump. Prusuru 2 ' 10-7 

.re reach"d using a sing le f " .,.,en t I1o-Ti wlr" locat"d In Ih" c "nter of 

the l id but outsid" of "critical IInd heated wllh 40 ~"ru to "vaporlt" 

app roximU"ly 5 mg/hr. 

Hot ion hydrogen plumas with densities of " 109 c.- 3 .nd kT. "3 - 5 

eV .re produced by • coaxial gun. Cold ion pl.s .. as are produced In the' 

field by electron cyclotron reSOnance heating using either high power 

(loo k\.l) , pulsed (144 I-'sec) , microw.ve heating.t high pressure 

(" 10-4 tOrt)", 10 produce a plas .... with n " 108 gn -3. or by low power 

(loo W), cw heating at tower pre5lur" (~3'10 -7 torr) 10 p.oduce • 

plasml with n " 109 _10 10 cm-3 Ind kT" .. 3 - 5 eV . The C\.I source cln be 

turned off "bruptly to study Ih" pluma dec.y in the Ifterglow. Kot 

electron pl~s".i in the kilovolt range "re produced by gun injection 

Or by CW mlcrow.ve pre- ionlzation with subsequen l high power pu l sed 

microwave heating a t low b.ckground pres.ure. 

The decay of pla, .. a density ha. been ..... u.ed u.lng LangaJ ir 

proDes, 9 and 211 GHz ~icrow.ve perturb'tion techniques ~", d by integ.ation 

of the io!, flux to the w"l l , hoops, and suPpOrts. Electron t':"'Perltur", 

have been .. easured using an admitta?"e pr~e and a swept Langmuir probe. 
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For the hot ion, gun injected plU",a and f or the cold ion. microwave 

plllsm', t he density decay r a t e a l peak magnetic fie l d i . somewha t s l ower 

than the rate calcu l ated fo r Bohm diffusion and decreases s l ight l y when 

the hoop. are levitated, but funh .. adjus t .... nt's to atte",,1 to decre •• " 

the dec ly rat" hive not yet been ... de . Figure 2 su"."ar izes the results 

for g",n injection. 

MDgnetlc field 

LcI'Dlor poS ition 1 cm/dill 

Probe Ion sDlu r atlon currcnl 
,m nxls 50 ..... A/ di" (su(lpOrlcd) 

Probe Ion 831uralloo current 
on axis 50 .)-'-A/d lv (lc\·itnlf.!d ) 

Ion nu.~ 10 hoop" and 6up)lorts 
50 mA/dlv 

Ion nux to wnll 50 mA/ di,· 
(s u jJpul'ted) 

Ion nUl< to a sUPP<u'l 2 mA/ di" 

FIGURE 2 

The life time of en"rgetic electron.·in the tail of the nOMlllxwelli an 

diuribution, produced by pulsed microw~ve he"t ing of gun injected plesma 

"nd measured wi t h I scintillator p r obe ne.r the edge of the pluma, shows 

a pronounced IncrelSe when the hoops a r e levi l"t ed , indic"ting that these 

elec t rons ar" lost pri.lrily to the supports as suspec t ed from measu r e -

ments On the small octupole. The intensity and decay rate of the s ignal 

(!om the .cintlllator probe dep ends strongly on pressure even "t the 

lowest pressure attained indicating t hat ionization l0'5ses .re .n 

i"'Portant cooling .. echlnis .. for t hese "Iec trons. 

The density prof il e as measured by p'l'obes i. pelked near the .epara -

Ifi", at ear l y t imes with the po!ak IIIOv i ng OUt to the wal l as t he magnetic 

flu", le.ves the .achilH!. The pla.ma is ge .... r. l ly quiucent in the Jdl/8 

stable region, but I,rge ( "100'1) fluctuations in i on saturation 

current are observed in the flute unstable region near the wall. To ge t 

~ m"a.u r e of losses in the Machine . and thus of p l u",a lifetime, th" 

,four hoops with thei r si xte"n support. were used as Ion collectors . 

Ion current to the hOOpS and support s was measu red with all four hoops 

and thelr.upports biased to -45 V relative to the tankw.ll. Ion 

cu.rent to the wall was .. easured by b i asing the hoopi and supports to 

+45 V. These ... asur...,nl5 gi ve a lifeti"", of " 10-20 flUC in Igre,, -

ment with meaiur""",nts using L.ngmulr probes and microwave diagnostics. 

Ion current to a single supporl was me~sured by withdr awing 

su'pport I .hort di stance frora the hoop and bias ing it to -1<5 V. Ion 

flu~ to individual hoops and to hoops ... i Ih and without .upP0rlS are 

being measured to establish the validity df these 1055 m<!isurement •. 

Acknowledgment: Th is work .... 5 supported by Ihe . U S. At.:.ic Energy 

COImI is sion. f~bri.cUion wlS done by the staff of the Physical Sciences 

L.boratory, The University o(·Wi.consin. 



STELLARATORS 

CONTAINMENT TIME SCALING LAWS FOR PLASMA INJECTED 
INTO THE PROTO-CLED STELLARATOR 

0 . .1 . Lee s, R.A E. Bolton, C.R.J. Hoffmann *, S.S. Medley~ and 
P. ReYfiolds 

L' . K A.LA .• Culham Laboratory , Ahingdan, Berk s ., 
England. 

,.1 ) I n t roduc t ion 

I t i s i mpor t ,mt to es t a blish the 5""ling properties of con­

t a i nment experi ments ~n f usion since these can give useful guidance 

for the design of future experiments and illustrate the feasi­

bi lity o f a particu lar configuration as a possible reactOl:. This 

paper des cribes measurements made on the scaling of containment 

t i me wi th magnetic field a nd rotational transform using the PROTD­

CLED stel1arator. The apparatus has already been described in its 

o .rigi nal form (1,2). bu t a 13 field period helical winding has now 

been fitted which gives almost twice the rotational tranaform and 

shear of the previous 7 field period windings. The parameters of 

the experi ment in its later configura tion are shown in Table 1. 

Table 1 
Parameters of PROTO- CLEO ~=3 stellarator experiment 

l<!lajor radius R 

Helical winding radius s 
Separatrix radius (to apex 
Number of field periods on 
Current at B = 5 kGauss. 

o 

of trefoil) rm 
torus 
Helical wi nding I~ 

Toroidal winding 10 
Computed rotational transform at separatrix i 
Mean shear length Ls = R/ t 
!-!ean s hear parameter e = rmlLs 
Useful time duration of magnetic fields 

Plasma 
---r;jected from hydrogen occluded Titanium injector 

Initial density 
Electron temperature 
Ion temperature at ) kGauss 

measured 1 maec 
after injection 

40 = 
10 = 

5 cm 
13 
67 kA 

" kA 
1. OB 

" = 0.135 
~ 10 msec 

3 x 1010cm-) 

4 cV 
20 eV 

"'Na t ional Research Council of Canada, Post-DOctorate Fellow 
CR70 -92 
(ii ) Di agnostics 

The average dens i ty across a diameter of the plasma is 

measured with a 16 mm microwave interferometer. In the absence 

of recycling the particle contairunent time is taken a s equal to 

t he density decay time. Electron and ion temperature s are measured 

wi th a swept double probe and a multigridded analyser respectively·. 

(i ii ) Scaling of containment time with magnetic field 

The dependence of particle containment time On magnetic field 

is shown in Figs 1 ... 2 for the 7 and 1) field period helical 

windings respectively. These measurements are made with ·the 

electron temperature, as far as possible, k ept constant and with 

a constant t , that is to say a constant ratio of Bo/I~. The ion 

temperature is however varying with fie l d, it has been established 

t hat Ti is a linear function of Bo' This is possibly due to the 

method of injection in which the force driving plasma across field 

line s to wi thin the separatrix depends on the value of the magnetic 

fi eld. 

. ' ] 
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( i v) Sc aling of containment time with rotational transform 

In this case the containment time is measured as a function 

of the current in the helical winding with the confining magnetic 

field, electron tempera t ure and ion temperature constant. As I.{. 

is increased from zero the separatrix radius remains constant at 

~ O. B sand t. increases until at a critical va l ue of I-t,' t. has 

reached its maximum value of 30
0 

per field period. As It is 

increased beyond this t. remains constant but the separatrix 

radius decreases. The results of Fig.) therefore show plotted 

against the computed value of i
max 

r~, ra t her than as function 

of I~ for both 7 and 13 

field period windings. It 

is seen that the results 

f or both windings lie on 

a smooth curve . 

(v) Discussion 

The significance of ~ • 

B • • "8 tl~" 

0.],1010 .... 1 

Fig.3 lies in the fact that ~ 

at the same value of t. the o 

)( 13 fl,ld pmod "lodl09 

o 1 flo!d peiod " ;0';"'1 

shear parameter a t the 
, 
~ aeparatriz for the 13 field ~ 

period helical winding is 

about twice that of the 7 

f ield period winding, but 

that nevertheless the 

results lie on the s s me .. " 
curve for both wimlings. 

ThuB the indications are 

that the conta inment time 

F' . ') C"" ,'; om",,' um . ... fo""; on of lit • .,uimom "'II ' ''''' ' ! " . n.· 
1o .... . (oo P''' ' '; ' .. dio, )' fot 1 ",d II f •• !d pe,;od 1101 ;<. 1 ..-;.d'., •. 

appears t o scale with t r~ and not e, at any rate in ou,: case in 

·..mich 9 ;> 0.06. Since the containment time is given, for a 

Bessel function distribution of de nsity, in terms of the diffu­

sion coefficient as ~ ~ r~5.7 D:l thus we conclude that D 

!Jcales as t -1. This scaling appears to be true except at large 

values of t.r2 . It is possible here that the computed value of t 
m 

may be larger than the a ctual value due to non-closure of magnetic 

surfaces. This scaling is in agreetnent with the predictions of 

the theory of equilibrium in toroida l traps. Since for the case 
3/2 

of PROTo-CLEO with the parameters given R/i < I.
ei 

< R/t (R/r m) 

where I,. • is the electron-ion me!!!n free path, the appropriate 
e1 (3,4) 

diffusion coefficient is that given by Gal eev and Sagdeev 

modified by Stringer (5), viz:- D -In/2 r /R k(T +T.)/eB. This 
• ce t e

2 
l. 

predicts a containment time which should scale 5S a. If, however , 

. we take the observed variation of Ti with B into IIccount we find 

that the predicted containment time is given by the full curves of 

Pig. 1 and 2. Thi s scales with field approxilllately as the experi­

mental points although the absolute value is g r eater than the 

observed value by a factor of _ 5. It should be noted that the 

above formula applies only to the axisymmetric toroid . However in 

this density range l ocalized particle .diffusion ia not expected to 

be important and thus we may expect the axisymmetric formula to be 

applicable to o u r results. 

(vi ) Conclusions 

we have shown that if we fold in the Observed variation of Ti 

with field the agreement between me.llured contaimaent time and 

theory is correct in acaling and differa by only a factor 5 in 

magnitude for the intermediate collisional region, except for 

high values of rota tional transform. 
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STELLARATORS 

PLASMA LOSS RATE IN THE CLASP STELLARATOR 

COMPARISON WITH CLASSICAL DIFFUSION 

J. Huqill, G. w. Reicl, K. B. Axon, W. G. F. Core 
UKAEA Culham Laboratory, Abingdon, Berkshire, England 

~, Experiments on a small stel1arator with t • 3 helical 

windings a t L .. eld s trengths up to 2000 Gauss show nearly class­

ical confinement of an argon plasma with ne _lOlOcm- 3 , Te _1 eV. 

Experi ... ~mtal results are compared with the theory of Ga leev and 

SlIgdeev in the intermediate collisions1 regime. 

Introduction 

The Clasp 8tellarator has t _ 3 helical windings with 8 

field periods on the torus. The major radius i. 300 IIIPI lI.ru:I the 

helical winding mean radius 116 mm. The vacuum vessel is inside 

the helical winding'S and has a limiter with a radiul of sa mm. 

Field strengths up to 2000 Gauss lire used, 

We have studied the confinement of an argon plas~a with 

ne _lOlCcm-~ and Te _1 eV as l\ function of field strength and 

rotational transform, wi t h a view to establishing wh.ther this it 

classical or Bohffi-lilce (1) , 

Plasma production and diagnostics 

The plasma is produced by the ionisation of neutral gas 

filling the vacuum vessel, by fast electrons from a hot tungsten 

fi lament stretched acroee the minor diameter. The emission current 

is 3 mA, and the bias -200 volts with reapect to the conducting 

walls. 

Plasma confinp.ment is studied after switching off the fil­

ament and isolating it electrically. 

The frequency shift of a cavity resonance near 2OGH~ ia 

used as a measure of the total number of electrons in the vacuum 

vessel. TOqether with probe measurements of the plasma profile, 

this gi.ves e l ectron density, decay time and plasma radius. 

The electron temperature ia ~easured from the current 

voltage characteristic of a probe obtained by applying a ramp wave­

fonn at interval!! of 1 1Il!iI. 

Results 

TwO scaling experiments were done: 

1. The magnetic field strength, B, was varied from 500 to 1500 

Gauss keeping the rotational transform, ~, constant. Tha plasma 

density decay time , T, increased more s l owly than Ba because ne 

and Te increased with B. However, the magnitude of the decay time 

is within a factor 3 of the theoretical value, in the Galeev­

Sagdeev intermediate collisional regime, and is 13 x the Bohm 

time. 

2. was varied, keepin9 B constant, first at 1620 Gauss. For 

~ <: 0.1 radians, the plaem .. appeared to be in contact with the 

limiter. Under these conditions the equilibrium is influenced by 

cnrrente which "flow through the liml.ter or conducting vessel, and. 

the diffusion time is approximately equal to the BOhm time(2) . 

Aa .. in incr ...... d the rl ..... "y time increases while the Bohm time 

falls, because Te increases slightly , and the plasma radius 

decreases. T is with i n a f .. ctor of 2 of the theoreticnl value, 

for ~ up to 0.6 radi .. ns. 

At 610 Gau,ss ~ can be increasod up to 3.5 radians. Aqain 

T i s approximat~ly equal to the theo~etical value for ~ <: 1.4 

radiana. At higher values of ~ a larger d i screpancy appears. The 

theoretical decay time cont inues t o increase while T levels off, 

or even falls sliqhtly. This i s accompanied by a reduction in 

the plasma radius belo,,· what is expected, such 81,1 may be account.d 

for by the magnetic surfaces near the separa trix being open. 

In conclusion, we find the measured decay time agrees with 

the classical diffusion time in magnitude, ard in scaling with 

B and ~, except for .. <: 0 .1 and. t > 1.4 radians. The variation 

of T with B is incompatible with Bohm diffusion. 
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One characteristic of the plasm .. profile is ,",'Orth mention. 

Typiclllly, the maximum of the plasma density is not co-incident 

with the magnetic axis, but i. displaced aw .. y from the major axis. 

Fig. I shoWl9 an example. L marks the position of the limiter, and 

S the calculated position of the 

outermost closed magnetic surface 

inside the limiter, in this 

csse the separatrix. The outward 

displacement of the plasma ia 

11 mm. This phenomenon may be 

associated with the breakdown .of 

the condition th .. t the flow ve l-

ocity around the torus necessary 

for equilibrium does no t exceed 

the sound speed (4) . Near t he 

centre of the confinement region, 

where t is very sma ll in .(. '" 3 

atellarators, this condition is 

difficult to satisfy . The profile 

can be made more symmetrical by 

·2 a 2 
,,.hp .. ltlonl·OLj 

Pig.l. 

appl; ing a vertical field such as to IDOve the magnetic surfaces 

to_rds the m,,)oI" axis. This also removes the zero in ~ at the 

magnetic axis, but there is no significant chllnge in eonfinement 

time. 

Comparison with theory 

As noted above, it is difficult to do scaling experiments 

in Which on l y one parameter is vari ed. Very often density and 

temperature variations and changes in plasma profile accompany 

changes in Band L. However, an overall picture c .. n be obtained 

by a llowing for these unwanted va riat ions. 

Figure 2 shOWS: Il plot of the ratio of T to the pfirsch-Bch lUter 

confinement time (assuming a Beeael function profile, and 

ignoring variations in ~ and B acrose the plasma column) against 

a parameter, (1, equal to the ratio of con.nection length to the 

electron-ion mean frere~PC'C'ChC--r ______ -r ______ -. ______ -. ______ -, 

P ig.2 

X CLASP 

o PROTQ-CLEO 

. -

" ! 
~ 

~ 
~ 10" 

" -• 
" ~ 10" 

10" " 
The solid linen sho'''' the theoretical confinement time, and the 

,,' 
experimental points are those from the experiment!! deecribed above, 

and from another stellarator experiment. PROTO-CLEO, whic h uees 

• qun-injected H2 plasma with Ti-20 eV, Te-5 eV and "e _lOlDcm-~ . 

All the exper imental points are within a order of magnitude 

of the theoretical curve and show a si~ilar trend with a . If an 

average value for ~ instead of the maxir:1" n: v alue, is inser ted in 

the expression for the Pfirsch-SchUlter COllfinement time. the 

dotted curves represent the theoretical vaLues, and show better 

agreement with the experiments. 
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STELLARATORS 

CONTAINMENT OF STEADY_STATE, ELECTRON_CYCLOTRON 
HEATED PLASMA IN A STELLARATOR 

oy 

K. M. Young and IV. Stodiek 
Pl, ... ma Physics Laborato r y. Prlnce ton Unive nlty 

Pdnceton, New Jeuey, 08540, USA 

~ Low dens ity steady state h yd rogen pla.mall c reated by low 

pow e r electron c yclotron beating in th" C Itellarator .. how cont .. ;nm .. n! 

times cloa" to the Bohm value. The ... slatl"," containment incr e •• ea by 

about a factor three with helicaltu.ndorm, eimlla r to re . ult s obtained 

for g un_produced and Ohmic h e ated pla ' ma _. 

Under conditions fo r which the electro n mean f re e ~th wa. longe r than 

the axial leng t h aro und the C 5ICIl& "'61 0"l", modest iTTlprovement& in con_ 

tainment over the Bohm ""iue have been reported. [ 1,2:] The re lative 

containment (defined as the ratio of the cont~inment time to the Bohm 

value oblained f r om the magnetic field and temperature) i"c realed with 

the trana form up to a value a bout four. (1, 2 J We de8cribe here a study 

of low_density steady_Itale hydrogen pl~tma. produced by electron cy_ 

c l o tron retOnance heal i ng. the re.Ontnce region being located i n the di_ 

vertor. [J] The pla.ma ha .. typically an electron temperature of 7 eV 

with an e lect r on mean free path of ten ma c hine lengtha . The electron 

dentlty i s about 1 X 109 cm -3 in a neutral background of 3 X 10
10 

c m _3 for 

a power input of a few watts. The confining field at r ength i . 10 kG and 

the radius ia 5 Cm . Although the primary healing of the elect ron. take a 

place in the divertor, mealuremenU of total light and the effech o f in_ 

.e rtion of lar ge prohe. into the pl •• ma at polnlt outside the divertor mir_ 

r o r d em.onstrate that ionization take . ph.ce a ll a round the mach Ine. 

The pla s ma confinement time and ita dependence On the helical field has 

be en investigated for the .e discharge ,. The confi ne mcnt time i l deter _ 

mi oed from measurement. of flux and densi t y d .. ring the s teady I t~te a nd 

from the decay a He r the power is ahut oU. The electron den.ity ia deter_ 

mined from 8 mm mic r owave interferometers. ion aaturati on current of 

Langmuir probe t , and low amplitude, low frequency (500 Hz to 10 kHz) 

impedance mei'-8urementl. The denaity determinations, from the inter_ 

ferometer and Langmuir probes are in fairly good agreement and the in_ 

terpretation of the re . u lt i. not ver y tensltlve to a correct knowledge of 

the de naity profile. But fo r the determinUio n of the de n.ity from pla. ma 

impedance mea .urementa. the correct density profile must he con s idered . 

The fl ux waa determined by flux collectors i n the d ivartor I.nd from the 

con~urnption of the neu!rah. Th e t e mperat .. re was determined from 

Langmuir probes, an energy analy~er, and the low frequ e ncy impedance . 

Wi thin the experimental er ror, the tempera t ure m e a lur e ment . are in 

agreement . but the ene r gy analyze r al.o iodica tea the exi.tence of a 

highe r ene r gy tail. During the dens ity decay after the power i •• hut off. 

a compariaon of the density decay time 

anti the time obtained from flux and d e n_ 

.ity measuremeots indicate. that plas ma 

production continue. l o r at least 30 mi!li_ 

a e coDda . The ligh t ob.e rved hy a detec _ 

tor viewiog the divertor throat ha s o nly de_ 

cayed to about ZS'J". o f the steady value in 

thi , time . Thi. I,vells Incoosistent with 

recombination or with uniform ionizat;on 

at the oba erv .. d "temperature " o f 2 eV. 

From thi s reault we condude that about 

10,," of th e electront have an ene r gy a. high 

'o!:' .-

; ~-~-~-- ---; 
.. ~ .... ~ ~ 

" ...... '­
I~--­~ ..... "~.~ .. - .-

n" c_ .. _ .. ,,_ . . . ..... .... ". _ 

:::::~::;:;'.::.::.:.:::.':;,,;::.: ' " M" 

10.600 eV, so a . to au r vive a. long a . 30 mllli seconda a, i oni~ing parti_ 

cles. when the power 11 switch e d off . Although the fal . iHcation of the 

e lectron t e m pe rature of the bulk plalma by thie tail may be smaU, ioniza _ 

t i on rates computed from thia " temperature"' can be undereelimated by 

orders of magoitude. 

Inlllgaled by the investigation of gWl _produced plasmas, the main empha _ 

l i s of the s e experi ment. with long mean f ree path plae ma l WaR on the d e _ 

pendence of Iha confl nement on h e lica llra n tfo rm. Figure 1 i. I. a ummary 

of data fro m various aeries of acan. of the h elica l rleld c urrent l with 

doaely the same input power. As the helical field current i. inc rea sed, 
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the m ost obvioua effecl i, t h e increase in densi ty, and neut ral con. ump_ 

tion. We nOle that Ihe measured temperature . o f the bulk of the pla s ma 

are nol gre;>.tly diff e r e nt over o ur rang e and the ob.erved change with 

trandorm in decay time is not g r ea te r than .. f .. cto r of 4. The longe.t 

oble r ved de cay time gives TIT Bohm not mOre than 3 . Mea ,urementl of 

magnetic lurface s by Hosea and Sintlair [4 ] indic~le a s m aller effective 

aperture at high rotation~ltrans(o rm s which wou ld incre as e our value. 

s lightly. Because dens ity and flux m e asurement. re£er el!lenti~lly t o the 

bulk of the plasma of about 7 eV 10 doe s the d er ived confine ment time. 

The ele ctron mean free palh is about ten machine lengthe unde r theee cOn _ 

ditionl. Although the range covered for the electron c yciotron heating 

wa. quite sm~lI, no sign ifi c~n ' de_ 

pendence of the confinement on the 

me a n free path wa s observed. We 

cannot make a definite Itatement 

about the containment of the high 

energy tail o f the e lectron distri_ 

bution. The apparent contradic_ 

tion between these re s ult s and 

thou repo rte d by Gorman et .1 . 

(5] can be removed by dire c t 

. - ~.-. 
~//.~.--, 

r:":: /, / ..-::;. f 
T / ~._ 

: .~~.-. 

-'. 
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mea.urement of ioni~ation r a le. rathe~ than computi n g them from the 

cood uc tivity tempera ture whi ch i. very inacc urate in the. pre sence of a 

high energy elect r on tail providing most of the i o n;~~tion . (6] All the 

containment r e s ult, are then c loa e ly . imil~r to p r evious work wHh gun 

plaa mu. PI 
On the balls o f our pre . e"t knowledge th~ scatte r in the gun experiments 

can be a ttribute d to ionization and heating by eneraetic elect rona if their 

popul ation varie. irreprodudbly f rom shot to . h ot. Th~re i s probably 

very linle difference. if any, for the confinement pro pertiea of the bulk 

of the electro n s in the gun_p r oduced and microwsve _produced p la.ma, i n 

the C a lellarator. Both Ihow about a factor 3 longer confin .. ment than the 

Bohm value with a weak depe ndence on the helical transfo r m. The infor _ 

mation about the dependence of confinem~nt On helica l transform in Ohmic 

heate d d; .charge s , at much hi gher de nsity. i . contradictory but the de_ 

pendence could pos.ibly be of the ... m e orde r ~a ob.etved in theae di,_ 

charge •. ( 2,7 1 An ex~mple i. given in Fig. 2. The physi cal re ... on for 

the oble r ved dependence of the confinement on the helical field is not 

clear. It Is also not known whether the depende nce is On transform or on 

shea r. No . udde n change in containment ia ob.erved which would be re_ 

lated to the ' uppre l8 ion ot an In.tabi li ty at a c r itical value of trando rm. 

Thia work was pedo rmed UDder the aus pice. o f the U. S Atomic Energ y 
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STELLARATORS 

[ON C YCLOTRON RESONANC E HEA TiNG EFFICIENCY 
IN THE MODEL C STELLARATOR 

" 1. C. HOlea, R. M Sinc1ai r , and T Tamano 
Plasma Physic. Laboratory, Princcton Univerlily 

Princelon. New Je ... !!y, 08540, USA 

~ In an .. Uempt to eh .. ; iclUe the cau~e of the reduce d rCRH heat_ 

ing efficiendllll pre~-iou.ly observed On Model C. we have me.l ured this 

.. £!id,en"y over a broader range of deneity than hithe rto [10 10 :s o(cm _3) 

:!S 1013 J. We find that the efficiency is very atmngly dependent on density, 

1I"81l"sting a densi ty dependence of waVI! absorption in the beach a nd/or 

wave a t te nuatio n a long the pla.ma column. 

Dian-.agneHc p Te llll ure mealurement. ta k en previ ou .ly on the Model C 

.tellarator show that under optimum conditions . at a dens,ty of b X lOll 

onl y abou t lO ,," of t he power delivered to the planna at the Stlx coil i. 

tranderred into ion ene r gy. IIJ We have recently demon.tratllld that thlll 

coil loading att r ibutable to th e plaema i!l caused by ion cyclotron wave l 

a lone a nd th ua t b at extrane ou. loue. in th e coil circuit cannot be ·Invoked 

10 IIIx plain th e reduced hlllating IIfficiency. [l] Therefore, wave attenuation 

alon g the plasma column Or incomplete abBorption of the wave at the mag_ 

netic beach would appear to be re.ponaible for the myatlllriou. 10" of 

power. 

In a n attempt to explain thi. laat unrlll.olved feature of ion cyclotron 1'11110_ 

£lance heating (ICRH) in thlll Mode l C . t ella1"ato1" , we have perfonned a eer_ 

Ie. of heating experimenla whlch COvlllr a wide ranglll of oplllrating para_ 

mete1"I. The IIlfect of the magnetic lie Id, for Bllvenl axial field pa l _ 

tern . , 11, 3 ] ha . been . t udillld ue lng deuterium pl~.ma. , f01"med al ulveral 

ba ckground p r ess ure., with plll lma de n lltie s ove r Il broad"'r range thlln 

hitherto [ 1010 ~ n (cm - 1):t 10
13

]. For diagnoeing the effect of the ion 

cyclot roo wavel 0 0 the pLalma, we have employed diamagnetic loope, 

neu t ron countere , and piIorallel conductivi ty mea .uremenll in Ilddition 10 

the coil loading and d eneity diagnoIHc •. 

F l rlt, we have ob.erved neutron. due to heated ion. in the plalma over 

the en t i r e range of plaama danaily quoted above. Thlll hot lonl appear to 

h a ve blllen confined p rimllrily to th" mirror regiona in thlll ICRH IItll i ght 

a lll c llon [iJ of th e etella r lltor racetrack w here a hor izonta l u:an with a col­

limllled ne utron countlllr Indicated (marginally) that the ne ut ronl we r e 

coming fr om the pla ama volume I.. opposed 10 the vacuum ve .. el wall. 

Se cond.ly, both (l) di r ect ion heatln!! under the coil and (l) wave heating in 

the beach occurred for 0 z <01/01 (coil excitat ion frequency dlvtded by the 

cyclotron frequency) equal to Of le •• than the value I respectively. Neu_ 

tron and diamag neti c prellure meaaUfemenU combined to prelcribe an 

ion tenlpe fature o f a few keV in the ,Ira ight section ol the lIelll.rato r lor 

hoth typel of hea l ing ( (I) Ilnd (Z) "bove] over a wide range in denlHy with 

the power i n cident to the coli for I mlec set at I. 5 MW. (Thll power IlI.o 

s upplies coU los.e8 and the power actually delivered to the pluma de_ 

CreU8I u dens i ty decreal8l.(3j) And finally, it will pOllible to u tilize 

the ion cyclotr on wavel to produce the pl".ma, .sth"r than an Ohmic 

heating current. Complete ioni:tation wa. obtained with a I m.er power 

puhe for a gll.l prenurlll of Z X 10- 5 Torr In _ 6 X 10lZ cm -1 ) and for 

the lowel! p r easure conlldered, I X 10-
6 

To;'r':"lhe Ion cyclotTon wavee 

developed a plan,",,, even thouS" th" br .... kdown o8cilb.tor pr.ionizatlon 

wal imperceptible . 

Hea ting efficio n cy wal inve l tigued Over an extended gal prellur .. inter_ 

val (l)( 10- 6 
10 ' 3 x 10-

5 
Torrl for the magnetic field co nfiguratIon of 

Fig. I(a). A breakdown oscillator produced a moderately loniud plaama 

and then a I. 5 MW, I maec, l5 MHt ICRH power pul_e was applied. By 

varying the magnetic field level it wa. lound that for the higher lIa, 

prelluree the diamagnetic pr .... ure wa. maxilnized when the f,eld I"vel 

wa. ,ulliciently elevated to place Ihe mll~netic beach ,n Ihe U_hend al wa. 

the ca'lII in ReI. I. The line for n" I at th, . diamagnelic pre .. ure maxi_ 

mum h Indicated in FiG. 1(1.), and the ax,,,1 p rofile of d,anHl.~netic prel_ 

' ure in the atellarator straight lect ion ia preaenled in Fig. I(b). (The 

U_bend diamagnet i c presRu re Will IYP,,'lllly one_half or le., of the mIni_ 

mum recorded lor the profile ngn"lnt of Fig. I(bl.l When the gal pre._ 
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sure wae euffide ntly reduced (-;,. ~ x 10-6 

Torr), peak diamagnetic preRlure was 

observed for a lower magnetic He ld lovel 

(larger il) and , con.e'luently, for a mag_ 

ne l ic beach ,n Ihe straight . eclion. How_ 

ever, the prelau .. e profi le retained the 

form of Fig. I(b) . 

The final hea ting effi ciency found for the 

maximum diamagnetic p r essure con-

dltion i. p lotted i n Fig. Z Vlllrlu8 plalma 

dan_Hy '" the e nd o f the [CRH pulle, 

along with the rf energy deHvued 10 Ihe 

ion cyclotron wavea a t the Stix coil, thlll 

-_ ........ ----
g.' ...... ,~:, ~ ... , /",~..-\.:)\ 

'" ,,, ... ,"" ... + \' ":::::-

diamagnetic prealure in the mirror 

region adjacent to the coH, and the 

neutrone emitted fr om thil ",me 

Fig. I(a). Flat magnetic field con_ 
figur a tion . (b)O,amagnet ic prea_ 
lure profile (n: 3.7 X IO lIcm,3) . 

mirror region . Thi8 efficiency il for the time jU8t precedins tha and of 

the heatios puiBe and i R equal to the percentage ratio of the power ~ua t a i o _ 

ing th .. perpe ndicular plalma energy P, ' to the power actually delive r ed 

to the plaema at the S tix coil (excluaive of copper 10Uel ) . with 

d!P1dV/dt=P1' - /P1dV/T c (I) 

when we a ... umed T c il equal to the cooling time conJlllnt immediately 

following the pulae. Figure Z(a) Iho"'. that the efficiency for "'love hea t_ 

ing 01 tha pla.ma decrea.ed ra pldly with decrea.ling denlHy and wa. 

anomalou.ly low even III the highell denaity conlide r ed. The level of ef_ 

ficiency ia aomewhat uncertain I '~factor 21. lince w e did no t have diamag_ 

netic loop. unde r the Stlx coil. but th e r e l lllive depe nde n ce o f e ffi cie n c y on 

dlllnlity Ihould not be affected by thi. uncertainty li n ee th e diamagnet i c 

pren ure profile wae the ume for all the denailie . I t udied. 

The final efficiency obtained for the " long beach" magnet i c field ca.e in 

Ref. I L. 1.'10 plotted in Fig. l(a) for n'" 6 X lOl l cm- 3 . \..llItly. Ihe ef_ 

ficiency for the " IO ,\,. beach" Held configuration, (.q obtained in the p r ... ent 

lIudy for an ohlftically heated pLa.ma, It 

allo plotted for n: 1013 cm ') The ... dlta 

combine with the flat flald dua to demon_ 

Itrll te that th lll low hea ti n g e fllc:le n ciea Ilre 

not attributable to t h e m agnetic fie ld profile 

but relult from a den ,ity dependence o f "';ave 

'" 

.' "" ... ~ . 7::~' 
~w 

ab,orptlon In the beach and/or of wava atten_ ",--........ "'~.~ •• -.-"-:." .. -.• -,--J, 
uat ion along the plll.ma column, [The effi_ 

ciency for B66( 6) (49'" for £1 z l. 5 X IO\3cm~ 
a110 raLl. In line with thou of Fig. 2{a) . ] 

Thlll reduced wave abaorptlon Interpntat ion 

requlrel that wave ene r gy not be ab.orbed b y 

the p leama blllyond the beach . H wave atten_ 

untlon l a to be the expLanllllon, thare mu I t be 

an enhanced heu trander from the pLalma 

during the ICRH pull •. 
. ' .' . ......... ",. 1..·'1 

An earlier utempt to ob.erv" ion heating 

It lower den.ltie. [5] appa rently failed 

due 10 the very low heaHng efficienciu 

in conjunchon with the reduced coupling 

!l1 lhe coil because of the Ixi .. 1 nonunl_ 

formity of the mlgnetic field configu _ 

ration employed. 13 ) 

Fig. l(a). Final efficiency of 
ICRH. I~·ield profHe; . _Fig. l ; 
1I_Ref.I:._Ref. 4.) (~RF ener_ 
gy aupplied to plalma W, max. 
diamagnetic pre •• ure p , and 
neutron, emitted from the mag_ 
netic well .djacent to SlIx coi l. 

!Il M.A. Rothman et al. AlYI. Fluid,.!!. UlI(I';I6';1). 

[Z] J. C . Hosea and R. M. Sinclair, PPL Annual Report {I';169). 

r J] C. Hosea and R. M. Sinclll;r. Phy •. Rev. Lelterl tl' 3 (1%9). 

[,,] I. G. Brown el al.. PhYI. f'luida ~ 1318 (1969). 

r ~J l. c. arown et al.. Pluma Phyliu and Controlled Nuclear FUlion 

Reaearch (IAEA . Vienna, 196'1), Vol. I. p.4';17. 

[ 6J W . M. Hooke e t at., Phya. Fluids!, 1146 (1'165). 
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NE-M DATA ON PLASJU. COOFINEMENT 

IN THE IIIGH-SHEAli "ORAGAN" STELIJ.H.A.TCIl: 

DikJ A.G., Zalkind VoU. , Konovalov V.G" 
Pavllcbenko O.S •• Pavlova G.P., Souprunenko V.A., 

Tonkopr~ad V.M., Tolok V.T. 

Pb1alcal-Tecbnical Institute of Acade.l9J' of Sciences of Ukr.SSB, 

Kharltov. OSSR. 

~I The resul ta of 1Il8a6\U"ilment of charged particle co~ 

finement on "Uragan" stellarator are given in this report.'1he 

recycling effect has been excluded b,. 8. apectroacopical proce­

dure. Results reported earlier in Dubna [1] are con!trmed. 

The reaul ts of IIBaaurellent of charged particles and ener­

gy confinement times in ohmic ally heated plasma in the high _ 

&hear "Uragan" stellaratol' were reported in Dubna in 1969 [1J. 

It WII..8 shown the confineAent tiMs of particles and allergy t.D 

1lLcrease s1.gn.iflcantl, nth incre&H of tr8.Dl!tol'llatlon llZIgle 

and. shear, and tD reach the ... alue of 30 [a and 4 To!, l'eapecti­

vel,. (l6 - l a so-called Boha t1.ae). Some assUlllpt l otIB _re made 

about _chani_ of particla and eners 1098e8. 

In these oxperUtents the ple.ama confinement ti.l:le waa de­

tel'll1Ded fro_ escape rate of cbarged. particles over an active 

discharge phaae. PossIble contribution of 10nizat1on of gas d_ 

l1vered into pl88111.a during the discbarge (recycling) was sstl-

mated in indirect mllIUler on 8 basIs of data obtained on "C" 

stellarator [Z] . It was of aome interest, bowever, to make a 

direct account of recycling in!luence, especiall,y because the­

re e:lliets .8 procedure da.eloped (3] . In the report gIven the 

results of measurement of the ch=eed particle con.finement 

tim. with allowanc. lIede for rec~cl1ng are presented. 

Tbe experiments were maae on obmicall~-hented bellum 

plaamll8 in the racetrack-etallarator ''1lragan''. Condi tIons of 

the .xperimaDt and plasma par~et.rs are illustrated b~ Table 1. 

The charged particle conl"inement tille can be defined froll! 

tbe particle balanc. e,!uation for e lectrons whicb takes the 

following fora for b.liua plasmal 
dn • Q- • /l. n~ 
~= n n~ • + n n4 b: .. - 'L (1) 

wb..re De ' DO, not _ ani electron , neutral and siD81e--lonized 

b.eliu. densities, ~,+ - ioniza­

tIon rate coefficienta of neu -

tral and aingle-ionized helim! 

reepectivel~. Densities of neu­

treJ. and s1n&le--ionJ.zed heliUIII 

can be obtained from measure -

m"nts ... ,[ .. b .. ol",\." lntell.5ities W 

of spectral lines . If coroIl3 £10- Q!I 

a) 

b) 

,) 

d) 

del Is applicable, equation (1) o '--;-'~~"""''7'-' 
1._ 

.. ill take the fO:nll1 Flg.1 

g,/7,_ 7~;'" 2:..R~t (2/ .z.:,. 'L..Rn.sQt n, 
t - h y,..,.,., .f1.<:"'" ,5',/ + h V"p $ ~ z=; 

1°,+ ~ intenaities of spectral lines HeI and He11,60,+-

(2) 

c0rT89pondiD8 eIcitetion rete coefficients. 

In elr..,er1.mentnl conditione on "Uragan stellarator, the 

appllcabilit~ ot corona moael for deBcription of population pro-

cesses of e~ci ted levels of neutral helium atoma ~ust be confir-

mad addi tionall,. It abould be noted, however, thet corona ~odel 
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gives the lower limit of eIc i ted level populetion and there_ 

fore the upper limit of etom (or ion) denait, 0.°,+ daterm1.ned 

from epectral line intenaity. With allowance .e~ for thi s feet, 

we perfo:nll an upper extimetion of ionization rete in equation 

(1) b, aeasuring ebsolut. intesitl.s of spectrAl lin.u &'1 
o 0 

5015,? A (2e1S-3P1p O) and Hen '+685.?.l (3dZl).....4:r27o) 011. bul. 

of corona model. 

Pla.sJlla radiation fro. 

diecherge was recol"dsd 8ido-on 

the window an a e t:raight see -

tion b, the two-cbannel .ono -

cbrometor calIbrated with e 

standard radiation source.!he 

electron denaity was aeaaured 

b~ the ncro ...... iDterf.roa.­

ter (A: 8 _), and the .t.ctron 

temperature was estimated froa 

plasma conductivit,. 

• , 
I • 
0 

0 

, 
." . , 

1-'1 0 
0 

, 
I. 

0 

.) 

b) 

1,.011' 

~ 
r 7' 1\ 
"I 'rr ,) 

Fig.1 shows t~plcal traces or voltage acroea the b1P88a 

(a), discharge current Cb), 1nteoalt1 of spectral liDes H.1 

5016 ~ in 101 2 photoD/cm' eec unite (0) and Hen 4686 ~ In 

101, photoD/cm'8Bc units (d). In Fi g.2 on. can e8a the h1ato~ 

of temperature (b) and densitIes (a.) of electrODe , neu tral 

atoDl8, and eingl_ionize4 atoma (c). Flg.3 illustretes the ~ 

pend.ence of confInement tiJU l", reduced to a conatant pleaa 
pr:llolT7etez .!:!.t 

dlam.ter, upOnY"" c: H1 obteined earl ier without rec,cling cor-

rections (b, is the firet hBnlo-

nJ.c or helical fIeld). Data oor­

rected on Ionization are mark.d 

with dota. ~e ionization ec -

cOUAt le seen to lead to e cor­

rection in '[,., w:lJ.ich doean' t ex­

ceed 1D1'. 

'tbIuI, in the present ca..tt­

nicetion the resulte obtaiDed 

earlier about collislonal pia&­

me conf:Lnelllftnt in the high­

sbear Btellarator are con:f'iraed. 

Uagn.etic rte14 

Shear g 1118% 

Pro,oure 

't, . .. 
5 

4 

2 

o 

Electron denait, 

Elec tron temp.rature 

Referencee 

i 

- ;/ 
I 

V 
/ 

0.25 U5 0.75 

... 4.8 lI:oto. 

- 0,085. 

Tabla 1 -
_ 1.4.10-4tOrT • 

1.6.1012c.-'. 
10 • 40 .v. 

(11. VishnevetelQ' V.B. et al. lnternational S1JllposlW1l on Cl osed 

Confinement S~telllB. Dubna (1969). 

[2]. Haniea W.L. et al. Ph;ys.Flu1dB, 2, 151 (1964). 

[3]. BinnOv E. and Bishop A' I Ph;ys.Pluid.8, .2, 195 ( 1966) . 
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THE EFP:e.::T OF 'IRE DI VEBTOR J.1AGNErIC SURFACE 

ON TOROlDAL DRIFT OF A PLASMA. 

V.G,Zykov, V.I.Karpuihln, N.I.~dnev, V. T. Tolak. 

Physical- Technical Institute of tbe Academy of Science s 
of tbe Ukr.SSB. 

Kbarkov , 106 , USSR. 

Abstract: It Is shown that dlvertor me.KJletic field decreases 

the toroidal drif t of e pleema. This is caused by tbe fac t 

thet polarisation el ectric f ield ie removed by current which 

f l ow al.ong magnetic linea o.t fOI'ce and are shurtened through 

tbe annular region of the divortor where t be magne tic field 

equals zero. 

It was shown recently [1, 2] • tha t when 8 plasma le injec­

ted into a etellarator througb divertor mugnetlc elits a 

stable cylindrical plasma surface le formed in a r egion adja -

cBnt to annular line of magnetic field zero, 1.e . in the re -

glon of divortor magnetic aperture . The stability of a plasma 

at tbe divertor surface is connected with the fact that the 

latter is a bottom of a ~agnetic ~l l where H ~ 0 and poten­

t ial U= - j * has its lIIin1mWII [}J. The stability of di­

vertor or "heliotron" con1'i guration was shown also in [4]. It 

was of int erest to make clear the influence of that configura­

tion on plasma toroldal drlft ln closed magnetic traps. One 

e nd of the stellorator "Syrius" divertor [1 J was joined to a 

half-toroid, the l arge r adius of which being 40 CIIl and inside 

of the tube - 7 cm (fig .1 ) . 

Fig.1. A. The principal scheme. 1 _ plasma gun , 

2 - diafragma, 3 - central coll of the diver­
tor, 4 ~ el ectrostatic probe ; 5 ,8 - horns of 
micr owave interferometer , 6 _ probe- collector , 
p18sma~eop9. 7 - mas~otlc aperturo, 9 _ gl ass 

tube. B. 1 - point were H=O . 2 - magnet i c aper­
ture , 3 - lines of force , 4 - linee H=const. 

A coaxial plasma gun injecting plasma along the magne­

t i c field of the device was placed at the another end of the 

divertor. Plasma stream cross- section at the entr ance to the 

divertor waa limited by a diefr"agma whose diameter 0,5 CIII) 

exeded s lightly the magnetic eperture in this cross-section 

i n order plasma to fil l the divertor surface . Changing the 

current direction in the central coil of the divertor it wos 

possible to create both divertor and solenoidal configuration 

of magnetic f ield. 
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Pl asmagrrunms of the pla.sma stream cross- section relating 

to the plasma going along the half-torus are shown i n Fig. 2 

(top _ in divertor configuration of the magneti c field , bottom­

solenoidsl one) . 

Fig.2. From l eft to right: H:2 ; 4; 6 and 7 koe. 

If the pl asma stream drifts entirely to the external wall 

of tbe half- torus in solenoidal configuration then in the diver­

tor configuration the pic~e essentially different. For the 

last case the centrsl "kernel" with the diameter e qual the dia­

me ter of magne tic aperture , and narrow plasma jet ("tongue" ) 

from the surface of that "kernel" to the externsl wsll of to -

rue are cleary observed. The drift of the "kernel" with rea -

pact to the axis is practically absent and the total ligh t of 

plasma "tongue" grow waak when the magnetic field strength in-

creases . 

An electrostatic probe collector placed a t the entrance 

and at the exit of the half- torus was used to measure relative 

losses of the plasma charged particles passing the half-torus 

(Fig.3; curve I -di vertor confiBUrstion ; curve 2 - solenoidal 
configuration). 

MO 

75 -.---
50 

25 

2 

"--"--­'---I 

-J , 5 6 H,IlJ 

Fig.3 . The coefficient of plasma 10ss8s vs magnetic 
field strength. 

It is seen from Fig.3 that the losses are considerably 

less at the divertor configuru tion then ut solenoidsl one. 

Thus divertor mvgnet1c field , which hes its own potential 

well at the divertor surface , considerably decreases toroidal 

drift and plasma losses in toroidal magnetic field COnfigurb-

tion. 
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STELLARATORS 

DIRECTIOlTAL ION PLUi:ES IN A FLA3:.:.A GOllFlllED IN A 

-rOROIDAL MAG NETIC TRAP. 

1J. S.BerezbetsQ . S .E.Grebentshikov, I.A.Kossy , 

I . S . Shpigel. 

P.N.Lebedev Institute of ~'sics , AcadeJDJ of Sciens , 

Mosco. . USSR . 

Theoret ical s tudies (1-4) : d eal1.ng with equilibrium of 

plas!n8. column in s toroidal magnetic traps, predict the exis­

tenc e of c losed axi al 10n and electron fluxee . We are not 
a.are, however, of any ~er1mental .ork, .hich have regis­
t ered tbiQ k~ of motio~ of pla$m4 co~pon~tn. 

Earller{5J 1Ie have described the method of lI.easureaant 

'll'ith double flat and alultle1e...s.trod.e probes of SlIIall l ongitu­

dinal ion fluxea .. ith IJ"C>J.c« IJl ; (.here \5,,1: is the veloe! t,-
of i on motion directed along the longitudinal arl.s of 8. toro­
i dal chaIIIber; and U;, is the velocity of thermal motion) . In 

this paper the analysis is made of the data on experimental 

JIl easur .. ents of the directional motion of ions , receiyed by 

the oetbod , described i n(5J . The ~easuremeDta were made at 
the B"tellaratorl3 "J,-l" (6] and "Tor-2"l7J at the Lebede"l' :u,..tit'llte 

(~cO'W. USGR ) . 
The IR&i.n aeasuroaent results are as follows: 

I.The e:rl.stanc:.e at lClU&it:ud.iAa.l 1ce. c::mTents !O1.. ",f\.:.. Uo~. ' e. 
was obser.ed both in "L-I" UId"Tar-2". 
2. 'Ihe directiaa of aa 10ll current dependa .,. tu d1rect1o.a 

of the lI!lin -.r.agDetic field \-\ 1. (the a1ga c:ba.D.p ca_ed tile 

rnersal of the "I'eloc.itJ' directioa ) . 

3. With the uucbaDged \--\;a. \lU! Telocit;!' (\10"') d.ireetion 
111 detara.iD.ed by the sign of tae e.ngl.e of rotatio-.l tn.n.doz.w 
at ~tic 11aee of force i......... (whieh is def1a&d ., the 

direction of a helical rtud..1.ng' of a stel.l.u-atar). 'I!htI depon­

~e on the sip. \ .. "'" '!JaB establish&d at tb.a "'l'Or-2" -

stellarstor; its desip featuree eDBble to chaIl6e th& direc­

t i on of the rwtatioDal traJultora. 

4 . RD.dial measureaants (in two .utual.lJr perpe.J:IdUular di:tee-

tions) sha. th.!.t the direct10n of the velocity vector r~ 

unchanged across the cha.mbe:r(i.e. the averaged di.:rectiOZlal 

aotion of iona increases to-
.. ard the pftt"ipbery at the 

eU.aber, reac:h.1nf; the m.u:iJaua 

at 't:;251U1l (?ig . I). 

5 . The value of the directional 

velocity of ions \.fo,. depends 

on i...., .The measurements lIade 
at Tor-2 show that at i.._<.~2:n 

the directional flux can not 

be regietered.iib.Oll i... ... ")0;2.l1 the 

increa..ee of the angle of rota­

tional transform causes a con-

·If - lO 

siderable growth of \fo~~ (see fig.2). 

Fig.I. 

uo~, 
6 .The r atio ~ at the 1IIax:iJma of radial distribution 

IFig . 11 Is estiDlated t o va:rl within 0 , 1 - 0.5. 'rhu cone&­
ponda lat 'f~ :::: 30 1t.\I and Y\ ~ ':.IOIOClll·~ I to the ion current 

dellEli1;J along the cbaJllber axis approxiaetly 1 -.q. ~ .. . 

7. The directional flux is quaaiatatione.l and it is 

which are greater than relaxa­

tion time for the ion eOMponent. 

The obs erved phenomenon 

~ be anal;yaed qualitative-

ly in the frame-work of the 

~pothes is, developed i n l ! } 
and based on taking into a c­

count the inf'luence of the 

radial electrical held E1. 
" 

Fig.2 . 
On the motioD of charged. particles in a t oroidal lIIBgOetic 

trap. Ions mooving along ODe of the usial directions in a 

torus {~e characterized by the ex1stance of the "resonance" 

group of particles for which electrical rotational trans­

fo~ compensates the magnetic r o tational transform. The reso­

nance longitUdi nal vel ocit y is given by the relation u~ ~ 
11Ii'here \J(:: Co . ~ e:. i.._ ."1- I . 

.... '!; - '2."]"\ R.. 

31 

For typical conditione of the to:periment at L-I, 1Ii'hen a sub­

stantial radial electrical field is formed[6]. tbe value of 

deviation of resonance iODS from magnetic surface (estimated 
o n the baBis of the restits , obtained in (4,9J) ie found the 

same order as the chuber radius. In that ra:t their orbits 

should be intersect t he 
wall of the Chamber. It 

r esults in the formation 

of the "cone of lOSSeS" in 

the velocity space and tbe 

dis tribution function aS8-
WIles the ab.ape sho...n in 

fig. }. In practice the de­

velopment of i ns tabilit ies 
(4) !la;f lead to B.l1Iooth1.ng 

o ~---", 

Fig. } . 

out the "gap" and to an effecths dieplac.ent of the dis­

tribution fun ction. Thes e Kinds of asymmetry of the distrib­

ution function result 10 the appearance of a longitudinal iOn 

flux. 
The erper1Jtental data do not contr~dico; to the discussed 

lI.echaniSll . Really, with the decrease of \.. .... the reSOllalWe ve­

locity shuld shift in the " tail " of the aa:nel.l.1&n iOll distri­

bution. '!he result of. thi.e - the decr.ue of the uial. flux­

i8 qualitatively con!~ed. b,. the result. aAown in f16.2. 
The sign of the directicm.al. velocity obs8l"'Yed in the 

experillent c o1n.eidee with that predicted. b)- the bnJoth ... u on 

the dOllinAnt role of the sacape of resonance iona in1;c the 

"losses cODe". "l!b.e rad1..tl dietrlbuticm eha.n in fig .. l d.oee not 

contradict to the e~ted nature of phana-ana. 
~ we a.JJaII.e t.he:t 10n diat.ribution in space ccrrrupoll.d.s 

to that ahown in fig..}, then it wi.J.l bo posaihle to e.tiaa.t. 

the lon fltI:I: into the "1 08118* CODe". nu.a probl_ i.J; a1allar 
to - that aOlved for the traps with lIlB.gDetic airroro n o). '!he 

flux estimated in this u.a.oo.er iIi found to be close to the 

longitudinal experiaental flux. 

'Ibe phanoaanon observed by us cannot; be expla.in.ed ~ 

l1tativel,. and qua.ntitatevely by the equllihriua fltI:l:88 cal­

culated in pe.pers l2•41 , aB well as by the frictio.ll be~ 
paaaing ~ l ocalised. ions 1.3] • 

'nle BIl&l.yai.8 of the experl.amrt a.howa thd the loagitu­

di.n&l aotlon i.e not aa.oc1e.ted with th. init1al coaditiona of 

a plasaa or with thtI o::1S"te.ne.e of vorteJt" e l .etrl cal fh.ldJI . 
'Ihe f1.naJ. coacl.usioa abouo; the ~o; role oL the 

coae1d.ered lIechanisa of resonance particle 106lies requires 

additional theoretical and ~er1aantal. a"b.ldiea. 

'Dle authors -uh to thank M .. J...I~. L.~~ 

nikh , I.S . Sbitn1kOTa, · A.. p .Popr;raduk:h.i.a. and s.I.PopCT for their 

valuable adTice and usefu1 dia.cu.aeiOlU. 
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STELLARATORS 

Inf l uence of euperl .posed shear on the confinement properties 

of the Wendelstein e_ 2 Stel1arator (VII a) 

C. Crieger, D. EcldJal'tt. J. Eisert, G. v. C1erlcl'!, W. Ohlendorf, 

G. H. Wolf. 

Institut fUr Plftsmaphysik, 8046 Garchlng near Munich, Federal 

Rep:ubl1e of G""rwany 

~: The effect of .hear on the confinement properties of 

the Wendelste l n 8 tellarator was studied and a strong influence 

observed. 

The VIr a I!Itellarator Is equi pped wi th e .. 2 helical wlndlngs 

produc1n!: a large rotational transfonll, l . (l. .. 1 COIT<!'!sponds 

to }600) MI the .. gne tlc lUte and ".err law shear. For toUlD stabI­

l ity the mar;netlc field has a mean -.gnetlc well, typically 

ot • re .. per c en t. Minima of the cenflne.ent tlae had ~en 

o •• e~ed whenever t he rotational transform was a rational 
traction of not too high Il1l order 11/.+) Whatever their 

eaulle, they are related to rattonal lIurface5, being esta_l1 _ 

IIhe. OTer a lar~e part of the plas-.a erOIlS lIection "ll11ul ­

taneoul!Il,. . Introducing lIo.e I!Ihear affects thl :11 I!Itate Il1ld 

!light cause the:lle .ini~ to disappear. 

Equally directed currentll in three 

addltional col1ll, as sketched in 

Fi~ . ena_le U!I to vary the shear 

over a limited rlUlge . Theae coill!l 

+} Siml1ar r esul ts were obllerved in 

the L - 1 stellarator at the 

LEBEDEV-INSTITUTE /2/, _ut there 

the .1nl_ in confine_nt tl_ 

were ollll'loU!lly c onnected with 

d l!s tructtOll of the ma~ettc 

surfaces. 

Fig. I: arrangements for 
the co11 s 

A: main magnetlc f ield 

B: Helical .,indings. e ~ 2 

C: addtttonal COi ls 
producing Bs 

are arran~ed cOlI.II.ially with thc devicc ; thelr lIIagtletic field, 

Bs' l'&.Il ll1hes on the IQ&gnetic .!I.Jtis /)/. Calculatlons of th~ cor­

r ellpwlding co.lll1ned _~etlc field cOllfi~uration have shown that 

the mean-.1ni.u._B pr operties are only slightly affected lily 

varying the IIhear in thil!l way, lIIut that too large value" of Bs 

lead to destruction of the .sgnetic sur faces. 

The -.ajor and 1II1nor radil of the WIras tellarator are 50 cm and 

5 c. rell)tectively. The toroidal _gnc tte rield Bo of 4 . 5 11:0 

waa salnt.ined thro~out the wholc e~peri_nt. A lIIar ium plasma 

was generated by contact ioni:l:ll.tic-l on a tllI1!sten sphere . The 

ion-dcnsity a nd its radial profUc were .ellsured Ill,. reaonanee 

fluorescence / 1/. 

In I'1.g. 2 the dependence o f the steady stllte density on iota 

for B ... 0 and for Bs 7' 0 111 IIhown, with t he input ion flux, 

~, and the lIuperi.poaed lIIerid10nal field Bs kept constant. In 

1II0th Clllles thc magnitude of the shear (1l~1..) is a function of 

iota as shown on the top CUMes of Pig 2, with 

bL I.. (r_411 111 ) - I..fr 0) 
--z- - !,.. (r '" 0 

In those 

regions 

.... here 

the shear 

is no ti ­

cealllly 

increased 

over the 

value for 

Ba .. 0 

t he c onfine ­

.en t time 

(which is 

proportional 

to the steady 

state dens ity ) 

is considerably 

'reduced . For 

Fig. 2 , top curves : dL vs. L for t wo caSEls . 
Hs ~ 0 and Bs -7 0 

bottom curves : f'i vs . I.. for the t wo 
cases shown i n the t op curve s . 
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iota less than 0 . 14 ext remely poor confinement 115 achieved; 

we are incl1ned t o attribute th is particular fact t here to 

the break up of the magnettc surfaces as i nd ic a ted by com­

putations. However, it should be noted tha t our present ~ow_ 

ledge of the magnetic field structure for B ,I 0 is based on • c a lculations only. There is therefore still a sllgh t possibili_ 

ty that the observed redtlction of confinement time beyond iota 

- 0 . 14 might also lie caused by the above mentioned destructton 

of the masnetic surfaces rather than by the effect of shear. 

Conseq",ently. another experlmen t .,as conducted where the direc ­

tion 'of the a clditlonal field B was reversed 50 that the weaL.: 
shear originally inherent in die l .. 2pfleld could be compen­

sated 1n the av erage . Tne eorresponCllng resul ts are shOwn 1n 

F i g. ) In this 

case one olll~ervea 

an improl'emen t in 

the confinelllent 

tillle for any 

applied aVl!rage 

shear, which i s 

sll.alll!r than the 

vaJul! for Bs .. O. 

This Illlp rOl'emen t 

approachea an 

optilllUlll for 

'\_~ ~O. Here 

again, however, 

the lIIagnetlc 

surfaces seelll to 

break up when 

Fig. ) : top curvl!a: ~ for two casea , B
s 

_ 0 

and Bs£ 0 L 

the value of 

botto. curves: n vs L for the two ca­
ses shown In the top cur-ves 

iota crosaes a lower l i ll. i t. l.e . fort.(O . !. 

It should be noted at this point that th!! Buperpos i t ion of 

B a lso leads to a a.all change of iota . Since the iota scale 
• presented on the CUM'es in Fi gs . 2 and ) is ollltained Ity means 

of an on_line anologul! co-put!!r which account. only for the 

.ain and the h elical field currents, it is sl1ghtl:r incorrect 

f.or Bs '" O. However, t he true iota scale can easily "lie 0111 -

tained _y f ollowing the displacelllent of the indl vidual ma­

::dllla and mtn1_. 

Sua.ari:l:1ng one .ay conclude t hat already for rather Iftoderate 

val ues of additional shear the alllplitude "lletwccn the lI.int.a 

and lIIaxill.a i . reduced, but 50 la the confinemen t ti me itself. 

By analysing thesc data one can nnd • gross relatIon aa plot­

ted in Pig. 4 , where the relat ive 

dependence of the lII.!I.Jti.UBI conl"1ne­

IIIIInt ti.e (ate ady stll t e density ) on 

!if- 15 plotted. This figure showII a 

reduction of the confinelllent t ilte 

with increasin~ shear, provIded that 

a destruction of thc .agnetic lIurfa ­

ce s CM "lie excluded . Our results do 

no t rule out , however . that higher 

val ues of shear eventua l ly will 111,­

prove the confinellll!n t pro~rt1e5. 

Flg. 4 , Relative varla­
tion of the con ­
f1 neMent tt.e't' 
vs . shear beIngi'l l.. 
represented lily -z-

Such e.x~rillents will IIIoeCOlM! poasi_le with our next .tellarator , 

WI1 c , Which w111 "lie equipped wi th two sets of hellcal W1 ndtngs. 

{ .. 2 and , a 3 , 40 that iota and 7- can ae varied indepen ­

dently of each other . 

/1 / E. Berlo::l , D. Eclthartt, et .a!. Proc.)rd.lnt.Conf.on Pla l!lma 

Phys. and Contr.Hucl.Fusion Res . Novosilllrsk 0969} Bd. I, 

S. 51) 

/ 2 / M.C. Berecheskl, et. ll l . Proc.)rd.l n t.Conf.on Plasma Phys . 

and Contr.Nucl.?ual on Res . Novoslloirsk (1 969) Bd . I, S. 529 

/3/ ThIs arrangelllent is very si.1lar to the one used lily 

Hartman; private ca.munlcati on 

Work perfonned on aasociatlon with EuratOl'l. 
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Confinement of Photo-Ionized Plasma in the Wendelsteln 

l ... 2 Stellarator ('11 Ila ) 

D. Eclffiartt, J. Elsert, G. v. Gle:'ke , G. Gr l eger, W. Ohlendorf. 

H. Wo'olg, O. H. Wolf 

In!ltltut fUr Plasmaphyslk, 8046 Gsrchlng near Munich, Federal 

Republic of Gennany. 

Abstract: Photolonlzatlon of a neutral barium bealll provides 

a steady state point lIlte plasma source for the w 1111. .tell&._ 

rataI'. The re:!lultlng confinement propertie.s equal ' essentially 

tho9!! obtained "1 th con tact ionization on a tungsten sphere 

present in the conf i ne","'nt volume. 

The previous exper i ments (1,2) in our stellar-ator ",ere carried. 

out u:sing a Barl~ pIas ....... generated by contact lon1zatlon on 

a hot tungst!!n sphere of 3 = diame t er . This sphl!re, suspended 

, by 2 ,,1res , each 10 r thick and po~itloned on the lI!agneti c 

zu.1s, WIlS he.lIed by laser radiation to 2.3000
",. We now wish 

to report on t he confinement of the same type of plasma, but 

generllted by Photo_ionization. Several reasons made it neces_ 

sary to ",han!,,;e the production IK'chanislII to this method: 

Up to now . for enmple, it could not be ruled out cOlllpletely . 

that the pre~ence of the hot II.phere within the plall.,a .,ight 

have dUlped instabilitiea by line_tying for example, thull. 

being respon:!ible for the long confinement tillles obser-ved. 

Secondly , it "as illlposaible, to decide whether the obaerved 

lIIin11111. in the iota-dependence of the confinl!ment tille are a 

particular stellarator quality or if they are generated by 

the spbere_su.spending wires Which could originate convective 

cellll., 'for 1nll.t8.nce. In addition to this the pre.sencl! of the 

electron I!m1tting sphl!re inhibits a heating of the pI all_ due 

to thl! very i ntense thermal coupling between II.phere and p lallll& . 

For the benefit of better cOfllpari$on with the fOr'lller experi_ 

II.l!nts we-impolled lIeveral conditions on the new plaslla sourCI!: 

BarilUl-plasllla shouid bl! producl!d again . d.e. - operation would 

be desirable. the soUrCI! region .hould lI.pproach a point source 

on the axis and the interll.ctlon bet"een the ionizing lIechaniS!II 

and the plaallll. already produced, should be nl!gl1g1ble. These 

reqUirements rule out any 10nizll.tion by electron impact, for 

eXaJIlple, and therefore the application of r. f. -fields. However. 

croasing a bell.l!l of neutral BarilUl-vapor with an intense light 

be ..... provides a pl a5-.11. source with the desired qualities. When 

loolcing foroa d.c. light source of sufCicient intenSity in the 

relevant I!pectral range, two pOl!sibilities of approach have to 

be conllidered. At firllt. one could excite the met.suble lel'els 

of a certain percentage of the Barium atOll~ by running the bea.m 

through a gall discharge, before entering the stellarator, or as 

s~gested by E . Hinnov. by re6on~t charge exchange between neu­

tral RubidiUJO atOllls IUldOBariUlll ionbell.lll. In this calle the 
o 

threshold wavelength for ionization ill. lI.bout ) . 200 A (3, 4) and 

it is easy to flnd an intenae light source in this region, lI. 

Xenon high pressure are. for instance. The other posslbl li ty 

ia the ionization from ground state. Here the threshold wave­

length ii!l 2 . 380 i and 1lI0st of the d . c.-light sOllrees show only 

poor elllission 1n this spectral range. There f ore one would be 

inclined to chose the ionizll.t ion via an enhanced lI'Ietastab le 

population . But a lnce the generation of this enhanced popula­

tion, too , turned out to be technically not ell.SY, i.nizatlon 

frOll! ground state Wll.S se~ted lI.S lI. first attempt. 

The light source used "as a "'aecker - type high power cascade 

are (5) running in Argon. ( Fig . 1). Typical operating conditions 

wereJl1tll! . Argon pressure. 900 Amperes and 110 Volts, resulting 

in 10 kw/cm IIrc length. 

Fig. 2 gives a schematic drawing of the stellarator W IIa. '!'he 

important changes are: no probes used anymore, the sphere being 

removed, and the hell.ting lamp replaced by the Cll.scade arc. 

Aleo the _asurir.g circuit for the i on input flux had to be 

changed slightly. After having removed the sphere the two re­

tractable spoon probes "ere used as a double probe . If they 

ere aligned with respe ct to the source wolume by virtue of a 

IIII!I.gnetic field they represent the only .Iaential plasma Sink 

snd under tho:!e conditions the ion input flux can be ded*ce d 

from their slI.turation current. It was checked that the ion 

collecting spoon did not emit any me ll.surable amounk of secon-
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dary electrons by photon_bombardemen t. UnfortlSlately . it 

turned out that the saturation of the ion current was not 

as satisfactory as expec ted so that there rellll!l.tned a slight 

unc e rtainty of lI.bout .:':. )0 % in the magnitude of the ion in­

put flux. 

A low bll.se pressure is required . otherwise the ions ar,e COoled 

down to room t emperature due to ion-neutral colliSions. '!'his 

cool ing would increase the classical diffUSion r ate, resulting 

in a lower pea\( densi ty , as compared t .:> the earlier measurements . 

However , the peak density will be reduced anyw~y because of the 

increased cross section of the aource region . In addition. the 

Bohll loss rate is decrell.lI.ed Clue to the lower temperature. The 

difference between Bohm and class1cal loss rate is therefore 

reduced by one or two orders of magnitude. Fig. ) shows a pre ­

livinary plot of the ion denll.ity, as obtaineli with photo- ionized 

Barium, versus the an~e of rotation transfo"" • For an input 

ion flux of 10il ions ~~~'would expect a density of 106 cm-3 

from Bohm-diffusion, whllllt frOll olasllical the ory one estilall.tes 

3.107clll-3 . This measurement yielded lI. denSity of 1 ,6 x 107CIl-3, 

one order of magnitude 1II0re than ~the Boh .. value and in fair 

agreement wi th c1all.sioal theory. Qualitatively one observes the 

well Icncwn behaviour of the denaity as a function of iota; 1.e., 

strongly pronounced _inilllll of the confinement tillle at the NIItle­

Jlal values of t... This strongly supports the concluaion , that our 

previoulI rel5ults with the sphere.do indeed reflect general pro_ 

perties' of our stellarator and are not oaulled by the sphere . 

FurtheMllore, those plasllla 10l!s proeesl!e s connected with the 

ratioDal value,. ofl ' are investigated II.l1d which r-edune the 

pealc density for lame orders of .at;nitude. Becauae of the short 

confinellent tille in this case, probe lIIeaSUrI!lHlIlts do induce n."li_ 

gible further losses and thua CIl.l1 be used for obtaining detailed 

info!"llation of the flow pattern. 

11/ E • .8erkl , et . al. Qr<>'. Int .Conf.on Plaslll&. PhY6. a.nd CODtrl. 
Nucl.FusionRes. Novosibirslc (1969) 

/2/ Papo!!r presented Ilt thi s conference 

/3/ L. Haser, froc.of the NATO Adv.3t.lnst.,Keele, Engl.Aug .1966 
/4/ S .Drapatz, JIlPI-PAEjExtraterr.13/67, Nov. 1967 

/5/ H.Mu.clcer, 3. 3teinberger, Z.&nf;ew.Phys . ~,~56 (1967) 

Work wal! perfonned an Ilseoeiat1.on with Euratom. 
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Institut fUr Plasmaphysik GmbH, 8046 Gilcching near Mun ich , 

Federal Republic of Germany 

Abstract, Argon and xenon plasmae W'l!re produced by electron 

cyclotron resonance in the W IIa stellarator.Densitiea ranged 

from 3 . 10
8 

to 2 ' l Ol l cm-J and electron temperatures fcOI1I 4 to 

12 eV. The confinement time wa s e5timated to be five to ten 

times the Bohm time. The general features of the density versus 

rotational transform curves were .imilsr to those observed with 

Da""l",,, pl"sm<1B produced by cont .. ,,!; io"l",,,tion except tor some 

cases ",ith xenon. 

The confinement of contact ionized barium plasmas in the W 11 

stellarator has been interpreted a a approaching the clasaical 

collisional limit for axisymmetric fully ionizad plasmas and 

exceeds the Bohill value by about two orders of magnitude [11 . 
The present paper dCSClOibes prelifw,inary experimel'!ts with I'!oble 

gas plaSlJlas gel'!erlted by low power elec·trol'! cyclotrol'! resooance. 

~he aim of these experiments was to get an estimate of plasma 

confinement at higher electlOon temperatures and hence longer 

elect ron mean free paths than those in contact ionized balOiw. 

plasmas and to see whether or not the sudden decreases in 

density for particular values of the rotational transform 

observed in barium plasmas were related to the presence of the 

solid plasma lource and its supports.Wendellltein IIa is a 

circular stellarator wi th major di~ter 2Ro-l D and plasma 

di_eter 2ro - 10 em . It has continuously wound e. 2 helical 

windings which produce a nearly shear-free stabilizing field . 

Technical detaih have been given ehewhere [ 11.11"1 our e xperin:errt:a 

the mic rowave power was radiated from an open X band wave-guide 

which is flush wit.h the inner surface of the vacuum vessel. 

+Jpeno.anent. address : PlaSllla Physic s Laboratory, Princeton 

University, Princeton, N.J .• U.S . .A. 

Various magnetrons and klystrons with frequencies around 9.8, 

13.3, and 15.7 GBz were used with output p~rs ranging fra. 

the minimum value required of 20 to 40 mvatts up to 7 watts. 

The aagnetic field strengths for resonance are 3.28,4.74, and 

5.5 kG.For these values the main magnetic (ield and the bl!li.c al 

windings could be operated in a steady s tate up to values of 

t - ~/2l'1'of about 0 .6.0perating pressures of argon and xenon 

ranged from 10-6to 10-4torr.The blse pressure was usually a few 

tJ..a.es 10-7torr . Plasma density and electron teaperatuJ."O!! _re 

ae.uured using cylindrical Lan~ui.r probes with tips ~ long 

and 0 .1 _ thick .The probes could be aoved in radial direction_ 

The probe data _re eva luated using the theory tor infinitely 

long cylindrical probes by Lafr amboise [2] . Tbe JIIicrowave pooer 

could also be switched off suddenly in order to observe the 

aubsequent decsy in particle density by means of the probes. 

Depending on neutral gas pressure and microwave power,the 

pe:x particl~lde~;ity neo attained value s between a few times 

10 and 2 · 10 cm . Tbe electron temperature ranged from 4 to 

12 eV. The degree of ionization thus varied between 10-4 and 

0 .6. Rough measurements of the space potential in a few ca ses 

indicatad that tha plasma wa a chsrgod posit ively which implie~ 

that · the electrons have a higher intrinsic loss rate. As 

indicated from the time decay in the afterglow, the mean plasma 

life tUne was of the o rder of millisecoods.This time is short 

compared to the time of equipartition between electrons and 

ions .Moreover,the ions are strongly coupled to the neutral 

atoms via resonant charge exchange collisions.The ion 

temperature, therefore, is practically equal to the neutral 

gas temperature. 

The question ot p l asma confinement wa s studied by computing 

the mean particle life time '1", for a number of steady state 

discharges in argon, where TiB the ratio o f the total particle 

nwnber N, and the plOoduct ion rate N. The rate coefficients 

have been taken asswn ing Maxwallian distribution of electron 

energies . ThiB a sswnption is questionable for lower electron 

densitie s since the electron-electron collision times are too 

long . On the other hand, one can estimate the total product:ir;n. 
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rate from the microwave pO\ol8r absorbed and the energy required 

to p~oduce and to heat an electron to the observ~d temperatures. 

Taking the latter energy equa l to 50 eV and asswning that .!Ill 

the power entering the discharge tube (i . e . about half the 

output power, w) is absorbed, the two estimates fOIO the 

production rate agree reasonably well as seel'! from the Table 

below. (The lower nlllllOel'B "if refer to the ;U-pOlo'<!r estimates.) 

The mean particle life times are given in the same Table. The 

plasma decay tiroes were usually found to De somewhat higher. A 

proper interpretation of these decay tiroes which alOe taken from 

the 10n saturat ion current t r aces lOequires a determination of 

To during the afte lOglow wh i ch has not been done. From the plaana 

life time an effective d1ffUSlon coefflcient is deduced, 

Deff'" (ro/2 .412f T. This value is compared with various 

theoretical e"timates. The Pfusch-Schlilter value,Dps ' is by far 

too l>IIIal.l to account for t h e observed life tUnes . Next ...e 

computed the value s,D~, (at max. Te and ne) from the theory of 

Kovrizhnikh [3] for weakly and strongly ionized aXl symme t r ic 

plaSlllall which takes the self-consistent radial electric field 

into account. (The nUllLDers in brackets refer to the re spec:tive 

values for oath weakly and strongly ionized plasmas as neither 

of the criter ia given by Kovriz.hnikh strictly apply to these 

discharge conditionsl. The coef~icien t D~t from Kovrizhnikh 

for an e _ 2 stellarator, which should reflect the influence 

of particles trapped in the helical mirrots, is given next. 

~inally, we quote the values of the Bohm diffusion coefficient 

DB ' Except for the case with high neutral pressure the effec·· 

tive diffusion coefficien ta range betveen D~ and DB ' .As the 

electron temperature decreases radially outwards and D~ depends 

stronger nn electron temperature than DB ' the departure flOom 

the Kovr iz.hnikh value becomes still lIIore pronounced . For 

discharge. with higher CIIicrowave flOequenc ies and corresponcii.n9l:Y 

higher lIIagnetic field" the peak densities become somewhat 

higher at the same power level. 

The plasmaa in our ECR discharges exhibit relative density 

fluctuations generally of the order of 10 t.o 20 %.Measur=ents 

with the spect~ analy~er indicate strong activity in the 

fr e quency ra.nge of the drift waves which ia not .IIurprising s.in:E 

the e .. 2 helical wl.Odings produce only wea); shear. 

• ;B n ! if 1: Dofo DpS 
DA 

D" DB I 0 
T:OreV] I [s-l] 

K 
Par , < [ ., xl," xlO-) K xlO - 3 

4(Q>( !;.2 i .8xlOB 1.3xlOlS 1 <.3 OA O . , '-' 16,8 

6X10-~~0'125 B . 6 2 . SxlOlS 2 2.2 

4OOI!Iw 4 . 6 2 6_3x109 4. 8 xlO16 
0.-" S .S L36 (0.161 La 10 7xlO-6 0.2 '-' 2.SxlO16 1.S 2.' -') 

7watt. 3.28 2.4xlO11 1.6XIO~: 0.' 1S n lo.5U 0.1 23 4.<:;xlO 0.328 12 O.SxlO 1 •. S 10.0;) 

4OOI!Iw i ~ .62 2XI09 blOl6
16 0.1 " 2xlQ-4 0.2 ••• 2 . SxlO 0 . 04 iD 0 . 560.24 1.B 6 

The dependence of the part icle density on rotational tran sform 

l in argon was found quite similar to that observed in contact 

ionir.ed bariWII pIa_as . .An analogous pattern is observed with 

the annular grid-plate pal'ticle detector which encloses the 

plasma and .easures part of the radially out"tre~ing particle 

flu x. Th il indicate s that at the particular values of t the 

tot.al plasma production rate is lOeduced. At higher pressures 

an", microwave power levels the density deC l'ease" oecOllle .leSI 

pronounced. With high e nough power it is possible to maintain 

tbe discharge at all values of { In contrast to these results 

.... found a different aehaviour in XenOn for a wide range of 

discharge parameters. Superimposed to the general appealOanCe 

of broad minima there are pronounced density peaks at rationa l 

values of -t 

[lJ Berkl, E .. et.al. Proc.Novoaibirsk Conf .. .1,513 (l969)wien 

[21 Laframboise, .J . G_. UT1AS Report No. 100 

[3] Kovriz.hnikh, L.M., ZhETF, 56 (1969) p. 877 

This ·..ark was performed ul"lder the terms of agreement be tween 

the Institut filr Plasrnaphysik GmbH, Mun ich-Garching, and 

Euratom to conduct joint research in t h e field of plasma ?I1i!Uai. 



STELLARATORS 

THE TORSATRON WI TH OUT TOROIDAL FIELD COilS 

AS A POSSIBLE SOLUTION TO THE DI VERTOR PRO BLEM 

by 

C .Gourdon , D.Morry , E.Ma.ehke, J . Touche ;(tit. 
ASSOCIATION EURATOM-CEA 

Departomenl de la t:~~~":.~~~!S~~cf~a~:'e~a FusKlo Coo\l~ 
Boite PostA'" n' 6 . 92 Fonleney-au x-Roses ( Fr~"ce) 

~: A Ilell olotor type CO" ri9 ",otion, with only helical CQ"duclon and 

no \oro rdol fie ld coill is in ve.l igoled by nu merica l ca1culolie,,, , Interesting 

prope rti es are found for 'h e conf i9",otioru wi th h igh a'pe cl rolic (Rio'" 10) 

{-t. up to 4,ond P IL '::.! I }, Thl. co"figurolion (1onolroo) js porticulorly well , 
,uiled for rh. consr ruc ti on of 0 dlvertor, 

In troduction: In eo,lier numuica l st"dies /1/ 0 .y.tematic comporison ho. 

be .. n mgd" berw ... n .1,,11010101 configurations o f If,e clon;collype (2.i! f,eli c ol 

conduclors wf,'ch Ol l.,nole ly ca rry curren ts + I and -l)and 0 new Iype called 

Tor,alran (fconductou on ly which all hove curren!> ",:L and 0 compen,ol;ng ... er-

I. col field ). Th •• "udy ha. shown cerloln oovootagel o f Ihe TOrlolron conflgu-

ratio<'l" in porli cu lar Ihe pouibillty to f,ave I;multaneoully Ihear and ave,age 

mognetlc well. In ,he presenl wori<, configuration. of Ihe TOrlalran Iype are in-

ve sligaled in 0 regime in which 'he ,oral'd al field i. no' c reated by 'e"arate 

field coih , but il due to Ihe helical cu rrentl.Tf,e properl; el of tr.i. configu· 

rattan f,ov. b •• n in"esti gated by num",icol integration of the f ield lines. Th e 

. Iudr has Ihown inlerestlng prop,,, tiel far If,e configuration. with high al".cl 

ralio (Rio"" 10) and num'HOU' fi.ld p. riodl ('" 30) . 11 i •• hown that a porticu-

lar form of Ih e lepa.alrix 0110,,", the conltruclion of On efficient diverlor. 

Numeri c ol y inveltlgaled properlies : In Ihe Torsatron without toro l<lol fi.ld 

co il . 11. .. multipolar field and the ozimu lhal field Ore bclh c.ealed by Ihe h.-

lical winding and Ih •• "Ioliv. Ilrenglh of the Iwo fields is Fbled when the pilch 

of the helica l winding Is fix.d.W. f,ov .. chosen helical winding with 

dB 
m ;' dY '" conlt. where 'f ls Ihe angu lar po,ition around Ihe z oxi. and 11 the 

angular pOlition o. ound the circu lar axi l o f the toru'.E = m o/R i. then the 

m.On vol u. of Ihe longenl of Ih.pilch angle . The parameters of Ihe study 0 •• 

A ,. Ri o ondE. W. define lIT$a l th .. volume e nd oled in the 1011 cloled mog".-

lic .u rfoce (Ie poro lrix ) and normalized with respecl 10 Ihe volume of Ihe 10.01'· 

dol chomb.r (2 Jt Ra '2 ). On the picture number 1 we hove .eprelented '11' . 

ogolnJlC:. W. ob,e.ve Ihol for 0 giv"n valu e of E. the curvolure effect yi e ld. 

too significant reduc ti on of l\1 -for Rio < 8. 

1 
",' 

Bmax. 
B",;n. 

.~=.4 . .4.4 
2 { 

Q 

, • .§.= 6 

I +~=B.33 
t J" • o~=t2 

.// _FIG.L 

U5 \5 
We hoye colculot.d Ih. rolio of Ihe Iwo exlreme values of the magnetic fi. ld 

encounle red on Ihe 1011 clol.d moa ne tlc IlIrloce . The fig u.e 2 Ihow s thol Il.l, 

mi rror rolio il ind.p.ndont of Rio (01 1011 fa. Ri o ::>" 4), Th e piclu.e number 

3 giveJ the maximum volu. of the mean ra lotianol Ironlform( t _ l / .71r) an th e 

10.1 clo •• d magnelic lurfoc •. We foun d Ihol Ihe volu e of {: per fi e ld period il, 

E 2 
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(far R/ a ~ 8), a little g.eate r than the value (-t/m.t ~ 1/ 12) given by 

A GIBSON /2J for rhe cla"icalllellarolor. 

'.5 

0.5 

/ 

. FlG.4-
is - ,- , 

The p;ct".e numbe r "g ive. the value of all the .dge 01 If, .. valume~' . 

If w, will choole 

A olld E for a rea lis ti c experiment (or reocla.),we have to lak. oecoull l of 

Ihe .eal .i ze of Ihe willdillgl olld 10 p.avid. the diltollce belw.e ... the willdi ... g 

and the leporalrix accardi ll9 to the thi ck ... ... of Ihe req"ired ICree"'". 

We a.e ,h en limi te d to Paramele rl Expe rime ... tol Reac lor Ico le 

litt le val"e. of ( n.r"'). ' /0 12 1J 
10 10 

W. give on Ihe lable the f- 0.83 0.77 
",- 0 .2" 0.16 

voluel of the paromele .. , 24.5 cm 32,5 m 
0 20,4 cm 2.5 m 

fa. an experimen tal mO- B 20 KGI 105G. 
b 4000 A/cm 2 2000 A/cm2 

chine and far a .e aclor P plasma 10 c m lOO cm 

" J. , 3.5. 
'cale experimen l. P/L ~ . 0 •• O. , 

Bm O K 

Bmin 
1.2B 1.19 

Sche matic d .. cr ipliall 01 0 di ve rlo. : If we Iludy Ih e e.cape f.om Ihe c Oll fi-

gurolion,af maglletic lines Ita.led ju.t au llide the 1011 claled mag ... etic lurfo ce 

we oblerve Ihol 011 these magllelic HIl.s I. ov. Ih. co ... f;g uratio" through 0 

Il arraw he lical reg ion belweell Ihe willdillgl a ... d Ih ell go around Ih. windillgl . 

The p;ct"re Ilumbe. 5 give, Ihe Iche ma of 0 diverla. laki ... g odvatlloge of Ihis 

behov;our .Olle hel icaf Ilit th.ough the wall, allow. rh . chorg.d porticlel la 

leave the internal chamber. The,e porlid es ore .ec.iv.d on mall; ve large" 

in Ihe .x lernol chamber wich i. provided with la.g. pumping surface •• 

T pumping lurlace. 

~blonklll 

A reolil ti c calculation made far Ihe .eoctar .ize exp.rim.nt g iven 

above, wilh,,~ IOUi'L'" Is . gives on eq uilibrium p,e"lIle in Ihe e><le rnol 

chamber o f abo,,1 5 . 10-6 Tor wilh If,e anumpl;on of a ID tS-~cm·2 pum-

ping Ipeed Fa. Ihe aclive ."rloc ... . 

L I.J C.GOURDON, D.MARTY, E.K.MASCHKE, J . P. DUMONT 

P.oce edi"'gl of Ihe Conference '''' Plasma !>hYlilcl and nermo nuclear 

Research, Navo.ibi"k, 1968, Pape r CN 24 I F-2 . 

£2] A.G IBSON, PhYI. Fluids 10 (1967), \9.53. 



STELLARATORS 

Dri ft W .. ves and Plasma Diffusion 
i n a Stci!l.ight Stellarator 

by 

P.E. Statt and J . Bue t 

U. K.A.E.A. Culham Labor atory , Abingdon, Berks .• England. 

~, The effe cts o f magnetic sheac on unstabl e drift waves a ce 

studied in a straight ~a3 stellarator. Increasing the shear reduces 

the amplitude of ti,,, instability and also the cross field diffusion 

coef ficien t . 

It is well known that unstable drift waves lupported by a density 

gradient may seri ous l y weaken the cont a i nment of ill. low 5 plasma in a 

stellarator. We have investigated the e ffects of ~ l9 netic shear pro­

duced by an t-J helica l winding on the drift instability and on plasma 

diffusion. A straight stellarator was used for the se experiments. 

since in a toroida l device it is difficult to vary the shear signifi­

cant ly without disturbing t he toroida l equilibr ium . 

:rhe essential features of the e xperimental spparatus (STJIMP) are 

shown in Figure 1. 

LithiU11l or sodiUfll 

plasmas are produced 

by thermally ionising 

s beam of neutral A 

-,. 

Mar<_ '*""'" """ •• 

IItomS sprayed o nto 

rhenium plate (dia­

meter 1 .5 cm) heated 

to over 20000
1{. The 

basic principles of 
"T It .. !. _ Uc or ;N ST.vf' uporl •• ;. , .... cl$ l l.)'. onlJ' ono 

0' .N N il ._, .. ..,LJc'.r. 11 10<1 1 ........ . 

Q-machines lire we ll known and the detailed design of the sources used 

on STJIMP has been reported previously (l). Two identical sources which 

can be moved axially produce a plaama whose length Iflay bll varied between 

40 and 400 cm. The axial magnetic field is variab l e up to 4000 GaulIlI 

IInd at that field the Larmor r adius of lithium ions a
i 

- 0.3 I!III. The 

periodicity of the t_3 he lical winding is 80 cm snd the maximum 

current is 48, 000 Amps. 

Computations of t he heli cs l magnetic fields sre in good agreement 

with measurementll uaing an electron beam to trace out field li nell onto 

a f luorescent screen. The magnetic field lines lie on 11 nellted set of 

trefoil shaped cylinders. The rotational transfOrM t has a ne arly 

parabolic radial dependence and at the separatrix the transform per 

winding period is 2" . It is c onven ient to expres s the magnetic shear 

in term!> of the shear length Ls - [(2"/BO)r dt/dr)-l which varies 

r oughl y as the invez:sB squa z:e of the radius and is about 1 cm at the 

separatrix . 

When the current in t he helical windi ng is zero, we observe spon­

taneous l y occuring oscillations of the plasma density ~ and potential 

; which we have previously identified as collisionles s drift wave s (2). 
8 -3 . 

At a density of 10 en the electron-ion collision length ~ei .. 600 cm, 

a nd e lectr on-ion encountez:s within the length of the column are too 

infrequent to genez:ate collisional d r ift waves. The density and 

potential oscillations have peal!; rtrIS aIIIplitudea n l and ~l c l ose to the 

r adi us r
l 

where the density scale length b w (d(log no)/drJ- l is 

smallest . Typical l y nI/no " ~l/kT - 10-20%. We observs that the 

ampli tude of the unstable drift waves is reduced as the current in 

the helical windings is increased. 

Typical radia l profiles of no and 

n
l 

with and witho ut shea r , az:e shown 

in figure 2. In thi s case the effec­

tive shear ..... ss lI/L _ 0.05. 

Krall and ROS:nbluth()l have 

cll l culate d that the noz:mal mode o f 

a dz:ift wave should be stabl e if 

6/Ls > a/b. An additional stability 

cri t erion due to Ru t herford and 

Frieman(4) requires that AiL > 
l . " 

(me/mi ) to pz:event the l o c al g r owth 

of non therma l f luc t uations. Foz: 

lith ium pIasJlla (IQ / m.) ! - 1/20 whi ch . , 
Is faiz:l y easy t o sati sfy and us ually 

in our expez:imen ts t he normal mode c on­

dition is t he moz:e s tri nge nt. In f i gu r e 

nI/ no i" plotte d agains t s - ~2/Ls a i · 

) 
i 

0"I g.2. 1..>.11 .1 ,....' 11 .. of .. an 010",,11.)' 'I" .,., 
..... 1 . .. 1 n

l 
."._ t o<" • , N '" rr.. 

p)_ (dUflOd ....... .. ) ..... t or a NII .. I 

C..,.,..,M 0' JO.OXl 110;>5 ( t ull CIrft.) . I .. 
till _or ~, ,ho ,....tllu ..... .. ........" 
p...-all. ) '0 tilt .... 0' , oo "_a,rU 
'-'"lane) ' 10 .. I ... , dlov_l wMc~ 11 •• JUI ' 
1 .. ld • • "" dl _ .. r 0 ' ,~. 1t000pl.oo, .. , 7~. 

Icn, . h or u .. CO l ........ 2m .. .,.., t ho 
u la! J) HQ 1.100 Cau.o . 
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Extrapolating t h e experimental results 

suggests that n1/1lo wou l d z:educe to 
zero in ths v i c i nity of • _ 1. 

Ther e is a corresponding 

decz:ellse in the rate of cros8-field 

diffueion . This z:esul ts in a 8light 

incz:ease in the centz:al plasma 

density but only amounts to 10% or so 

since z:eCOllibination losses at the 

endplstes exceed the radi a l losses 

in this plasma. The radial plasma 

flux can b e calculated from the 

cz:oss-correlation of the density 

and potential oscillation. 

j ~ (wave) - < n E/B> 

.. (l / r B) d < ;; ;p >J!\!. 
We h sve measuz:ed < n ; > 

j~ 
. ..:: .. 

,~ 
""'" 

"11 ... . - D,L (~I_ 100 D ....... o&T/l6e) 

plot<.ocl ","last 4 ILl -I' no; ~Uea1 

<I .... _id.r .. "bill., I1 n 6 ILl _I • 1 • 

using two probes with a variable sepaz:ation and we observe that n 
l eads ; , typical l y by a phase angle at 20 degrees. This reeults in 

an outward plasma flux which is a maxilDUlll close to ths pe.k SlIIplitude 

in n
l

. At small radi i j (wave ) agrees well with values of the radial 

flux estimated from the 8II"Iall axial gradient in the c-entr.l pl.~ 

density. The z:adial f l ux at the outside edge of the pi ...... e 

measur e d on a io~-bi ased cylindrical collector positioned j ust out­

side the radius of the endpl ates. The total flux measured in this _y 

is equal to the peak value of j (wave). c lolle to the _6;e of the 

endp1stes, j ~ (wave) faUs off, indicating an .dditional loss IIIIIChani_ 

in thie region. This is probably due to convective pI .... motions 

caussd by lllight aSyrm"let ries of the endpl.te tSlZlpllr.tm:-e (5). ~ 
tries as small as lOOK would be sufficient to provid~ the obeerved losa 

z:ate .t the edge of the plasma column. Thus om:- me.surements of 

plasms diffusion are consistent with transport due to unstable drift 

wave. in the body of the pla sma assiste~ by convection clo.e to the 

edge of the column. 

The radial diffusion coefficient D~ ha. been calcul ated frOM 

these f lux measurements . In a uniform f i e ld D.... i s nearly inversely 

propoz:tionsl to the field strength and i s of the ord.r of 

DSOhm ~ ckT/ 16 eB. Thia ia roughly t:wo orders of _gnitui!e higl»r 

thsn the coefficient of diffuaion due to binary collisions . We 

have not i nve stigated in detail the dependence of D (witll shear) 

on e i ther the axilll magnetic field or the col= l ength. 

The main limitation in extending the mea.urements clo.er to tlIe 

theoretical thz:esho ld of stability at • - I ill that the density 

gradient steepens rapidly as the he l ical winding current ia increaeed. 

This reduces the effective .heaz: across the density gr.diant to lIIuch 

less than t he total shear bstween the centre of the tube snd the 

separ atr ix. The pla.ma density pz:ofila is dete~ned by the apray of 

lithium atoms onto the end plates ilnd ideally thie should _tch the 

tz:efoi l shape of the lIIagnetic eurfaces. We are modifying the apray 

pattez:n in order to make the density gradient less steep and thus 

illlprove the e ffective ness of the magne tic shear . We are a l so t.prov­

ing the c irculllZ: symmet ry of the end plate t emperature i n order to 

reduce the convective l oases at the e dge of the endplates. 

Re fs r ences 

1 . J . Burt, P.P. Little, P,E. Stott, Plasma Physics ll, 189-193 
( 1%9), also CUlhlllll Laboratory Report CUt-R98. 

2. P.E . Stott , P.F. Litt le · and J. Burt, Proc. 3rd European 
Confer ence on Controlled Fus i on a nd Plal!llla Physics, Utrec ht, 
(1969) p.12s. 

3. N.I>.. Kr"all and H.N. Rosenbluth , Phys. Fluids !!, 1488-1503 (1965). 

4. P.H . Rutherford and E.A. Fz:ieman, Phys, Fluids..!Q, 1001-1016 ( 1961) 

S. D. Moshez: a nd F. Chen , Matt 691, Princeton Universi ty (1969). 



PINC HES 

HIGH ~ THEORY - A REVIEW OF PINCH PLASMA STABILITY+) 

by 

W. Grossmann 

INSTITUT FUR PLASMAPHYSIK 

8046 Garching b. MUnchen, Germany 

Abstract: This report attempts to outline progress towards under-

standing instabilities in high ~ plasmas and to compare theoreti-

cal results wherever possible with experiment . 

It is not feasible to review all high ~ instability investiga-

tions, in fact one would not even ,want to dOe'SO. We concentrate 

here on those instabilities which appear to be the most danger-

ous and which have either been identified in an experiment or are 

suspected to be present in an experimentally produced high P 

plasma. The particular instabilities discussed here are classi-

fied in the following categories: 1. unstable behavior due to 

lack of equilibrium, 2. mirror like instabilities, 3. long wave 

length Kruskal Shafranov modes, 4. tearing modes, and 5. rota-

tional instabilities. Most of these instabilities have impor- , 

tance for both straight and closed systems. The stability ana-

lysis for all the above mentioned instabilities was carried 

out for a straight system and one must use caution in applying 

the stability criteria to closed or toroidal systems. 

+)This work was performed as part of the joint research program 
between the Institut fUr Plasmaphysik , Garching and Euratom. 
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PINCHES 

RKOUImllENTS FOR THE STABILITY OF CYLINDRICAL AND TlJ lIl ml<1 PTIlCH DISCHARGES 

.y 

D. C. Robi n3on 

U .K .A.E . A., Culh(WI Lehorn.tory, Abingdon, Rerk~ ., England 

Ah ut .... ct; The e s~entia.l f"eature~ for a ~table diffuse pinch configumtion 

are derived f mm t he hydrocagnet i c ,, "" r gy prir,ciple. It is ~ho .. n that f'or 

sttlbility the p~tch (lengt h) must never possess !1 minimum and the ii;; (Le . 

avol'Bge ~ with respect to the lUCial current) must alwa,ys be less then 

unity. St:o.ble conf"i8l,rn.tions .. i th ~ " 4-0% exist wi :ti' I"CveI'!led axial field 

outside the p11l-'1ma p:rovided th r axial flux MS the 5ame s ic;n evel"JWhere. 

Without rield reve I'!la.l :!table cont'lg.trati ons wi th h. , 

po:! ~ible when currents n"" out ~ide the plasma. 

Introduction: Fnlm the hydraD!lgnetic energy PrinciPle(l) necess ary end 

suf'ficient corditions f'or s tability ca n be ob t alned . Here we shall eorudder 

th" non-localised disp1acEments or kink modes and obtain various ",""'lIeary 

condit i ons f'<>r stability. 

Pressure and Current Driven Ins t,'lhilitiea: The energ,' 1ntegrnl Can be 

wrltten , in r;i[ndriyel g\;,try , ] 

W(~) "'~J f\* J +gF! dr where 
o 

22 k 2rB2 

g '" 2k ~ 2 Tr + ~ 2 2 «kP + 1 )(kP(} + k
2

r2) + k
2

/ - 1) 
1 +kr (1 +kr) 

for m eo 1, where ~ em k o.re the displaCEment am II'l1verrumber, a the 

" radiue of the conducting wall, P being the pitch ---A , the other lIJ'"'bols 

" have their uouel meaning. ?he m!trl..mum potential energy availeb1e to drive 

en instability is given by the lo...,r b"und on g which is made up of a 

p:n!sllure gradient term 2':!l! and. a CUI'nlnt t erm - B;,rrm~. Current driven 
'T 

modell a re II tmnger f'or III = 1 . Ignoring the pN!e"ure gradient term -.ro IIee 

that the atohility for current dr:i11en llIodes can be detellllined. if the 

the pitch variation is knOlfn. Fig .l sho"," all po"dble claa" .. " of toroidal 

pitch variations if we includ~ 0. phch going to infinity mar ,,'I' on the ma. 

Chooaing a wavelength ani displacement IItI shown in Fig.l(b) and (d). then ae 

g cM al~ayS be llIade negative f'or these reston~ a.nd choosing E ""o.1l, 

~.~. I" 
enough the energy integrnl 

ill ,."gative and thenofore 

the configurations are 

UIB tftble. Fig. 1 (b) corres-

pOMa to a lineur TOKIUIAK 

configuration .mero m = 1 'I~.~ ,'1 ~~ I" ~ 

~ ~ . '''to," ,'00" "''' ... 00';' 
" r PiS.1 (. ~ y 

ill posllible And (d) to tl 

skin current or ordimry 

outer nogion. He nce configurations rlth a ~ in the pitch are always 

u~table (f'or ~ E O). Fig . l(a) Md (c) Can be stshlll, It" lI'e co~f.der 

Fig. l(C) ruxl ""elength \' aM "dillplaceme nt IL:l in (b), then a necesllRZY 

corrlition for IItshility , i.e. g ;. 0, is that P(r) ;. _ JE(p), where Per) 

is the pitch at the comucti ng lI'ell. A m"ro ",,"trictive neceesary cordition 

. J' for such 11 wavelength i s th<'l.t 0 g dr ;. O. Fig.2 3holl'll the .. axilll ..... de gree 

of' f'le1d reve r:'lal for s tability as n function of the c<mlprells lon ratio of 

the plallllla. I t oan be shown that t hi s condition i.B almost sufficient f'or 

such COnfigurn.tiOJlll ( 2) . Stable configura- - ----

tiOIlS of' thie cl""" are possible rl th 

about 4-0% f'or example see Fig. } . Type (0. ) 

can elso be stable but the re h a llinitlng 

11 obtdned by ccmbinins the SuyilBro crito rion 

wit h the condition! r" g d r ;. 0, whe re 
o " 

i a defined by kP(r,, ) = -1 . I nt egrnting W 

(Eq .(l) \ by parts with a lI'"venumb er ouch that 
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kP(,,) = -1, and then applying the corrlition {fl g dr ;. 0 g ivtl s the nec~s-
sary criterion for s tability 

- , J' .. here ~ i ll donned by the Rennet relation ~a I = 41< 0 r p dr . Applica-

tion of' thelle criteria to a dUTusa ecre" pi nch configuration, Fig.4-(a), 

give s the stabil i ty diagrom shoorn in Fi<:.4-(b) , where the maxi.ol ..... j3 is 

5%. It" an appreciable current floll's oubide the pL ... "", .. then s tability is 

poss ible for Il ' ~ up to about }O%. 

Currents belo .. the KnI~kll.l-Shaf"ranov Limit in Toroidal Geomet ry: Consider-

ing only the cylindrical energy integral, then for a pla1l!!l!1 with a vacuum 

out~r rep;1on l'l ~ 1. kink inlltabilities en! no 10Illl:er pOll :rlble II'hen 

q" ~ > 1(}) (R" L/2I< lI'here L i:! equivalent cylindricaJ. length) . , 
IIIlItabilitiell with m eo 2 o.re pOssible but very local in charc t er because g 

i~ only negaUn OVer a ~mall dietance , 6., given froIll (1) by 

• ~J!g_gI ~e 
qdr-qR~ 

r ~ 
'~a"2dr 

" 
whe .. lie 13 small then weak current driven im t abilities become possible , 

dependins upon the radial pitch variation. Such a localiaation is believed 

t o be the re'!Son II'hy the toroidal equivaJ.ent of' Suydwn fOlms a nece~sary ar.d 

.":;fnci ~nt cri t erion in a TOKAMAK, Le. q> 1 g i ves s tability to "Ul'lodes . 

H01mVer II l'Ie is smell rear the magnetic uxis it has been shown(4-) that 

q;. 1 ill 1l2i sufficient , the further :ro~irem~nt being f;;. O. 

~: The :! t abUity to current drivmimtabilitie" i8 deter.nined by 

the radial variation of" the pitch. CorditiOJlll are given which !thOIl' that 

limiting velue .. of' beta <>1' }O- !,.($ are obtainable .men the axial magretic 

field reve .... es rut llide the plasma Or II'hen then. am appreciBhle currents 

slmrtIl8 in that region. 

" .. .. -,. 

.... ,'",'-. 

F." 't-. 

(1) BeI'Il3tein, LB . et el . Proc. Ray. Soc . A244- (1956) 17. 

(2) Robinson, D.C. t o be pUblished . 

(j) Shafranov, V. D. Zh. Tech. Ph . 40 , 241 (1970) . 

(4-) Robi11:l0n , D.C . Dubna Confanmce on Toroidal COnf"in6llent Systems, 
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EX PERIME ,~TS W TH A L NEAR 

et - 1) - H I 0 H - BET A - S rE L L A RAT 0 R +) 

by 

~1. Kaufmarm . E . FUnfer . W. Lotz, J. Neuhauser 

INSTITUT FUR PLA SMAPHYSIK 
0- 8046 Oarch!ng bet MUnchen, Germany 

Abstract : 'nlts paper descri bes a 11 nelr (l . l)-Stc l l arator ex­

periment with a hellcally shaped coll, preparatory to a future 

toroldal experiment with a major diameter of 2.7 m. Stability 

Is found to be comparable wi t h a pure UnCAl" theta- p inch o r With 

an (£ .. 1 )-SLellarlltor usln" a pai r of conductor-s o 

Recent theorettcal work suggests stable cquillbrla for a to­

ro idal (1 .. 1 )-Stella1'ator with high betu . I -}) In order to sepll.-

rate the prOblems of stabi l ity and equilibrium, we tried to test 

possible taratdsl configurations by dOirig linear experiment.s 

with a pair of helical conductors . 4 ) l n this paper we describe 

e Xperiments wi th a straight {l~l)-Stellarator wher~ the magnetic 

surfaces are formed by a helically s h aped coll (.E:!.B.:.......) instead 

of toe paJr of he lical conductors . Por technical r easons , a 

shaped co11 wou ld be 1T.0re convenient than helical c onductors. 

The inner s urface of this coil is not cxact l y helical but is 

approximated by excentric cylinder~ of 23 cm diame ter and 3 cm 

width . The period length is 60 cm, 9 periods fitting within the 

coll l ength of 5 . 4 m. The amplitude o f the helLx Is 1.5 cm, the 

rotational transform 10 vacuum is 0.01 per period . 

.E!.f5.:......g shows stereoscopic smear-camera pictures o f a dis­

char ge in 10 mTorr of Deuterium at a bank- energy of 1.5 MJ . Af_ 

ter about 14 ;US we see the onset of instabilities, which is 

wlthin a few microseconds the s ame onsct - tl.rr.c that we observe in 

a straight theta_pinch o f eQual parameters. ~ shotls tonat 

with 3 ;r; added oxygen lnstabilltlea set in much earllf'r, an cf­

feet which we observed in the stralght the tu_pinch as well but 

do not understand yet. E!.K:....! shows stereoscopic pictures of a 

discharge In 40 mTorr at 0 . 5 MJ (low impurity level). 

, --,.,. 
" 

xt 

Plg . 2 

Pig . 

a 

b 

Pig . 3 Flg. '" 
a) 0 . 2 % ~'.~ purltles 
b) 3 % oxygero 

10 ~s 

The dlsplacements of the plasma to be seen In Fi g . 2 a re re_ 

solved (Slightly smoothed) in.E..!.B..:....2 In a plane perpendi cul ar 

to the axis . It turns out that the plnsma tends to drift into 

the equilibr ium position near the magne ti c axis at x .. 0 , ." • 

15 nrn off the axis 

of t he vacuum ves -

se l. ThIs 15 sho ... 'Tl 

mo:-e clearly 1n 

.E!&.....§. as position 

y vcrouc time . Thll 

Figures shown are 

only example s for 

a typical set of 

parameters . Chang~ 

ing the parameters 

does not bIter the 

overall behaviour 

of the pla:oma. 

In cont rast to 

o ur experiments with 

a pair of hellcal 

conductors , .... e 

were oot abl e to 

vary t he t ime 

difference bet-

ween the main 

field and the he­

Heal field. I!) 

- 5 

15 

" .. 
10 

5 

o 5 x [mml 

Fig , 5 

15 

Fig. 6 

t {liS] 

But , obviously , this turns out not to be essential for success -

ful experiments. 

The parameters of the experiments were: bank e nergy up to 

2 . 6 "IJ, bank voltage up to ;10 kV, magnetic field up to J I kG . 

"lse time (quarter cycle) 7 or 9 f1s , co11 length 5 .4 m, inner 

coil diameter 23 cm , i nner vacuum - vessel diamete r 10 cm , tem­

pera tures between 20 and 500 eV, densities Detween 1016 and 

1017 per cm3 . 

At the tim~ of completion of thls pape r we dlsplaced the 

vacuum vessel ou t of the axls of symmetr y of the coil , In order 

to test the re storing forces that shOUld be present after the 

ini tial implOSion. 

Refe ren ces : 

l:' H. Grad , H. Weitzner, Phya. Fluids g , 1725 (1969) . 

2) J . NUhrenberg , Rep. IPP 6/77 . Institut fUr Pla smaphyslk , 

Garching b. NUnchen (i969) . 

3) J .P. Freic1'11'g , B.M. ;·1ardel· , Rep. LA - DC-11350, Los Alamos 

SCientific Laboratory, Los Alamos, N . ~\. ( 1970) . 

4) 14 . Kauff'lcnn , E. FUnfer , J. J unker . J . Neuhause r , Bull , Am. 

Phys . Soc . li, 1037 (1969) . 

+) 1'h l a w()rk ",as perfo rmed !is Pf.rt of the joint research pr o ­

gram o f the Instltut fUr Plasmaphysik and Euratom . 

39 



PI NCHES 

lIeU" ... l Equilibrium a nd Stability Experiments in 0 
3-Meter Linear Theta Pinch 

0, 
W. E. Quilln, F. L. Rib", and R. E . Siemon 

Loa Alamo8 Scientific Lahoratory . University of California 
Los Alamo6, New Mexico 87544 USA 

Abstnct: Helical t .. 1 fields on a high - ~ plasma column are observed t" 

produce ... helica l equilibrium and to induce la currents in the plasma. The 

1 instability gr"",th rates arc reduced by applied I
z 

currents . 

It may be possible to use helical fields to contain a t o roidal hig h- P 

plasma column. (1] The J. .. 1 system [2 - 6], has be"n found theorettcallJ to 

have the most favorable otahility properties against the predominant m .. 1 

press ion coil and 8. 120- lJ.Sec 

"""""bar [Bz (max) .. 60 kG]. Ex-

perilllents with added helical L .. 

1 fields have been carried out 

in p..-eparation fo..- the ScyUac 

toroidal theta- pinch experiment 

[a) . 

Case I - Operation Without 
Helical Fields With a coil of 

unifot"m innet" diametet" (10.5 ClO) 

Scylla IV-l pt"oduces a stable 

plasma as indicated by the stt"em 

photographs of Fig. 1. Filling 

with 10-mtorr deuterium and no 

bias field gives a peak density 

of 3 )( 1016 c",-3 (interferogram) 

and ion temperature of about 1.0 

keV (neutrons) . A rotating m .. 1 

~ -' ", ,~ . 

1,1 

Fig .I. Operation wi thout Helical F ields 

RETURN CABLES ,'"",~~ FOR LONGlTIJOINAL STREAK CM£RAS ' 

~g"§"~:~A~_2.~~:~~O~"~i"'~U6~F~E~~'§: ~~~ 
~~~eTROOES COMP&~CSION •• ~ ~ 

TO CAPACITOR 
SANK FOR 

LONGITUDINAL 
CURRENT 

Fig. 2. Diagra.,. of t .. 1 coil arrangement with end electt"odes 

displacement with a n amplitude which varies between discha.gell (Fig. 1) sets 

in after IIn Alfv~n tuns it time of 5.0 ).lscc and is thought to be due to the 

onset of plas""" rotation ( 9] ..-esulting fran end-shorting. [10] 

Case Il - Super:lJnpolled Helicsl Fields and Opposing Current I z (Shorted End 

Electrodes) An t .. 1 field , 9 periods long, with s wnvelength of 30 cm was 

lnt.oduced by shaping the inner surface of the compression cDll, using heli­

cal growes of rectangulat" crOS3 section (1.6-clO deep) S5 shown schemati-

cally in Fig . 2 . Except for the different coil and extetnally shorted end 

electrodes to observe plasma-induced I
z

' the theta pinch was operated under 

the &allle conditions as Case I and gave results shown by the streak phota-

graphs in Fig. lA. The calumn m<rlles quickly sideways on cvery discharge and 

hit! the ",all 2.2 :1: 0 . 5 ).laec after the sta rt af th~ main field (gr"",th ra t e 

y, .. l.O:l: 0.4 MHz). The abserved I
z 

18 interpreted as An a"tal curre'!t 

arising because af the plasma's high conductivity, which oppases the cstab-

Ihhment af a rotational transfarlll cha..-acterietic af the helical eqUilibrium 

[11]. I
z 

appase,. 11. rotational transfaml whase direction corresponds to the 

vacuum fields of the right-handed helix. 

Case III - Superimposed Helical Fields with Applied I z In arder ta embed 

the rotational transfoml in the bady af the plasma, I z was genersted by a 

40 

" 
I, 

• 

... 0 

19<A/ClV 

Fig. 3. OperaUan "'i th HeHcal Fi~ ld& . Case. 11 (A) and Case III (B and C) 

separate capacitar circuit ",hich applied a current as shlMn in Figs. 3B and 

le. A naticeable imprwemcnt in stability vas observed, which depended 

critically upan the timing of It rela tive ta B
z

' its magnitude, and the 

wavefanll of I
z 

(although not its sign). The mare stable canditian shown in 

Fig. 3B Cy, .. 0 . 6:1: 0.1 HHz) required that I
z 

reach its peak at the initia­

tian af B
z 

and then qu i ckly return ta zera. With a ~-period g.oove in the 

centH porHan af the 3 - mcter can, applied I
z 

stabilized the plaoma . 

Figure lC shows the stable configuration resulting from s small bias 

field, Bo .. + 0.5 kG. We conjecture that in this case the transform ia 

embcdded by the biss field befare the implosion, as is borne out by the 

abservation that the appasing It (observed with shorted end-electrodes) is 

one - half that of Case n . 

By means of end-an holographic interferograma [7) the integrated den­

sity J nedZ was IOeasured at peak field as shown in Fig . 4 . Case Ill, which 

corresponds ta Fig. 3B , gives char evidence for the helical equilibriuno 

(streak phatogrsphs show a 1 .3 - cm colwnn). Csse II (no I
z

) is Int.,,;mediate 

with a smaller helical displacement, while Case I (na helical groove) has 

none. All profiles show conservation of deuterons tram th'e filling pressure 

of 10-12 mtorr. In Case III both the tractional helicd distortion 

(1':0 "" 1.3) and the growth 
In. dl (FRINGES) lQ 

rate (y, - 0 . 6 Mllz) agree 

ressonably well with the 

theory. [3,4J. 

'.0 

Fig . 4 PraHles af Jnedz 
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THE m:O TEARINO-MODE INSTABILITY IN A LINEAR THETA PINCH WITH 

TRAPPED REVERSE MAGNETIC FIELD 

L. K<Snen, P. Noll, P. Waelbroeck a nd H. Witulski 

Institut fUr Plasmaphysik , KPA- EURATOM Assoziation , JUlich, Germany 

Introduction . The stability of a current shesth has been investi­

gated in s everal experiments 11 - 5/. In some casea 12 ,31 the plas ­

ma behaviour is in disagreement with predictions for the reais ­

tive tearingmode instability 16 ,7, 8 , 9/. In our previous experi­

ments 14/, the stability of coll i s i onal theta pinc h plasmas with 

trapped reverse magnetic flt:l<l wall IILLlllit:d in a coil of t o.!; cm 

diameter and 120 cm ,length . The ~rowth rates of the m :: 0 mode 

were obaerved to be about two times fa ster than expected; it was 

not possible to vary t he plasma radius a sul'ficiently t o derive 

experimental scaling laws. In the following we p r esent new re­

sult s obt ained in a coil of 21 cm diameter and 120 cm length. 

Experimental details. Deuterium gas was preheated by a low ener­

gy theta discharge a nd permeated by a $lowly rising magnetic bias 

fie ld Ba, and then compre8sed by a magnetic l'ield of opposite 

polari ty . I n most experiments we had Bmax 28 kG, 't:/~ ~ 10. 5/usec , 

"t"l/e~ 300 / usec after crow- bar at Bmax 

The plasma e volution was followed by simultaneous streak pictures 

made at 8 window8 i n the central regi on of the coil (spacing 8 cm) 

a nd by measuremer.t of the diamagnetism A4J along the axis with 16 

compensated magnetic loops . The average electron temperature Te 

was derived from X- ray absorption measurements and from the 

occurence of impurity line s . The radial distribution of the mag­

netic field in the midplane z :: 0 was measured by a magnetic 

probe o f 2 mm outer diameter. 

Experimental results . Pure m :: 0 modes g rowing to large amplitu ­

des were observed for example for Po :: 50 mTorr and Bo :: - 600 O. 

Shortly a fter the start·of the main disc harge the plasma ia 

essentially homogeneous ( ~/h .. O) in the central coil region. 

After t :: ~ - 5/usec the plasma constricts radially at two axial 

positions . The growth time and the axial wavelength of this 

m: ° instability a re, reap.,'C: 3,usec andJl.:::.33 cm . r iB deri­

ved , indepe ndent ly tram the relative perturbation lV or A~ 

(see f ig . 1a, "t"' ~ 3.1/usec) and from the relat iVe perturbation 

!r1l 2 of the halfwi dth r l 12 (z , t) of the radiation profile 

( 't" = 3! l / use c) .ir, is defined by 1-2d"'lIIin/(A",+d~J.) where 

drpmin is measured at t he position or a constriction and .af>,, 2. 
arp the neighboured maxima' &~/2 is analogously defined . At 

t = ~/usec , the beginning 0; the instabi lity, we have 

Te 90 eV, Be :: ~5 kG, h e = 3 x 1016 cm- 3 at the B : 0 neutral 

zone assuming Ti : Te ' and a B( r) pro tile as g iven in fig. lb. 

0,' ' ,0 • 0 
• 0 • 

0,' • ? 

, 
• 0 

0,' ~ 

" 

Co, Cb) 

Fi~ . 1 (a) relat ive perturbation JV( t ) of the d i amagnetic signal 
d~ for ~ discharges wi th Po = 50 mTorr, B = - 600 G.4V:: 1 
corre sponds to a complete constriction a ~ g . End e ffect s are ex ­
pected to play a role after about 8 usec. 
(b) B(r) at t :: ~ usec. Curve 1; frbm magnetic probe at z = 0 
(open circles), c~rve 2: average from Abel inversion of liaht 
profiles at z :: - B, 0 , +8 cm, whereby we assumed <lT~ {3 r .. iJTdiJr - o. 

It should be remarkpd thst strong d e viations from axisymmetry 

( m ~ 1 modes) occur when Bo>1 kG a nd that the amplitude of the 

41 

m = 0 modes is usually small when Po!!:. 30 mTorr . 

Discussion. ~ and "" can be compared with theoretical predictions 

f or the res istive tearing- mode instability 16 , 7 , 8 , 9/ . !lumerical 

calc ulations for an illlcompressible axisymrnetric fluid mOdel have 

been perfonned by Kal eck 14/ . When B(1') is parabolic with a smooth 

transition to the outer r egion Be snd -B( 0)/Be"0 .5 · ... I , the 

g rowth time 't"m of the fastest growing m = 0 mode and the corr es­

ponding axial wavelength 11 can be fitted by. resp ., 
't" = 0 .58 s1.117 T O ' ~~IUS:c and A : 7 . 3 s1.16 T 0.32 cm. The 

m erne dB 
characteristic thickness of the current sheath s :: Be/{ a;)a_o i s 

in Cll , Te is in eV , classical resistivity transverse to a s trong 

magnetic field is assumed. 

In the previous experiments with a 10 . 5 cm coil B(r) was deduced 

from light profiles only and approximated within the limits of 

error by a parabola. The result't: mot2't""ObS csn possibly be 

attributed to an overestimation of the skinl ayer s. 

In the 21 cm co il the plasma radius is about two times larger 

than;:the smalle r coil s nd the initial unpertubed per iod lasts 

longer. For t his reason is was posaible to obtain mor e accurate 

light profiles and to U8e a magnetic probe as a second i ndepen­

d e nt me thod, Le. t o determine B(r) with better accur acy . Fig . lb 

shows that both methods yield approximately the same B(r) - pro­

files. B( r ) cannot be approximated by a parabolic distribu tion 

which fits B(r) at I' = ° and 1': a ( = 2 . 6 cm) , the current is 

strongly concentrated in a relative l y narrow sheath . Using the 

above mentioned formuls s (Le. an osculating parabolic fit at 

1'0 where B ~ 0) we obtain 't" m: 2.S / usec and 71 III = 23 cm. 'f""m is 

in good sgreement with' t h e experlmental vaiue, the value o f i\ III 

is probably not of much signifi cance since the minimum of the 

cOlllputed or(") relatioMhip ia broad. The error c aused by t he 

dev iation of the applied fit from B(r) in the centra l r egion 

1' :0:. 0 is estimated to be unimportant; the discontinuity 

d'. tyoY,J. -(,/,'/",,)_ of the f ield pertUrbation calculated f or the 

applied parabolic B(r) distribution increuea only by about 10% 

when the parsbo la is cut- off by a flat bottom B = const. Which 

fit s the experimental B(r) near I' = O. Theoretically ,tJ.' ShOUld 
scale as 6' - ~/5 17/ . 

Par t < 4
/
usec the radial oacillationa resulting from the implo ­

sion are rathe r large i n amplitude. The fact that l ong wavelength 

m :: 0 modes grow only aftertA::~/u8ec may be attributed to scce­

leration effect s /7/; from the obeerved oscillation amplitudes 

we estimate for the gravitational term G,t O. 1 for t<4 / usec. 

Thus, the condition 0 5215< 1 f or purely growing tearing modes 

11 pouibly violated (S -'tft / t""H QI 3000 is the ratio the r esistive 

diffusion time to the hydromagnetic transit time) . 

Conc lllsion . The growth t illle o f the Observed m : 0 instabilities 

are in good agreement with values predicted for the resistive 

tearing- mode o n the basis of a simplified model. 

The authors thank Dr. H. Kever for use ful discussions on theore­

tical a s pect s and Mr. O. Giesen f or his help i n t he evaluation 

ot the light profiles. The assistsnce of Mr . J. Schwarz during 

the experiment 8 la grat e rully acknowledged • 
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THE INITIAL 3EHAVIOUR OFl1'OROIDAL DISClIARG:';S l'lITrl PARALLEL MAGNETIC FnLD 

by 

c. ,,, .. ;,,/ , W.R. Ell,,' .,,' A. A. , •• ",,' 

I Ccntro G.." Ioniz:ati C.N. R. - Uni"e""ita di PodDva, Italy 

LOll Umo" Scientific Laboratory, New lIexico, U.S . A. 

U. K. A. E.A . , Culllano t.Ei>or.tDry, Abi~Drt, Ber1c.lI ., Bnpand. 

In. stucl,y €If preiDnization by the "cu...ent tmppinS" teehni'lue(l) 

the experimentally detol'lllined tiJn ~s for current gTOffth lIuggest 11 two stll<'!e 

multiplicetion proceu. Rellulh in 112 nnd D2 et 10 to 40 mt orr in parnUel 

fblds , 4 kG are presented IInd diacull"ed . 

Introduction: Jlell3u.-entB of bre.kdoorn heye been lIade at CUlha. in 11 quartz 

vacuUII v"ssd €If 32 <lit lIajor radius, 4 <lit .,inor rlldius with. IIUp"ri.llposed 

quasi-shady ""l9"etic field, 8, parall .. l to the cin:ulllr axill . An al .... ini ... 

shell SUI'TOUnds the veuel canying a "urn'"t p~mllel to 8 driven by 11 

VOltat\fI Vet) " V sin (21<t!T), applie d .cross a cut in the IIhell (T " 7 /1lIe,,). 

Purin!! tho first lIlic l'!:lnoond an alditional decaying high fre'luoncy valtage 

< .i 10% V due to cirwit transienh h elsD prellent . IIDre detail is glven 

in ... ference( 1) . 

Two electric field c .. pon.lITh sre pre"ent: an in;luced E,(t) am a 

conserv .. tive Es( t) in the ",sion of tho yoltagl! ffledpoint". The latter ha" 

been reduced by a gu.rd rina illll1de the shell. In """,e cuu a t'urthtlr 

reduction ill made by CDveMne: the vessel wHh • r""h tive IIIIIhrbl (250 II/e ) 

evuywhere e :o:cept at puapi~ pOrh. It .. responsa t1me (evaluated by the 

,.ethod of referenc .. (2)) is • faw hn3 of nllec . 

The breakdown time, "", ia defined lI5 the inteMal between applyi~ 

V at t = 0 and the 3udden MSe of current in the ps Is' ahich is taken, 

for consi3bmey, &:I the time when It: ..... ches 3 kAIIps. Value" of "I h ..... e 

been lIeuurec! for various B, V and pressures , p , rlth and without I'Baistiva 

scre .. ni~ for both t:.llaa. 

FifI)Jre 1 ehDQ "" plotted aga il'l:'lt B
z 

for p s 21 mtorr H2 

II.t three values of VII; typlclll r e:allh for the reshtive IIcraen .ra 

~I 

II.! p:21 ..... - .-...- ...... 
- .. i\Io'*'"scr ... 

i ncluded . 'l'h .. affect of vaMatiOJUI 

in p is ahown in J'i&,TO 2 . Por low 

valuu of "" th .. product (pt) 111 

apPl'!:lximately constant for fixed V, 8 

00 

BOtvouss) ".Z 
but when "" - t (V " 0) pf'flcile valuell of " are ha rd to lIeuure . 

~: Since dUMnll t the electric fielda v ary with time .. e dhcuslI 

only d"ta wi th "" ~ 1 I-'sec. Aa B ls increased from uro " falls fra!! 

"0 tD a mln.1mum "",.in ' Thi8 is intervreted all a r eduction €If electron 10"3 

to the wall" {e . g . see (}» and can be represe nted by 

t-
I 

oc ~ [ 1 - aD/~(1 + ~~/~~)J 
when. v is the !!l'01Ith r ate of ioniz.tiDn without l OSa9a(l), lo. 

dift'udon cDefficient ehen 8 = 0 , "be is the electl'!:ln gyro fl'llquency, 

~.,. ia the tDtal electron .... olecule collision rate, b is the ratiD of ion 

and electron 1Il0bility(/o.) , and a is I!. ge CQll!trical factor. Por H2 

~ em = 5 '1 09 p sec- 1 and b z 1/40(5) . In figure 3 nlllults an. com ... nld .. ith 

equation (1) am agnlnent CIll'I be obtained with aD/v - 0.5 it> 0 . 6. With the 

resistive SCreen "I = t llin when B = 0 su~stina that radial cOlllpOnents of 

Ea .m r asponsible for the llli>ove loaae" . 
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.21 mtorrHz VH,28kV 
x40 28 kV 
021 35 kV 

-- Th. ory ~ • O'S 
_ ... Theory ~ : 0·6 

1'0 a • 18 kV 

o 
:-!: • 

x 
o 

• • o 

[:::

x ~ 0, 28 kV 

~ ---+---""0 : 
0~10-----~10~----~~IOr-----'10~'----~I05 

(~bY..m)' 

Slnce "lIin is n:>Ug~ 1111ependent of scrcenit16 and (p1') '" COnstlUlt, 

we infer that "adn is detemined Jla1nly by vallDe proceuu. Then the 

aleotron deMity at b",akdoom, Ib' is rel atlld to. the init:l.al elect",n den­

sity , no ' by 'b = nD exp(!3"min) , wh ere ~ is the iDniZetiO)n mh. Extra­

polatint: mlllUlured value~ of electron drift vel..Ocity(6) tD our S/p We 

eetiallte "b - 1012 "",-3 when I
z

" 3 tl . Usin./lirnD1m valun of 1\(7) \Ire 

find no - 106 to) 101 eII - } . 

!hi" initial denaity lIust be produced in time" «'t. Ona pG8"iblo 

fast lIe"hB.ni_ is iDn irduced UCDm. 1Y Sl1II"iO)n from the walle "hich can 

DCCur it' the elect"''''' do nDt 5C",,,n I " fro", the """,nl(8) (1.e . it' 

no < 10
8 

"",- }) . TIle radial cDUlp'mont €If E,l - 10} V/ClIl is ouffiolont far 

this llIech.niall . The electron~ liber ated pmduce 1Il0ra iOM by oDllilllon and 

the e:eneration time is dete .... ined by the ion motiDII . The IIt!comary "",1s~i"" 

coeffiCient , y, is thousht to be 1n the m"8111 tD 10(8). After" 6'3"",u,· 

HaIlS the e lectron danai1;y 111 increased by ,-I (ead _ l )tl who... 0. i.s t~..(i 

first Townaend "Dllff1clent and d 13 the distance travelled by the electmu_ 

At high B/p the ""luo of D is .. eakly dapen:!ent on I/p alii Cl - lOp for 

tl
2

• We estill.te a geoenltion time c>f 20 n5eC .t 20 IPtcrr 50 that 3ubstlll'l­

ual multiplicatiDn ill pOallible within thll screen responall time. 

The rate €If this pl'!:lcen increuea with V an:! deora8llell wi t h B. In 

the latter casa the ions are prnented fmm reachillfj the wll becauMl B 

limit.. the ,..,plitud .. €It' their OyciDidal 1I0tiDn to lIi E.jB2 . On this .ode1 

" increues when B uc .. eds • cri t1cal value ·which is an increaai~ f\lnct!.cr: 

of P.'; and 111 ' 'nIe effect of the raaiative .. creen (see PiS.i) can b e inter' 

preted i n a aimilar manner . 

E"sentially tha SBIDe behaviour h observed in douteriU1l but with an 

errntic ShDt tD .. hot variotion superimposed. The inl'luonoo €If iDn OIIII:IS 8t. 

large B i s seen "hen .veraged values of " for the twa $15011 at'\! ccaps:.....]. 

~: We infer thB.t currant ./ITDWS in two distinct phues; i nitially 

by ion induccd wall !ll!condary eaiuion driven by the eDnservative eleotric 

tields , .nd aubsequenUy by vol. .. o proc:esa .. s due to currents driven by tN 

1n:!uoed eleetric fiald . Large valUell de axial field inhibit the fint pr ,.. 

CIIIIII by liJIit:l.ns the iDn lIotion alii s .... ll values 01' arial field aid the 

lIeoond pr""'ea" by r educing eleotron 10811 to the wall . 

It is a plelUlure to acknowledge L. Pirth and M. Ilolloaay for "", .. i~t-

anee in the 18bDmtDry. 

(1) W. R. Ellis. CUlh .... LabDratory Report GLY - PR 12 p.B.5t. 

(2) 1l. R. Barrault , J. II"C.rt/lll . 8rlt . J.Appl.Phr . .!§:, 1532 (1%5) . 

(,) D.J . Ruse , 11 . Claril:. Plaaaaa end Contrnlled Fusion . Ch.4.7 -

II . I.T. Press (1961 ) . 

(4) S.C . BrGlfn. Introduction to Electrical Dischargea in Gasee . Ch.4. , 

Wney (1966). 

(5) H. Beerwald. Julich Rep., Jul 460 PF( 1%7) also C'l'O/444. 

(6) H. Schlumbo ..... . Z. f'hysik, ~, 317 (1<)65). 

(7) I . Gflrll"oy, G.W. Stuanl . Phrll . Fluids • .}: 1006 (1960). 

(B) A. VDn Engul. IDnized Gases. Ch.}. B. OxfDm Uni" . PTaU (1%5) . 
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Pceionization Studies fo r To t oidal Hiqh-Seta-Experim",nt,t) 

by 

A. Eherhaqen 

I na t it u t tUr P laamaphysik. Garching. German y 

J\hotract: Pre i o niz""tion i, achieved in t a eoidal geometry by l.n ­

duced a:dmuthal curr ent • • Favourable breakdown propertie s down 

to fHlinq preB s ures o f J mTorr 02 and suitable preionization 

pl asmas we t'e established by application of a cf- pred i schllrge and 

Buperposition of s mall azimut hal magnet i c tields .... ith only 10 kV 

potential diffe!:ence IIromd the 2 mete r long torus circumference. 

I n the pres ent studies preionization o f deutel:l.um was investi­

gated in toroidll1 geometry for subsequent high-P experiments. 1\ 

t oruB vess e l with 11 majo r radius R - 30 cm and a sm.aller radius 

r ~ S cm WIIS used . It ""S S s urrounded by a 1 mm thiCK copper shell. 

which was t o .imulate the current leads in case of a toroidal 

high-energy I!xper iment. The preionizat ion of the gas wa s ilchir:ved 

by az imuthal currents which ~re induced inside the t o rus by pri­

mary current. ( Iz-cur rent s) in two current belts. These two belt. 

encirc led the circumference of the torus outside the copper shell 

on the outer and the inner major radius. respectively. Shortening 

o f induced curren t. in the copper .hel l was prevented by corre. ­

p ond ing insulated s lit •. The pr imary lz-currents in the belt. 

.... ere lIupplied by a bank of 16 Kvolt. charging voltage, .... hich cor­

respond. to 10 Kvolts p o tential difference along the 200 em long 

belt t! around the torus . This rellltively low value was chosen to 

reduce the d!'lnger of adverse coupling of the preionization cir­

cuit to sub.l!quent d i scharge circuits. The quartl!r period used 

WllS corr espo ndingly r e latively long. It hlld a value of 10 1.ISI!C 

and enllhled . u f ficient breakdown in the same quarter per i od with 

delllytimes o f up to 7 1.I.ec. In lIddition to the induced currents 

azimuthlll mllqnetic field. of up to 5 kGauss could be generated 

i n sidl! the torus by .eparate meridional windings and the corre. ­

ponding Bz-bank. Pinally,it was possible to investigate the 

breakdown behav iour of deuterium i n the presence of a prl!ceding 

B-HHz-r f-pr l!di.charge . It was coupled into t he torus by B pairs 

Of loq>s aro und the I!II.aller diSllleter of the torus vesllel. ""'ich 

were equidistantly distributed along its circumference . The 

aVl!rage peak t o peak voltage of these rf-oscillations waa 10 kV. 

A) Breakdown properties of the toroidal di$charges . 

The diatribut ion of the electric fields inside the torua veaael 

before breakdown corresponds to the equivalent situation in the 

thetapinch geometry, whiCh waa diacussed. e.g.,by Chodura et al. 

ll). I t r esults from the superpos ltion of the curl-field due to 

the increasing lz-currents and of the e lectric potential field 

from the charges on the aur f ace of the electric lead outside the 

tor us veaae l, which in the present arrangement is the copper 

shell rather than the current b e l ts . The azimuthal curl- field 

contribution, which provides 11 longer p ath for the charges in­

side the torua for further ionization, is establi$hed only after 

the p otential fi e ld is screened on the inner vessel s urface by 

charge carr iers initially formed. 

The brl!akdown characteristics of the discharges investi9at e d, 

Le. the rrlationship between deuterilllll fi ll ing preasure Po 

(lIITorr) a nd delay tl.me .0. t (lIsec) between start o t the I -cur-• 
rent a and actual bre akdown, are s ummarized to a fir s t appro-

ximation by t he relationshi p: 

Po ~ t • const. 

In t hi s represe ntat ion any cor­

r action i s omitted s uch a. pro­

posed by Maleaani and Nevton(2) . 

The experimental results are s hown 

in the diagram. The plotted values 

connected by the solid line r e fer 

to the case where n o r f - predi. ­

charge -..as applied. They i ndicate: 

(i) The hyperbolic reiationahip 

Cited givea a suitable represe n­

tation of the r esults. which were 

obtained f or f illing pressurea 

f rom SO mTorr o n downwards . 

o 
o 

B. 
." 

(ii) At compl ete absence o f superimposed magneti c fie lds brea1c­

d:;,wn .... ith delay times b.. t ~7 lIsec could only b e achieved for 

fil ling pres sures po,..15 lnTorr . 

(Hi) Applic a tion of small Bz-Hclds illOProved the breakdown be­

haviour cOfl"iderllhly: At Bz • 700 Gauaa bre alotdown occured for 

po~ ) m'l' o rr D2' This can be understood from an ~tended pre­

sence o f accelerated charge carrier s inside t"e tocus volume 

be f o re they are lost for ionization proce sses by wall contact . 

(tv) .... t higher Bz-fields the breakdown behaviour worsened a gain . 

Thi s is a t tributed to the fact that &creening of the electric 

puttmLial fi eld on the inner vc <>"el I>urfac .. by chlLl' 'l'' cll.rrie rs 

i s increllsingl y impeded by the higher az i muthal Bz-fields . 

Alao shown in the diagram are some result s where the dischsrge 

wal preceded by the 8-MJ-lz-rf of 10 lISec duration. }\ subatantia l 

irr;>rovement was observed in this situation, e.g . even in the ab­

sence o f any Bz-held breakdown did now occur for p~ mTorr . 

The duration of the rf-predischarge h ... d only a minor effect o n 

thi s improve~nt when longer than 2 ~sec. The ai~le hyperbolic 

relatio nship cited, however. is no longer valid: At h igher fil ­

ling prea.uces breakdown occured together with the start o f the 

I
z
-current15. whereas at low po-values breakdown rapidly failed . 

Since only small amounts of impurities were found lib'l'rated by 

the r f -discharge the observed improve~t in the breakdown pro­

per ti e s is interpreted as an enhanced screening of the poten­

tial fie l d by additional chargea formed in the r f-o.ci llations. 

B. Properties of the toroidal preionization pl •• ~a8. 

Without sup erimposed Bz-fields the plas~a was COMpre.sed after 

breakdown to ... current channel of about 2 cm di8lll.ter whi ch be­

c llIIIe unstable after 2 ,"sec. "ft e r this moment the impurity l e­

vel rapidly exceeded valuea of 1 '111 . In order to avoid this unde­

sired behaviour of the plasma two measures have bl!en taken : 

(i) A crowbar in the primary Iz-current circuit I paec after 

achieved brellkdown provided a limitation of the rapidly irlcrea .. 

eing plasnla current to value. between 15 and 20 ltA!IIpa. 

(ii) A. Wil8 indicilted already, it .... as trie d to reach a atable 

equilibrium position of the toroidal preionization pIa ... by 

supecpo.ition of azimuthal maqnetic f ields. 
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PrObe IMlasurements of the B
z

- a.nd Be- fie ld. in the plaalll&. gave 

evidence that even small aupl!rirnposad field. of Bz - 400 Gaus. 

were suffic ient to attain a stable plasm ... in the toru s when the 

croWbar in the primary lz-circuit w ... s used . In this caae the 

plasma current {la..Ied fairly hO\tlOgeneou.ly seroas about 2/3 of 

the diameter of the discharge vessel !II uch that t he copper wall s 

could support stabilization of the toroidal p l tlsllli!! coluran. The 

ionization degree achieved was derived from the Dj3 (4B6O) - l i ne 

profile and was found to ·be 0(. • 0.1 at 15 1.Isec after brealcdown 

for po · 15 lIITorr . The plasma t e ll'perature waa then eatimated to 

be below 1 eV from the e lectron dena ity values obtained and fr an 

the llhaolute intensity of the n{J- line. The impurity level from 

carbon and oxygen contaminations ........ of the o r der of 0. 1 " . App­

lication of a preceding B-MHz-r f predischarge did not alter the 

above findings, ~cept that the inlpurity level increa.ed to 

about 0 .2 " at 5 1.ISec rf-duration and 0 . 8 " at 20 ".ec rf- dura­

tion. 

(1.) chodura,R., K .. ilhack .. r.M .. Za. N"turf. lli. 977 (1962) 

(2 ) Maleaani.G., Newton," .A . • Paper on this confarence (1970) 

+)Thia work .... aa perfoCllll!d as part of the joint re.earch program 
between the Inst itut fUr Pla8~aphysiK, Garching and £urate. . 
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PINCHES 

J10tl_J,I :r£IIR {IN):;1'.\BIJ.ITY '.r~~~O~Y 0 .. n;ICH . 
hy 

1l,K.Callebaut 

In~titllut vaar Nukll'1ail'e Wotenschapp8n 

Ri.:! ksuni verai tei t I Proe ftllinstr ohlt , 40 . Gent. Delllium. D- 9000 . 

~.'l'hO oscillation and infltubiliti6s of 11. mhd pinc!~re 

studied to s econd ol'd ,· r in t !lI:1 ttml,litnde of the perturbation. 

The st.:.bil1ty cri t i ria o l t he liMur theory .. re not . di-roetly 

affected . Limit s for t he linfl ... r tlh ory d!Jpc&r;::li n " ularitiN' in 

the second order coeffic ient do occar. 

I . Introducti on . The' method ~or :.; tu cl ¥ill~ 1'illl~" p"r~urbat10n8 io­

vesti&-'t c d exteneivelr by the li'!thor for liquid ,pl"slIa and gra­

vitational cylinder s! 2 )i9 exposed here f Ol' 11 simple pinch . The 

aim is to trsut the non-linear beJlaviour ,t o look for the influon-

00 0r¥he stability cr1ti1'1u , to oc't li:aitG on the linear the ory 

and to huve a (luidine model i n t h. study ot dynarnic st&bi11ty . 

2 • ..!.!2.!!!.!.At equllibri:um th;) colul!In io an infinitely l one cyl1nd&r 

of radius no.The plasma i o homn .... ene Olls , iaotropic , of :;o;ero resi 8-

tivity and 1nc or Jl)rc[;~ ibln . 'l'he roUt,:nt:ti c i"ic:ld in it 1s homo~e­

naous and p ... ralla l t o the aria (7.- u:ds)of the CYlindor : Ho=I!Jl,O,lj 

The sur rounding field is a V;:o.C'lllr:l field ~:uc=llo(O,~..:) ¥Ihcre!l( 

and ~ are paro.nloter8 ,A metalli c c oncentric cylinder of arbitra ry 

r adius qRe may be presE'nt(q>I) . Extensiono art- given at thE' end. 

,.!lierarcIIY of lIi5h",r ord e r flyetema . Conaid£r fi rst in the li­

near the ory a eingl;' FOllrier COMp onent ..... t the eur fac l: the cor­

r esponding p erturbation is RoLOO&(kZ+ rnr) where le and m haVD 

t heir usual meaninC and where 

t==£l..rt (1) 

i8 dimenaionlees, as well aa t, the relative (i; e . d1vided by n o) 

initial Bmplitudj, .r:ri8 the correspondinc til:l6 constant give n ae 

a !unction of m . k .o( ,~and q by the diapersl on l"s l u tlon of the 

110\r theory}) · ~2 may be positiv e ( lnstubility ) or nccative 

(osci~~ation) in t!IO 1'o~~o .. i"C . 

To make a series devolopment in t lI oun,s qu1to l0t: ic;)l in th .. " 3.' (1 
.r 

o.t hand ; howeve r , t o ",ake .. s eries tJevelop.llent i n et- ",ay see", 

t o be lookinr; f"or a very particular cas o; ",oroov,,",'. "l,e " er >0 

the diverltant charac to r of" tho terms whon t srow" l ur/; .. s" ",",s 

di ll astrous . Na ye rtho~e ss ,,,.. .. rCllo the noco s s ity o f" th i s de ""lOI1-

.. ent as f"ollow II : 

!!:. . !!a1h.ll.m!!t!c.!-1_a£L;!!.,".!!.n!. . Substitution o f" tlo t! fjrs t oroor so~" tion 

in tho non_linoo. r t e rms of" tho equo.tions goneratos s ocond oruer 

• terms in (, , We inI"e r that the rema.inine ", econd order terms which 

ani related to the p=t1cular £i r st ordo r perturLa tion und~r con _ 

eidoration also de ...... nd on t i.-e like 1..J. . Similarly 'or l1i l:ho r or .... o'-; _ 

!?. E:"l:s !.c.!-1_"£ey'm9..n.!. As ~ WIIpl itudo we ma y choos~ (within 

SOIllll ~imits) to at any time instead of" € • Sinoo tl s .. rios dovelop_ 

ment in the initial amplitudo s eems l ee itimatfl tho doYolop"II!'lt in 

E i s equally ,le e i timate (withiJl the s ame li .. :i: te) _ 

As to the convorcence when (1")0 VO point out 

A. ~lathematica11y. 1) AlthouCh 0 °<Tt g rows infinitely lUI1:e ror 11 

InrGo , [. n approache s zoro when Lt I • O! ) The sul'1os i5 us cf"ul "I' 

to t he radius of" convoreenco " 

!? . Phy~ica.lly . \{hen IT)O the cyl iJldot,,"aJ.lY brou.k !l 

time; and then the basic ByS tflrn 11l.S to be che;lced . 

Subs t i tu tion of" 

where X denotos nny quan tit}- p , ii,1% Or t'i.{ . tho r_coorlii"nt l! 

01" the surf"aco) in tho ha.!lic s ot of" oquati on s l e atJ8 , ror .... ch 

po .. er n of" e , to a system of" equ"t i""'" 1110 5 0 s,·s t .. I'1" aro nll 

indopondon t of" time; they "1'0 cou pled ; howov .. r nny s),s t .. " con_ 

tains on~y qurutti~io " or its own ordor or of" lowo," on.lo r. 

Fro", tho nature of" this serie s in t. it bocol'1o l1 clo lU" t :'u t ill. 

1n!l t ability (ro !l.,.osci llation) Of" th" l inea.1'iz.,,_ t lloory • .-i ll re_ 

main an in"t",bility (rasp . oscillation) to all hi" l,o'- oruer" am' 

th",t the dispors ionrol"tion i " un"hanc:ed as lone nil ~ i " ...... ,-.. l 1,))' 

thnn tho r .. diu:; of COTn-er-","CO , 
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4 . S r ll tao;r or s ocon" onhu' _ I t can bo s ho ... 1I ( ... ith a .. i llOl' l"otot l 'l e ­

tion in t " o ca"o o r oscilla t ion,,) tha. t tho vuloeity r 1eld u2 i IS' 

a C,-adient . (Thi s fel'tun) i s lost ror compro "" ible ~'l"s", ,, ) . 

!-iorsovor ths "olution cnn be s holln to bo b""H!o..l o.<;s t" , t i "ll)- Oil 

t a o s oeond "haIT.lonics" i . l!, 11' the f"t .. " t ordo r .l!olutioll cOr,'(I S-

[>Om!:; ~o tz, '" 'Ro £ cos ( I" 'o< .. n 'f ) Cj) 
tho n the "ocon" ordor 301u ~ioll has t o coolai ll ~2", { 2kr) ~a<.l 

K
2rn

{2kr) (t ' otI s e h t! inl( t he no,j1riod U" ",sfl1 f"u "c t.i.on" ) ill1<' rotO'"O_ 

Over co s ino s of" O!I.r and O! n,i' o r con9tlU.t " , Solvinc t!,e second 

ordor Ilys tom and npplyin/::: t ho boundnry co nd i tion " le"d" l O tl'fI 

e xpretlsio,,~ of [12 ' 112 ' HO!, u;ne and , 
U .1'- r. - t • • (, • "--, >1 

L 0 l . 'It 
m ('j cos {2kM " 2m'-f ) _ ....ll. 

I , 

1'1 

('I 

(71 

Tho eoeCfi<: i ent a has bee n invU 'Ur,:ac<td e xton 9ive~1-_ 110 montion 

t h .. t wllsn It..,. 0 sinl.'\llaritios do occm' ( a l so in the llir,l lo ,' order 

terms) , Sil'lilarly ,.,holl K -!> bO • Th" lillenr t heory is limi t (1l1 

by t he 1'O'luil"flmon tll L""'. £.1( ... ... , (0 " to(l ... ,i i n s ome c ",,,o s ) 

ill,d qv. ... " t • 1< [Iile we cw, roor:h l y s a}- that the no nlinoill' s lIrl"" 

will bc <: ollle uu,l .. "" whflJ) t , t o( (or t"t ) 0" '-{ '" :::::.1, 

This C<ll\ he inte r pretod phys i<:ally. 

(a) 1"h<' <: 1l1colat.i .. "" .. ,"a easily c"ton,18d lo tho <:asc " ho" '"' rorco_ 

froo fifl ld stJ rrow,d" the pla" .. ,. cylinde r . 

( b) Whon <:omprossibl1ity i s t"kon i.nto account tho calculnttons 

aro mOre i nvolved hut s i ... il,,," , S"o al s o ,-of" _4 _ 

( c) Inclml1nc h1£he r ° rue '"s e t ve s .• 0 pri nci pal di'"!'i ell 1 tic s " 

In tile <: " so or the li')ui" jet WO pur, 'onnod the cu1<:ulf\t 1",,,, 

up to rourth or<.1e1' ",.lid verifie d t!'em ill va,"iou$ " :')-'" 

(d) TI,o a ""o cal cllln t iOIlS ('1 .. <'Q ) wo,." pa r fo rme,] aduinc 5011'­

;:ravilation . 

ee) Intorf"flronce botween two or ",ore I'ou"ier t.elT.I!l or the 1l nonr_ 

io:od thoory loaus to nO principa l dif" (" ;c" J . ios _ 'nli s 1 s ir.' I>01' _ 

tru, t (o.) fur t he d )'nluni<: 8 tubili>:atioll (lo) f"or tllo r,c))urallt)' 

of" tl ,e 'n ~ tl,<>d , 

ROru I"OllCOS , 

1. 0. : • • Callfl baut , Plulma !>; ' )-$ ., .!Q., 1,110 (19iJ", ) 

o! . D.!: . Callo hau t, ;1{;,, ' 'Or:alion 1"110 sis ( 1970) (Itij )s;.5.Uliv8l-S1 te i t 
Con t) 

J . 5 . C1H>IIJ .. a~ okhnr , llydl"OdYllamic and "'''CHe to(l)'",ullic "tu;)j.l i t)· , 

O::rord (1 \) ,,1) p . j"j o le . 

4 . -.! . Scl"IIIl"l"nn. RijnJmizeu ro !>ort j,S_:, S . (o' ... s , Eu r :.:. to"" .Por." th., 

_:lItho r land5 . ) 
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SURVEY OF SCREW PINCH STUDIES 

by 

P.C.T. van dcr Laan 

AssOCiation Euratom- Fml 
FOM-Instituut voor Plasma-Pysica 

Rijnhuizen, Jutphaas , The Netherlands 

In many types of experiments the plasma column is confined 

by a helical magnetic field; in the screw pinch the two field 

cnmpOne nt s Rz IOn(l RI! "rp "pplJ~d simult"n .. ou .. ly .. "d with 10 

similar time history. The first pinch of this type was studied 

in Livermore by Colgate et al~) in 1958. At present many labo­

ratories study the scre w pinch; these various investigations 
will be described. 

Alraady short delays (e.g. 0.2 \Is) between the application 

of the two field components lead to a considerable modification 

of the screw pinch. Longer delays and a different tilne behav­

iour for Bz and Be are used in the older stabilized pinches. in 

the new high 8 toroidal experiment at Culham and in the Toka­

maks where the strong quaai- stationary Bz field prevents the 

plasma from pinching . 

In most casea the programming of the fields determines the 

field distribution outside the pinch because of the presence 

of a well-conducting low-density plasma which fills the region 

between the main column and the wall . If this plasma has zero 

resistivity and if end effects are absent the pitch of any 

moving helical field line remains constant. The limitations of 

this model will be d.iscussod . More general MHO-code calcula­

tions have been carried out at Culham f or five different pinch 

configurations . Measurements carried out in a toroidal device 

will be compared to the computer resultsl the agreement in the 

outside region is good. The calculations also explain why the 

low-density plasma is present I if the pre-ionization is not 

complete neutral a are left behind in the outSide region and 
are ionized later . 

Calculations on ~he equilibrium and the stability of a pinch 

surrounded by a constant-pitch field2) suggest two favourab le 

regimes for toroidal confinement, namely at q ;; Jj" and at 

q " 2, where q is the ratio of the pitch of the field to the 

Circumference of the torus. Experimental results confirming 
this theory qualitatively will be presented. Two screw pinch 

devices are being fitted with better copper shielding of the 

torus so that fewer field and current lines will intersect with 
the quartz wall . 

A calculation on kink instabilities in toroidal geometry 

(Schuurman, Bobeldijk) shows no effect in first order of the 

toroidal curvature on the growth rate of a kink; however , the 

basic mode in the torus consists of a triplet of modes with 

mode numbers m+l , m and m-I where m is the azimu~hal mode num­
ber of the equivalent mode in the cylinder_ 

Especially for the experiments at q > 1 the construction of 

the primary z- circuit should be such that the longitudinal 

plasma current increases when t:he plasma ring moves to its 

eccentric equilibrium poSition c l ose to the metal wa ll. This 

increase of current can also be found in a second order equ1-
1ibrium cal c ulation. 

This work was performed under the association agreement of 

Euratom and FOM with f1nancial support from ZWO and Euratom. 
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STABILIZATION OP PINCH INSTABILITIES 

BY FORCE-FREE MAGNETIC FIELDS 

by 

J. P. Goedbloed 

Association Euratom-FOM/FOM-Instituut vocr Plasma-Fyslca 

Rijnhuiza n, Jutphaa!l. the Netherlands 

Abs tract 

Stability of pinch e l<perimenU is discussed from the point 

of view that the outer region is approximately force-free. 

It has been firmly established by nOW that the outer region 

of a pinch discharge Is o f great importance for its stability'. 

This 15 one of the reasons why sharp-pinch theory fails to ac­

count for the observed stability of screw pinches. If this the­

ory is modified by replacing the vacuum by a pressureless plas­

ma with a magnetic field of constant pitch, this failure Is re­

moved . On the other hand, completely diffuse models for the 

high-bet~ toroidal-pinch experiment, under construction in Cul­

ham, are predicted to be stable against all ideal MHO modes . In 

this paper some common features and lome differencel of the two 

models are discussed from the point of view that the outer re-

1 iOn of the pinch hal a low density and pressure and therefore 

approximately must be force - free. 

The stability criteria for a dense plasma surrounded by a 

tcnuous plasma with a force-free magnetic field, defined by 

V"!! -a{r)!!, read: 

11 The following inequalities should be valid at the plasma 

boundary: 

al If there is no lingular point (k+)Jm- O) in the surface layer , 

D-S)k Im(k rl >~ +Clrl k+jJm)(hr J-ml + r'(k+jJm)J (rOr) , 

I~(krl l+utrl (m'+k'rJj(l+)JJrJ) (m"+k"r z j(l+ll"r") rOr 

where Or is the radial magnetic-field perturbat i on. 

b) If there exists a lingular point: 

L" ~ [1 - 8 (st)'_(SI)JI > R 
m1+k"rt (st) Z _ (SP) I ' 

where Land R are the expressions of inequality l)a) and sS,sP, 

and st are the magnitudes of the magnetic field at the singular 

point,and at the inner and outer boundary of the surface layer. 

2) The solutions to the marginal-~de equation for Or' 

(rO )-+! ","_k
1 r l (rO ) '+ (a'-k' -~ +~ -! m-k\lr" a')rO -0 

r r mZ+k1r" r r' m"+kzrz r k+\lm r' 

should not have more than one zero in the ou ter region or the 

independent subintervals of it. 

Violation of the three criteria yie~, kink modes, resulting 

in a displacement of the dense plasma column;surface-layer mod~ 

being of importance al limiting cases of instabilities possible 

in diffuse pinches; instabilities of the outer region itself. It 

was shown that a force-free field of constant pitch effectively 

stabilizes the dangerous kink instabilities, thus providing an 

explanation for the observed stable behaviour of the screw p1nc~ 

In some respect the constant-pitch force-free field is rather 

peculiar . In particular the division which is usually made be­

tween localized interchange modes and non-Ioca11~ed kinks no lo~ 

ger makes sense. Because of the absence of shear interchange 

modes are not localized in a constant-pitch field. Moreover, in 

a force-free field of const~nt pitch it is not clear at all 

wh .. lh"l· int .. rchang .. mud .... c.: .. " uccur because Suyd''''''1I criterion ~ 

marginally satisfied. In the limit k+\'m .. O the last term of Eq . 2) 

blows up an~ as a result rapidly oscillating solutions appe~r', 

showing that the constant-pitch force-free field is in fact un­

stable, The unstable region Can be visuali~ed · by a plot of L 

l/~ 
Fig. i. Stability diagram for 

11 - ~onst. m - I, ro - 0.03 m, 
r

l 
- 0.06 m, )J _ _ 20 m-I 

and R as a function of k. Every 

time rOr has a ~ero point R blows 

up . Therefore, for the parameter 

values of Fig .l the force-free 

region of the pinch is unstable 

for k-values from 18.4 to 20 m-' . 

The instabilities of the 

force-free field with a constan t 

pitch arise in the situation 

that Suydam's criterion degener­

ates , and so one expects the 

growth rates t o be small. In the 
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lccal approximation with kr» l and k .«k the equation of motion 

gives unstable solutions for k.r _O(kr)- ' and the maximum qr<YoIth 

rate is given by' p",J ~ -27S~'B~ 1/ (4 \1ok\r · B '· 1. This expr ession 

strongly depends on the v ll lue of u. Indeed, for local values of 

u r~O .1 (the Jutpha~s experiment) th i s growth rate is ne gligible 

for the tenuous plasma. For local values of \l r _ 1 Ithe Culham 

exper iment) the growth rate o f these instabilities would be 

rather lil1li ting. However, for the Culham exper i ment the con­

stant- pitch model does not apply because the fields are program­

med in such a way as to have a high shear. 

The growth rate given above also strongly depends on the as­

sumption of zero-pressure gradient and therefore it is more re­

alistic to look <It const<lnt-pitch fields in the presence of a 

sm~~l pressure 9Ld<lienL . From :;uydlUll',. criterio n on .. know .. th .. t 

these fields are unstable. On the other hand, it was argued by 

Ware' that the instabilities which develop are not impor tant 

because the growth rate is so small th<lt finite Lannor radius 

effects will stabili ze them. However , this argument i s based o n 

an expression for the growth rate which is only valid if k.r .. O. 

Again in the local approximation the maximum growth ra tes occur 

for k.r-O(l). Then p",z is given by: 

:'<~8~'~'-:[-p-, -.~'''':P~8~e· lr ' [',P8:I, [ D"'z --u -- 1-
o rSI 2YpS~ rS J 

which for small negative p ' reduces to, P"'z ~ -~0(p ' /2B)2 . These 

growth rates are not small at all and therefore Ware's argument 

does not apply. For practical values of p and B growth rates in 

a tenuous plasma will be very high, eVen for modest pressure 

gradients. The fact that for I1IOst o f the instabilities that oc­

cur the aSlumption of locality is invalidated makes the situa­

t ion even worse. Indeed, from the equation of motion it can be 

shown that the inst;abil ities having the largest growth rate are 

never local and their g r owth rate is ;always higher than that 

given by the expressions above. 

Instabilities of the outer region of the pinch C<ln be avoided 

by dropping the restriction of constant pitch. For force-free 

fields with a constant a for example the last term of Eq.2) van­

ishes and oscillating behaviour of rOr is abse nt, at le .. st if 

Cl is not too large . So the outer 

region of the pinch is stable. 

Moreover, one has a free parame­

ter to fit; expe r iment .. l data. In 

Fig.2 Land Rare plot;ted for 

three values of a: CIaO (the v .. c­

uum field); (1 __ 24.6 m-', corre-

sponding to a field which is on 

the average close to a constant 

pitch field; a--50 m-', giving a 

high shear field . The a--24.6 

field conserves the beneficient 

effect of the eonst .. nt-pitch 

Fi~.2.5tability diagram for 

a _const. m - I , ro _0.03 m, 
r

l 
-0.06 m, lI(r

o
l __ 20 m-I 

field with respect to kink modes. Moreover , the small shear of 

this fiel d is !l llfficient to remove the instabilities present 

in the constant-pi tch field. A draw-b .. ck of th e (1 __ 24 . 6 field 

is that it has a minimum in the shear. So a emall negative 

pressure gradient will agaIn produce instabilities. Fields 

with a higher absolute value of a have more shear and the sta­

bility diagram of F~g.2 becomes optimal. The value 0",, - 50 m-' 

gi ves a field profi le which can be regarded as .. limi t of the 

diffuse profiles of the CuJ.ham expa r1.ment. For t.h1.11 vdlu" o( (1 

the pinch is comple tely st .. ble for" B up to 20'. For the much 

lower values of )l (ro ) of the Jutph .. "s experiments the optimal 

v .. l ue of a gives a f ield which is close to a constant- pitch 

field . Instabilities in this case can be avoided by the intro­

duction of enough shear so as to satisfy Suydam ' s c riterion. 

The author thanks Or. M.P.!!. Weenink, Dr. W. Schuurman, 

Or . C. Sobeldijk, and Dr. P.C.T. van der Laan for helpful 

comments. 

This work was performed under the Euratom-FOH association 

..greement with financial support from ZWO and Euratom. 
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NUMERICAL CALCUUlTION OF SCREW PINCH ST.a.SILITY+) 

by 

W. Grossmann 

INSTITlIT FtJR PLI'.SHAPKYSIK 

8046 Garching b . MUnchen, Germany 

Abstract: A calculation of the M • 1 MHO long wavelength Krus-

kal-Shafra nov mode of inatability ia preaented for experimental 

conditions corresponding to the Garching toroidal and linear 

screw pinch experiments, 

The Method used. first introduced by Freiberg I 1 I. involves 

solving the linearized dynamical equations of MHD for diffuse 

magnetic field and denaity profiles. A particular eigenvalue 

problem along with boundary conditions must be solved by nume-

rieal means yielding the grc:r..'th rate and the form of the pl''lBma 

perturNtion aa a funetion of radius . Results for growth rates, 

from the analyeie based on a straight plaama column . IIgree to 

within 10 percent with eXperimentsl values obtained from the 

toroidel experiment. The cllleulated form or shllpe of the di-

sturbance also seems to agree with what is observed experimen-

ta l ly. Me conelude that the .ethod is applicable for the ealeu-

lation of the m - 1 type of inetability. Information coneerning 

growth rates for the higher m numbers i s being obtained using 

thia method and will ba presented. 

Pinally we are uaing the method to study a family of magnetic 

field and density profiles which can be produced in the Gar-

ching device. Theee profiles are parametrised with 

attempt to find ~re stable plasma configurlltione to the m _ 1 

mode of instability. These resulta will alao be preaented. 

References: 

I I I J.P. Freidberg. Loa AlaJnOs Rep. IJo.-OC-I079J 

+J This worlc waa perfortlled aa p art of the joint research program 
between the Inatitut fUr Piaamaphysilc, Garching and EUratom. 
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Plasma confinement in a toroidal screw pinch 

at reduced!l values+) 

by 

P. Grossmann, R . Wilhelm, H. Zwicker 

Institut filr Plasmaphysik, Garching, Germany 

~: The stability behaviour of a toroidal screw pinch 

plasma with trapped parallel and antiparallel Bz - fields is i n­

vestigated. For trapped parallel fie ld of B
zo 

K 1 kl' improved 

m = 1 stability was found as compared to the case B
zo 

• O. The 

lifetime of the plasma is limited by instabilities starting in 

the pressureless plasma region surrounding the dense plasma co­

,-. 
Earlier investigations of a toroidal screw pinch with ~ - values 

of about ~ ~ Q,75(Te + Ti between 100 ev and I keV) /1/ had 

shown, that the equilibrium position and the m "' 1 growth rates 

can be represented by the constant pitch model . /2/. As a second 

step of these experiments the influence of superimposed B
z 

-

fields was studied . For negative bia~ fields the lifetime of 

the plasma was clearly reduced compared to the pure screw pinch 

with the same temperature. 

Fig. 1 shOWS the radial field­

distribution at the moment 

of the first compression for 

Bzo"' -1 kr . The plasma 

temperature is about 150 eV . 

From these measurements, the 

radial distribution of the 

pitch per) - BQ/rB z was 

evaluated. This can be com­

pared with the time beha­

viour of the pitch p It) at 

the inner surface of the 

compression coil which is Fig . I 

0.55..,5 
( I.Compr. 

determined by the programed. time behaviour of the fie .l.ds B
z 

and 

the current I
z

' The result is shown in Fig . 2. one recognizes 

that the radial distribution per) represents directly the time­

behaviour pIt) at the 

wall. This gives experi­

mental evidence that a 

wanted special field 

distribution can be pro­

duced simply by correct 

time programming of 

the outer currents. 

For the case with po­

sitive bias fie ld the 

m • 1 growth rates were 

strongly reduced and 

the lifetime of the 

plasma (n~016cm-3, 
Te;Ti - 70 eV) was im-

~ 
Ii 

t 

\f\J ,A.I.( r ) 

• 
Fig. 2 

""" B,;'IKG 

).!Itl 

proved compared to the case without bias field . This should be 

mainly a consequence of the decreased value of P wh ich for our 

conditions was reduced typically from 0 . 75 down to about 0.25. 

Fig.3 gives a typical s tr eak picture taken from above of the to­

rus and showing that the dens e column remains more or less stab­

le for at least 10 psec . The radial pitch distribution p (r) at 

various times is shown in fi9.4, as it follows from the measured 

field distributions. 

The constant pitch 

is maintained only 

in the regions o f 

the pressureless 

plasma which a r e 

directed towards 

the inner wall 

of ·the tube \~hile 

in the opposite 

I 
o 10 

Fig. 3 

region o f the pressureless plasma the pitch increases towards 

the wall and passes over a maximum which is shifted towards the 
wall. 
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For the same con ditions as in fig . 3 the stabil i ty behaviour of 

the toroidal plasma column is shown i n a longer time scale in 

fig . 5 . One sees, that after about 

6 psec the pressureless plasma be­

comes luminous and that in the fol-

lowing the dense column starts to 

drift toward t he outer wall and is 

destroyed . This seems to indicate 

that at a stable stage of the den­

se column the pressureless plasma 

becomes unstable with the conse­

quence that the equilibr i umposi­

tion is lost. Measurements of the 

plasma current Iz( t) show that 

at the t i me when the luminosity" 

in the pressureless plasma ap­

pears the plasma current I z which 

flows mainly in the pressureless 

plasma regions is strongly damped. 

Therefore it seems to be not un-

likely that there is a connec-

tion between the instabilities in 

the outer plasma regions and the 

~, , 
Fig , 4 

strong damping of I
z 

(t) wh ich of course destroys the toroidal 

equilibrillID . So far detailed reasons for the observed instabi­
lities are not 

quite clear. 

Measurements in 

a linear screw 

pinch showed how­

ever, that for 

comparable condi­

t ions instabili­

ties in the outer 

plasma regions do 

not occur. There-

I 
o 

Fig . 

i 
2S)Js 

fore it seems that the instabilities in the pressureless plasma 

are due t o the necessarily asymmetric distribution s of the cur ­

rents in a toroidal screw pinch equilibrium. Stability calcula­

tions including the pressureless plasma are being made by a new 

MHD code developed by W.Grossmann /3/. Comparisons with the 

experimental results will be given . 

/1/ P . Grossmann, R .Wilhelm, H. Zwicker, Z.Phys., 1970, to be pub­
l ished 

/2/ w . Schuurman, e t al . , Plasma Physics , 11, 495 (1969) 

/3/ W. Grossmann, Paper presented at this conference. 

+)This work wa s per f ormed as part of the joint research program 
between the Institut fUr Plasmaphysik, Garching and Euratom . 
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Absolute Heasurement of i\adiation Losses from a Theta Pinch 

Plasma in the Wavelength Region from 10 to 200 Rngstroms +) 

by 

W. Engelhardt, W. KOppendOrfer, M. Munich, J. Sommer ,1'A 
Instit\lt fU r Plaamaphysik, Garching, Germll1ly 

~: A calibration prace d\lre of a g r azi ng - incidence spec­

trograph 11 described to a llow for measurement of the radiation 

10.5se6 from a theta pinch plasma . The losses turn out t o be 

small compared to b oth t he e lectron energy content and t o heat 

c onduction lo&se • . 

1. Introduction There is lots of exper imental evidenc e for the 

limitation of the electron temperature in linear theta pinche& 

by energy losses /1/ . One o f the possible loss mechanisms are 

radiation losse. by impurities within t h e plasma . According to 

the plasma temperature moat of the radiation is emitted in the 

grazing-incidence r egion from about 10 to 200 R. Decau. " of the 

little k nowl edge of ionization and ",,,,citation crOS6 sections, 

e.pecially for more complicat",d ions, predictions on radiation 

losses from such a plas~ are only possible within one order of 

magnitude accuracy . In order to get more accurate in formation 

the radiation from the plasma has to b e me asured . 

Measurements therefore were performed on a linear theta pinch 

device (I s a r Il) having a stor ed energy of 200 kJ, a ma:ximum 

magnetic fie ld of 52 kG, IIlld a 2 , 75 IIsec quarter period, Coil 

length and diemeter meas ured 100 cm and 10 cm . Typical plasma 

p ar ameters were : ne - 1_4'1016cm-J , Te= 200- 300 eV, Ti - 0 .5- 3keV. 

2. Calibration procedure of the Spectrograph The s pectrsl reso­

lution was obt ained by use of a grazing- incidence spectrograph 

wi t h either photographic plates or scintillatOJiaultiplier com­

bination. a. detector • . For r e lative calibration of the instru­

ment advantage was taken from ratios of lines from hydrogen-l ike 

i ons .uch a. CVI, NVII, OVI II being emitt e d from t he plasma. 

Wi thin either the Balmer ser ie. {76-182 RI and the Lyman ser i es 

(15-34 ~ ) line ratios were ca lculated by a ssuming corona equi ­

librium . ?he relative sen. i t ivity of the apparatus waG gained 

in the.e two wavelength in t e rvals fr om the measured photogra-

phic den.ities . The i ntervals were then connected by branching 

ratio • . For that the fi r st Balmer line and the second Lyman 

line were suited since b oth star t from the Same level n - 3 .... 

difficul ty was the fact that the suhleve 1s of level n • 3 showed 

deviations f r om statistical population which the branching ra­

tio. had to be corrected for . The correction was enabled b y 

mea.!Jurement of the intensity r a tios of the fine structure com­

ponent. o f the Balmer line . The relative cal ibration o f the in­

strument. thu s gained, could be well con fi r med (within 20 % ac­

curacy) by cheCking with known intensity ratios of lithi um- like 

ion lines e mitted by the p lasma . The branching ratios 2S-3P/3S-

3P of these i ons fina lly al lowed to hang the grazing- i ncidence 

spectrograph absolutely on a monochromator absolutely calibra-

ted for the 3S-3P OVI line at 3811 i . usually the lines used 

were optically thin, with few exceptions. which could be cor ­

r~c~ ~~ hy ~xt.rapolatinQ their opt i c al thickness by seedinQ im­

purities of k nown amount. 

3 . The Results of Radiation Loss Measurements. Using the cal ibra­

ted ins trument the ti",e integrat ed total energy losses were 

measured for different added impurities at filling pressures of 

40 Rltorr de uterium. Normalized to 1 % seeded impurity concen­

tration the following radiated energies were obtained : carbon 

27 . 7 J CcvI : 24 . 9 CV:2.8) , nitrogen 14 . 1 Joule (NV:0 . 95 NVI: 5 . 1 

NVII: 8 .0). oxygen 21 .1 J (OVI:4.4 OVIl; 14 . 1 OVIII:2.6 ) . No dis­

tinct dependence on the kind of the seeded impurity became evi­

dent . Th e distribution of the radiated energy on the different 

ionization s tages of the atoms however showed characteristic. 

feature • . The lighter the a t om, the higher is the ion i zation 

stsge by wh ich most o f the energy is radiated . Comparing these 

t otal energy l osses , for example at 40 rntorr filling pressure. 

with the energy content of the electrons (ne_4 ' lo16cm-3 , Te -200eV) 
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they turn out to amount to 6 % on l y . Thus r adi a tion cooling 

doe. not affect the electron temperature a s long as the im­

purity concentration does not 

exceed 5 %. 

values for radi ation losses 

f rom di,scharges wi thout . 

seeded impurities for dif­

ferent filling pre ssures 

and cases with bias fie l d 

inclUded ar'" summarized 

in table 1. For 40 mtorr 

filling pressure and zero 

bias field the natural con­

tamination is 0 . 085 ~ 

oxygen, 0 . 0505 % carbon, 

and 0 . 0025 % nitrogen . For 

other pressures it is of 

t h e same order of magni­

t u d", and in any case smal­

ler than 0 . 5 %. Only for 

low filling pressures 

and with bias fie l d the 

more intense wall con-

tact at the beginning 

of the discharge l e ads to 

unreproducibl e contamina­

tion an d there fore often 

to larger ene rgy losses . 

Th e contr i bution o f free -

free and free-bound con-

tinuum radiation to the 

• 

Pigure 1 Radiation losses L and 
thermal conduction l osses Q 
(po· 40 mtor r. 8 0• OG . no impuri t y 

a dded) 

105$eS is way below tha t of t h e line rad iation . 

I n fig . 1 the tim'" dependence of the radiated power is disp l ayed 

as deter mined photoel ectrically. Absol ute cal ibration .terns from 

compari.on of the time integrated power o f a line with its photo­

graphic density on the p l ate . Los.es by the thermsl conduction' 

e.timated according to a model propo sed b y Green et al . / 1/ 

are included in fig . 1. They exceed the radiation "1o •• es by a 

factor of 100 throughout the discharge . B",cept for impurity 

concentr ations larger than 5 " the power radiated can exceed 

thermal conduction , predominantly by the ion OVI . These re-

sults agree e ssentially with measurement. of Bodin et al. /2/. 

Re fer e nces : 

/1/ T.S . Green e t a1.. Culham-Iteport CLM-P 124 (1966) 

/2/ H . ... . B . Bodin e t a1., Cul ham-Report CLM-P 19B (1969) 

Po , 
0 

OXyge~ J_nitroge~,1.carbon 
mtor G Energy in Joul e 

H 0 1 . 3 - 0 . 14 

500 19.0 0 . 0 17 0 .035 

17 0 5 . 0 0 .012 1.3 

500 55 0.0 25 0 .15 

40 0 1 . ' 0 . 0 46 2.' 

500 1< 0 . 025 0 . 73 

'" 0 1.0 0.056 2 . 3 

500 " 0 .097 0 . 64 

Table 1 Radiation 108ses under different initial condition • • 
--- No impurity added. 

+)This work was performed a s part of the joint research program 
between the I nstitut fUr Plasmaphysi'k, Ouching and Euratom. 
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On the Influence of Ion Collisions on the Population +, 
Distribution of "t0lll5 in a Theta Pinch Discharge 

by 

W.Engelhardt. W.KBppend6rfec. M.MUnich, J.Sommer 

Institut fUr Plasmaphysi'k., Garching. Germany 

Abstract : Line intensitiell of the Balmer series as emitted in 

the early phase of a theta pinch discharge show unexpected de-

viationll 

high ion 

electron 

f r om thermal ~ilibriurn condit ions. Because of the 

temperature (::fi ""'" 10) ion collisions can compete with 

collision s in populating l evels with quantum nwnbera n.~3. 

1 . Introduction. Line intensity measurements on a plasma fre­

quently provide datss from Which important plasma parameters can 

be deduced such .a electron density and electron temperature. 

usually linea are chosen starting from levels which are supposed 

to be t hermally populated. Criteria for estimating whether local 

thermal equilibrium (LTE) exists have been r eported b y several 

authors /1,2/. Measurements on hydrogen or deuterium plasmas pro­

duced by fast theta pinch discharges /3/ however have shown con­

siderable deviations from thermal equilibrium population distri­

butions, althouqh all criteria for LTE we re fullfilled . Spatial 

and time resolved absolute intensity measur e ments of the first 

three membe rs of the Salmer s eries of hydrogen have been carried 

out in the early phase of a fast theta pinch discharge. All ne­

cessary plasma parameters were additionally measured. S everal 

possibilities which may be responsible f or the departure from a 

t hermal equilibrium population dist r ibution have been discussed 

leaving the influence of ion col lisi ons on higher l~ing levels 

as the most likel y cause. 

2. Experimental Results . The plasma investigated haG been pro­

duced by a theta pinch discharge of 52 kG maximum field and 

2 . 75 ~sec quarter period . The discharge coil meaaured 100 cm in 

length and 10 cm in diameter . The fi lling press ures uaed ranged 

from 10 to eo mtorr . Two axial current pulaes of 1 ~sec duration 

each aerved for preionization providing an abo u t 40 pereent 

ionized plasl!lll at t h e time .men t he JDain discharge ia fired . 

The electron temperature of the plaama was measured by 'l'hom­

son scattering of laser light . the ion temperature was calcu­

lated from the neutron emisaion rate and fr om diamagnetic 

meaaurementa . The e l ectr on denaity was gained from free - f ree 

continuum rad iation measurements from Thomson scattering and 

from Mac h-Zehnder interferometry. The radiation emitted in the 

viaible frOfll the plasma has been inveat igatO!!d by acann ing t hO!! 

plasma radially with an absolute ly calibrated monochromator. 

The emi. sion coeffici e n t of the obeerve d lines waa t h O!!n ob­

tained aa a f unctio n of radius b y Abel'a inversion. Thus t he 

emia aion coefficients for HO'; , H
Il

, and H ~' were dete rmined in 

diechargea of 11, 17 , 40 and 72 mtorr f i lling presaure. 

The line8 peak r a ther i n Clependent of f illing pressure a t 0 . 3 to 

0 . 4 ~aec after the ignition of the ma in discharge. Afterwards 

t h ey fal l off rapidly in intensity and are e s sentially vanished 

after I ~aec . They are approxitrlately homogeneous ly enlitt ed o ver 

the Whole diacharge v olume with slight l y increa sing intenaity 

towards the wall of the vessel . The relative radial distribu­

tion does not alter during the Whole time this radiat ion ia ob­

served . The intensity ratios of H~ : Hp : Hr for all filling 

pressures ar~ typically 100:10:1 with deviations not larger than 

30 % for either of the ratios . Using the Boltzmann factor thia 

would yield an electron temperature o f 0 . 4 to 0 .6 eV. Quite dif­

ferent temperatures result if the absolute value of the emiasion 

coefficient and the electron Clenaity (at a distinct radius and 

time) is taken and the temper ature calcula ted via the Saha 

equation again assuming LTE . Temperatures determined this way 

are usually by a factor of 10 to 100 higher than those evaluated 

from line ratios. Hereby HOI yields a lower tenperature than 

H
Il

, and Hp a lower t emperature than Hr ' The by Thomson scatt e ­

ring reliably measureCl electron temperature is at 0 . 5 ~sec 100 eV 

for 11 mtorr, 70 e V for 17 mtorr, 45 e v for 40 mtorr and 20 eV 

for 72 mtorr filling preaaure . All these find i ngs indicatO!! that 

the relative population density d ecreases much more rapidly to­

wards increaaing quantum n umbers than as gi ven by the Boltzmann 

factor . The absolute population density however exceeds at leaat 

for 1'1-3 (H~J the density as given by the Saha-equation . 
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J. Discussion of 'the results . Estimates con sidering relaxation 

effects for the population of the levels 1'1.,2, transport of ra­

diation by reSOnanCe charge exchange or lack of LTE by inhomo_ 

geneiti es do not reveal that any of theae processes is respon_ 

sible for the observed anomaly. The stronge.t Cleviatio!,) from 

thermodynamic equilibr ium is the difference in electron and i on 

telllpl;lrature . The ratio of ion to electron temperature as deter­

mined from the neutron yield, diamagnetic measure ments and from 

lilller scattering is 8 -::;:]:1 ~ 12 C! ur1.ng the first microsecond 
T~ 

and depends only weakly on the fi ll ing density lince both elec-

tron and ion temperatures decreaae at higher filling densities . 

Drawin /4/ has mentioned that under such circumstances higher 

lying level s might be influenced ' by ion collisions. 

Therefore the stationary rat e equations, as describeCl by Hahn 

/S/ for a l imite d number of levels with collision"'l rate coef­

ficients for ions included have been ,ol ved numerically for a 

set of the parameter a ne.Te a nd Ti . TO calculate the ionic rate 

coefficients the same e r oss sectiol19 as functions of the rO!!la­

ti ve velocity o f the colliding particl e' have been taken for 

the ions as for the el ectrona . The results show two effects . 

1) Overpopul ation o f low lying levela n.:E; 3 for electron den­

sities ne < 3 . 10
14

cm-
3 

and high electron temperat~res (T ,>V 
e .'1..11 

- 13.6 e V) . 

2) Oepopulat i on of high lying level s 1'1 ~ J by proton colli­

sion s if :::&.:;> t. 
Al tough these solutions are well in the direction of the experi­

mental observations they do not q u antitati vely meet the measu­

red population densities . The Observed anomaly atill exceeds the 

cal c ulated on~ Possible c a uses for this discrepancy may bee: the 

crossections used for the ions in the cal culations. the non Max­

_llian velocity dbtribution of the ions in the plasma and re­

laxation effects for levels n~3. The last po .. ibil ity will be 

checked by solving the time dependent rate equationl . 

We t hank Mr.R.Wunderlich for having written the computer pro­

gramme . 

fteferences: 

/1/ R. Wilson, J . Quant . Spectros . RaCliative Transfer 1, 477 (1 962) 

/2/ H. ft. Gr i em, "P l asma Spectroscopy" MC . Graw-Hill , lSO (1964) 

/3/ U. Schumacher , Labor atory Repor t, Inatitut fUr Plasmaphysik, 
Garching, Germany, I PP 1/93 (l96B) 

/ 4 / H. Drawin , 'ZeitGchcift fUr Physik, ill, 404 (196B) 

/5/ C . Mahn , Labor a tory Report, Inatitut t . P lasmaphysik, Garching, 
Germany, IPP 3/52 (1967) 

+)This work was performed as part of the joint rasearch program 
betwee n the lnst itut fUr Plasmaphysik , Garching and Euratom . 
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STUDY OF A NON CYUNDRICAL Z-PINCH BY HOLOGRAPHIC INTERFEROMETRY 

AND V. V. SPECTROSCOPY 

A. BERNARD, r C, BVGES, A. JOLAS, P. GENTA. I P WATIEAU 

Commissariat A l'Energle Atomlque. Centre d'Etudes de Llmeil 

B. P. 27, 94 - VllIeneuve - Salnt-Georges - France 

Abstract - The electron density and electron temperature of lI. non-cyUn­

drlcal Z- plnch are studied experimentally by means of the double exposure 

holO<]raphlc Interferometry technique and the ratio of two oxygen lines In 

the vacuum V.V. Comparison are done with computations. 

I _ PCPEFIMF.NT - Th" linear Z-plnch Is known for Ite rapid rise of Insta ­

bilities when the plasma sheath reaches the axis. To Increase the sus­

talnment time of the column a few authors L1, 2 / have considered a cur­

ved rather than a straight pinch. The present experiment Is aimed at veri ­

fying the Influence of the initial curvature discharge on the final plasma. 

The two quanUties studied here are the density and the electron tempe-

rature. 

The experiment vessel Is glassmade, axlsymmetric with a narrowed central 

. part (Fig. 1) filled with 0.1-1 Torr deuterium or hydrogen. It Is energized 

by a fast capacHor bank of 25 kJ-120 kv . 

We foresee to study the plasma theoretically by using a two-dimensional 

magnetohydrodynamlc (MHD) model, as that written by POTTER D/, but 

In the present report we used two available programs . One Is a two dimen­

sional snowplough model L4/ that is useful for comparison with the density 

front obtained experimentally by holographic interferometry. The other, a 

one dimensional MHD prO<]ram L5/, is used Elo<" .d. UV I ~.'1 EI«I, ••• 

~"~o_1 1 
I'U 

fot the measurements done In the symmetry 

plane . For Instance at t · 640 nsec the pro-

files of density and electron temperature 

are given by NMHD and TM.HD In Fig. 2 . . 

from such graphs the curves NMHD and 

f-----" T MHD functions of time are plotted In 

Fig . 6 Flg.l NOII_CYLINORICAL I _ PINCH 

2 - DENSITY MEASUREMENTS - The density measurements use the techni-

que of double exposure holographic interferometry L6 /. required In the ex­

periment because of the poor quality of the chamber glass. The first expo­

sure Is taken without plasma. The second is taken at various times of the 

discharge dynamiCS. A hollow wedge : fUled with a gas for the second ex­

posure, gives a background of straight fringes - F ig . 3 shows a typical In­

terferogram (at time t = 760 nsec) at 0.5 Torr hydrogen fill ing pressure. The 

dotted line Indicates the location of the 

shock as given by the two dimensional 

snowplough model. The computed sheath '" 

veloci ty is seen to be smaller particuiar- ~ • 
lyon the sides of the central part. It is 

tried to obtain the density profile In the 

shock front from an Abel Inversion. rrom 

the ID- MHO model and assuming a sim­

pler rectangular density profile the maxi­

mum value j LN" dJ ha~ b.uln calculated 
o 

In the symmetry plane. For Instance at 

t '"' 640 nsec we use the profile 

Ne" 4 x 1017 cm- 3 for l<r<1,7 cm and 

Ne"" 0 elsewhere giving (Ne OM = 
18 - 2 ax 

1,lx10 cm ora 3,5 fringes shift 

at 6943 A . Comparison is made with a 

hologram taken at the same pressure as 

~. 

the computation and at a time when the fm"~~~~~:c::rr",.., ................ 
Is at the same distance from the axis . The 

maximum shUt Is 4 fringes which Is In 

ly ' good agreement with the computed 

but the actual front thickness - 4 mm - Is 

smaller than that from the program, which 

might be caused by the choice of the vls-
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coslty coefficient. A hologram taken 100 nsec later shows (Fig. 4) 

larger shifts with matter not regularly located on the IIxis. 

3 - ElECTRON TI:M?ERATURE MEASIJREMENTS - The plasma radiates 

mainly In the V.V. region of the spectrum . The usual difficulties of 

observation are Increased here by the experiment Itself! the V. V. 

port oscillates to tens kilovolts and the solution found was to isola­

te the whole detection line (from the port to the oscilloscope). 

The electron temperature Is obtained from the measurement 

of the ratio R of two lines intenSltles . The lines from oxygen added 

in small amount (5 x 10-4 T) are OV! (l032 A) and OV (1371 A) as 

Indicated by GRIEM D/. 

The plasma evolution being fas t (characteristic time about 

SO nsecl a quasiequlllbrium cannot pe reached between the two Ions 

OV and OV! and a transient model hlls to be used - (Contrariwise 

there Is a quaslequlllbrlum between the upper le vel of each Hne and 

the corresponding ground s tate) . The population densities are solu­

tion of a dlffentlal equations system and the measured ratio R Is a 

function of temperllture, density and past evolution. Drawing the tem-

perature from R measurements assumes 

tha t the density is Independently known. 

Short of experimental results at this time 

the curve NMHD (rig. 6) has been used . 

Then from the R measured values - dots 

on Fig. 5 - the curve kTSPECT Is deduced 

(Fig. 6). Actually for computational sim­

plicity the curve kTSPECT Is assumed and 

the computed R Is compared to the dots. 

The curve kTSPECT of Fig. 6 Is that "'b,,",-~-T.o-~--;\;'-~-" 
giving the best fit between the compu­

ted and the experimental 

R values. It is checked by varying the 

curves kTSPECT and NMHO that R Is very ,. 

sensitive to the temperature while very 

much less to the density . 

The comparison between kTSPECT and 

kTMHD of Fig. 6 shows good IIgree­

ment between the spectroscoplc mea­

surements and the MHD program. 

, , 

, ... ----
'~ 

,1 • • 1 
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, 
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Z-Pinch Driven By Hagnetic I!llCIrgy Seouge. 

J. N. DlHarco and L. C. Burkha..-dt 

Loa Ala..,. Scientific Laboratory , University of CaUfornia 

Los Alamos , New Me"ico, U. S.A. 

~: Th ia ""pertlll!nt at tempta to achi"ve a high t ""perature (keV) 

z-pinch by .hock hea ting. The low inducta nca ene r gy , ource u.e. thOll 

techniqu" of .... gnet!c energy " totage. Voltage. of _ 60 ItV and current. 

of _ 200 leA a t a r ate of 2 It lo'~ A/ .ec are obtained with -deuteriu" 'a t 

20 mTorf; shock veloc:itie. of 4.2 X 10' cm/ sec are· ,"~asutl!d . The pla"",a 

co l .. n, g ro s.sly stable fo r 8 I'sec,ha. an lnltial t elllperatun of l ' keV as 

d.te .... ined by prenure. balance . 

Deacription o f ElCtlerh,,!nt: A .ch ....... tlc reprelenta tlon of the. eltpefu,ent 

10 . ho",n in Fig . 1 

.--

PRE-PREIO'JIZATI 
28MHZ 

I03cm :i 
08 
0'" 

HYffiAULlC 0 

~AM 35 -
r' 

450!,F FUSE SPARK 
GAP 

F l.g. 1 

PYREX 

CERAMIC 
[;;] TUBE 

[;;] 

[£VS,BlAS COIL 

[;;] 

[;;] PREIONIZATION 
I!,H SYSTEM 

Won perfnrlll!d und e r the lu.pice s nf the U.S. Aeo.ic Energy C.,...iuion. 

GII 1. preinniu.d "'ith I 25 ItA a !Cial current pulse. The prtaoary e nergy 

. t orage is a 45 0 IIF capa citor bank, charsed to 12 . 5 kV. The e lectrostatic 

e neray i . the n transfer red lnto the masnetic enerSY a torase inductance of 

35 - nH. Th'l fu lt!( I ] which condsc. of a copper foil 2.54 X 10"" c .. thick 

14-" .. wide, and !S -CII 10ns, is vaporized by joule heating. The l arSe 

voltage develcped .. crou the fuse fire . a n a ir ga p "witch "'h ich tra ns fers 

the Cu rrent to che ~-pinch. The r esulting lars e B ca use , a shock to fo ... 

E"!H!rilll!nta l Re sult" 'typicsl voltsse , curre nt, and i s di.phyed in 

Pig . 2. Vo l tas ... of 40-60 kV are deve.1o ped Ic r o u the dischars. tube . 

30 micron. 

Sz· 3200 G 

\.1 -,- - . ~, 

200 mle r ons 

8r• 3200 G 

Voltase: 49 kV/div, Curn"t: 60 kA/div 

Sweep TiIllC: 0. 5 IIlec /div 

Fig. 2 

The larse t penait. 801 of the current to tnnsfer 'in _ 0.1 usec. A B8 

probo .s i s nal sho"" tllat the cu rrent " h"ath IIOve. off the wall. Aa . _lng 

a s yarnetrical current di s tr ibution, at l e ast 90t o f the cu r rent 18 flowi ng 

In the plnch inside the prcbe radius . 

Shock generation is indica t ed by ..... at pho tograph" which . ho .. 
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1u .. i nous fron tl propaga U", " ith v.locitiea of 4.2 X lO~ =/.e<:, t hrough 

deuterium at 20 .. Torr . Th1l ~orrlllpond 5 t o an Alv,;n 1IIIIch numbe r of _ J 

at 3000 C b i u field . A shock . t ructure si,"ila r t o that seen by other.r 2) 

i . obtained f rDlll the B ~ and B8 prohOl . 

In a previous(Jj fu t z - pinch Il:r<peri"",n t a . econdary breskdOlln 11 

ob ... rvd lio", the ",all of the tube wh i ch is no~ detected in ehb exper i -

..ent. A leeonda ry breakdc>wn "ould have prevented flu" fr"", e' ",>!pinS frGo 

the pinch Cube and the os cillation of the voltag. ln PiS. 2 "'''uld not havo 

been ob.erved. In addition, tha I trea k plcture. do not show a . e condary 

breakdown on t he wa ll of the tubc . Thi s breakdOlot"n i . inhib ited by t h l UIO 

of a .... ,nctic enerSY s tnrase Iylt"'"' Such a . ylte .. malnta ins a con. tant 

current so thl! volc"se acrO •• the di . cha r g" 11 ..... 1 1 at t he tu,e of peak 

compr"uion when L _ O. Howcver , if " lcw-inductance capacitor b~ nk ",are 

u5 ed, at the tilll!! of .... "i,""," co,"preu ion al .... st the full capacitnr -bank 

vo lt~ge 11 .c r OSS th" pinch. -rhl dhcharSe tube il then requ i red to hold 

off a h igh voltage while e"p:>Jed to t .... rad iation of the ho t pinched ph.s .... 

Fisure '- 3 and 4 present th .. current ob tained, by calcula tion, from thl Be 

signnls o f t wo probes placed on a dhScnal e'lu!dist. nt from the a" l. • • AI.o , . 
plotted la the total current in the ~-pinch. Current . yarnetry 11 _inta ined 

for - 811uc for the case of 30 .. Torr D;J a nd 3200 G biu field . Conversely , 

.. hen t h l fil11ng density 11 incressed by ... factor of 6 .6 to 200 .. Torr "'ith 

a n :IapUed r eduction' o f the p l as .. a te"peracure , it cln be aeen frOll Fig. 

t ha t the current ')'lEIIIIetry is 101[ In..:. 5 I'SIC. It should be noted th l t 

for low value of blas B
t 

fie l d the . )'tIHetry is lOl l' "'ithin 1 IlBec of p inch 

fo ........... 10n. 
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COLLlSIONLESS SHOCKS AND TURBULENT HEATING 

INSTAlIIUT'f OF ELECTROStATIC WAVES IN COLLlSIOKLESS SKOCKS 

J. J. Sanderson 

Oepart..ent ot Applied V.atheaatiCl, University or St. Andr .. v. , 8<:otlan4 , U.K. 

"" 
S. P. GIl:ry 

Department of Applie d M&thelll&ti" I , University College of North Wales ,Bangor. 

North Wa.ln, U.K. 

~: This paper pruents a linear 

ana1yais of electrostatic vue instability in c"lli.ionln. ahockl 

propapting perpendicular to an applied _&netie field. !"!.!.S. and!n 

drift. ~ inclll~d and the _xiaUIII grovth rates .... e cDlllp&red vith theRe ot 

the uro IfIIlgnetic field 1011 a<:o~._t:!.bility. 

Drin \lave theory 1 1 J nu been l,I.ed in a IIlI!II.ber of recent papers to 

find linear growth ratea tor tile instabilities giving rise to the 

fluetuati"" . observed in .. o11iaionlo" &hock "ave experimentl. The lWdel 

h vell knovn ; one conaider. perturbation_ ot an equilitiri\llll eonriguration 

in "hieh the ele"trona u:perienc::e an! " .!!. drift (vo ) &lid other drifta due 

to inho-ogeneitiu of the t7l''' .!!. • Bo( 1 + u )1 where ... the iona aMI 

ettec::tively UDIIIII.gIletit.ed bec::ause the ahodo; thiekneu •• iOll t.an.or radius. 

'nIe line ... diaperaion relation tor electroatatic vav", in a n ... ov 

pI ....... h ... beGn 901ved IIU1l11!ric::all,)' tor both cold IUld WILrlll ionl including 

!".!!. and![B drifts [2,3[. 'nIe relult. ot the.e calculations are 

a \llllll&ri"'ed in the figure which Ih0V8 the growth rate y .... t\metion ot e , 

tbe angle between tbe _ve Teetor t &lid .!!.o , tbe applied lI&I!iIletic:: l'ield. 

The par .....,ter VILluea "hoaen ... e thoae appropriate to tbe Culbam 'r&rantula 

eZJIeri ... nt [~); T,IIT.,I_e)l., O· 10, 1e/'1'i ., 10 , 

..1: 
ne 

0 ·010 

0 ·005 

90 85 80 75 70 65 

e Degrees 

".,IlIe ;; (I .. noeZ/'"e)I/( eBo/'"eel. 613 , '"i''"e'' 1836 and lie! 0.360. At 

e • t the inGtability i. due to the c::oupl.ing of elc::c::tron Bernatein IIIOdes 

(which ahoy a t . .!/! Doppler . hift) vith the ion acoustic wave. I n thi. 

cue the max.i..IolZD growth rate c&n be lubatantiUly larger th&n that tor the 

.!!. ., 0 ion &coustic inatabilit:r (represented by the dotted lin",) , in 

colltraat vith th" relulta of Kral.l and Book 151 . FOr oblique 

propagation the lle:rnateill VJl.1"U ... e Btrollgl,. da>o:ped and no:> C::OlIPling 

occurs; the diapersiO:>II chara<::te r iatica ... e th c::n th" s .... e III for the.!!.. 0 

ion ac::ouati" instability Md an appropriate non- line .... theory ahoul<!. 

re'e1IIble the KlI.dolltt s e..-sagdeev approach [61. 
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The.e re5ulh lIl&y be e)(tended to include .. S':n drift by choosing ror the 

" quilibriUII ele "tron distribution functi on , 
t~OI • "0(_/ 2. 1 ,, )2(1 + ~'(1I - j/Oe))e:r;p{""'e(.! - ~) l l2"Te l. For k n t' 

thia then lead.s to the di apenion eqUfttion I TI 

1 + K + K • ., 0 . , 

Ki ., -(k~/2~~)Z'I "(JII/2Ti)l/k l 

'n 

where k", ki ... e the el ectron &lid ion Deb,.e VJl.ve nu=}>e" and vn ·,'T./IIIl
e

, 

VB • ,u2/20" ... e the S':n &IId!B drift velocitiea. 5inc::e TII oeeurl 0111,. in 

the tenll (vo - v
n

) in eqn.(1) the anenaion of the above reaulta i. a 

aimple matter . An approllimate analyti" e:r;preBsion f or the gr"Qvth :rate in 

at e • t , 
hili) • (11 (k(V, - v h.)~/B,".II n b,l t/(1 + It,' ). 

e e n 1 e e k 

• 
8illce Tr/"I"O ... Be the conclusion i . that tor a low 11 pl.u.IIa tha affect of 

the!1I drift .ia negligible. One <:&11 contrast this vith th.!B drit't tor 

which Ve alao have vB/vO ... 11. For e • t 

&lid the pr"'ence ot ve in the denOlllinator of the integral P":Idu<:U • 

aiguiti<:&IIt change due to a "u.u.ri llg out~ of the r",ona.oce ; for tile 

paraaeterl choaen the ![B drift red""ea the p-avth rate b,. • h.etor ot 

about 2 eaopared vit.h thet tor the.!"! drift al.one. 8illce!:fe d.rltta 

ghe rise only to addit.ional teTld i .. the IIlm1erator of the integn.l. one 

expects the eftecta of nuch terms to be negligible tor a low 11 pluma allO • 

[1 lKral.l. N.A . "Drift I/avu" in Adfttlcea ill Pl--. Ph;)'"aicI Vol.I, 

A. 5illlOII &.Dd 1/. B. 'l.'hOIllpBOn , EdlJ,. lDteneielK:. 

Publilhen , Nav Yor k (1968) . 

[ 2 )Ge.ry , S.P. and Sanderson, J . J. J. Pl ........ PltTaica (1910). (to be 

publi.hed) 

(3 )auy, 5.P. J. Pl .... _ ~lic. ( 1910) . (to be published) 

[b ]Paul , J.I/ .M., DaU&lmey, C.C. and Roues, L.S. Nature ill, 822 (1969). 

(' [Krall, II.A. and Book , D. L. PlU"'. Rev . Lettern,.u, 51b (1969). 

[6\Sagde-ev, R. Z. Proe. 5)"111. ill App. MIlthll. XVIIl, 281 (1961). 

IT IKral.l , II.A. and Rolenbluth, M. !!. PIl1'I . Fluid.a §., 254 , (1963). 



COLLlSIONLESS SHOCKS AND TURBULENT HEATING 

COLLISIOULESS SnOCr: JAVES A:'J A:lQ!·iAWUS :::LECTROU 

"i::;.nr;,; A~ VE::!Y r,o',; JC:',ZtTIES 

" H. Jip pel , K. Uj~hker , L Hint;?; 

Institut fill' Plasmaphysik , Asso;:iation "fA - EURATO:·:, JUlich . Germany 

Detaile d studies o f :he structure o f hydromagnet.ic shock waves 

(at Clcdiu", fl lfve n :·!achnumbers MA ) by means of '!'homson (lIee f o r 

example ref. 1) as we ll as coope r ati ve sca tt e ring have confir-med 

the notion , t hat collecti ve processes :lr e predominantly l"'l!spon ­

sible for energy dissipation in the shOCk f r ont . It appears tha t 

mainly elec trons are hea tec by 5c3tterin& from non - :hermal col ­
lective fluctuations which a r e the r esu lt o f ion sound instabi ­

lities . 

Reliable measure~ents of electron temperatu re and - den,i ty di s ­

tribution hy the light scat ter ing method have so far been done 

in a very narrow range of plasma paramete rs. Besir:!es , the plas ma 

properties (electron den sity ne ' - tempera ture Te , magnetic 

fi eld B etc . ) we r e suc~. that the shock transition was not truly 

collis ionfree , i. e . the ratio of the rise tiCle of the shoc k t\ 
to the elect r on- i on CO llision time 1/y" •. lwas much larger than o~e. 
(The subcripts 1 anr:! 2 refer t o the plasma state ahear:! of and 

behind the shock . ) Shocks .... ere also i nvestigat r.d at ve ry low 

densities , where,~ v"t-~, however i n this cas e information on 

shocks has mainly been ob tained by magnetic probe meas urements. 

Thi, means that the knowlecge about hea ting rate s and tur bulent 

r esistiv ities is rathe r inr:!irect. The purpo se of experiments 

reported here was t o ext ~ nd the scat terinl;; measurerlents on 

shock waves t o initia l densi t ies as l ow as it wa s possib le with 

existing ligh t sourc es . Si nce the shock width t:. increases .... ith 

r:!ecreasing r:!en sity thi s wou ld a l so permit a hetter spat.i a l r eso­

lution of ~he shoc k front and r esul t in more accura te de t e r mina­

tion of plas~a proper t ies in the s hock , e.g . of current densities 

a nd drif t velocities . 

Stlock s were generated in a deuterium plasma by means of a the ta 

pi nch (2) . The diame t e r of the discharge tube was 20 cm, the 

Coil length ~5 cm. 

EleC!tron t emperature and electron den l!! ity a t a distanC!e 1':],5 CIQ 

from the tube axil!! we re obtained by 900 - Thomson sC! att e r ing lIIea­

surelllents using a 500 ~w Giant pul se ruby laser. Fo r the de t er­

mination of the electron temperature the Doppler-broade ned scat­

terer:! laser line was spectrally resolved by tilting a narrow 

ba ndwid th interfe r ence filte r {4A 1/2 " 5 ~, typically}. The elec ­

tron density could be ohtai ned from a direct integration of the 

e ntire scattered profile. This was po'sible be cause the stray 

light level could he kept down t o values equivalent to 

ne .... 10 13 cm- 3 . The magnetic field profile in the shock wa s mea­

sured with small , o pen loop magnetic pick up coils. These mea -

surement s also yielded the shock veloci ty. 

The p r ope rtie s of the initial plasma were the fo i lowing: Ele c ­

tron den sity nc,l • 1,7'1013 cm- 3 , e lectron tempe rature 

Te 1 " 2 , 5 eV, and magnetic field B1 " 600 G; this corre s ponds 

to'a,,, (8 '2n, ',k1 ,)/B, 2"'1' 1O- 2 ,o( .. (1oJ I~ )2 ... 2'10- 3 , 
, e, ce pe 

and wCe , lf V ei,l'" 120 , whe re loJC!e and <.J pe are the electron cyclo­

tron and electron plasma frequenC!y, respectiVe l y . In contrast 

to former measurements the initia l magnetic field Dl a nd the 

compressi ng f ield were parallel . Th is wa y heat flow from the 

piston region to the ,nOC k front a nd to the init ial plasma by 

electron heat conduction parallel to the field lines (this is 

po, sib le fo r anti paralle l fi eld s) shOUld be avoided. Further-

more it was still a n ope n question whe ther shock waves C!ou ld be 

Eene r ated at all at parallel fieles and low electron r:!ensities. 

The s hoc k wave inves ticated had a veloci ty o f Vs,,~ , l'1 07cm/scc, 
co rrespond ing t o an Alfven :1achnumbe r o f ~lA ,l=l, 8. The rise 

time of the shoC!k f r on t was1"~~ 25 nseC!. This corresponds to a 

width o f the shock f r ont of A"'l , l cm . WithT~ \~~,1.2,2 a value 

wa, reached which lies considerably below those values (50- 100) 

at whic h s ca ttering measurel1ent, hav e been performed till now. 

The Observed shoC!k is near l y collisionfree . The dens ity and mag­

netic field in t he ' s hock arc shown i n Fig . 1. The measured density 

jump i s 11 " ne, 2/ ne , 1 " 2 ,2; for the elec tron temperat ure behind 
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the shock we ohta in Te , 2 " 1~0 cV and this y ields a temperature 

jump of Te , 2ITc, 1 " 56 . "rhe meas ur ed value s are i n good a gree­

me n ~ with those I'esulting f r om the shock r e l ations fo r '6" 5/3, 

if only tne elect rons are heater:!. At these low de nsities t he 

shock t h ickness is again 

.~ 
} .. 10 c/ .... pe · Since 'tVrU,l~ ViOO 
e nerb)' diss ipation must be 

chiefly due to collective 

interactions . The classica l 

heating of the electrons 

obtained as t he sum of • 
Joule heati ng with the re­

sistlvity gi ve n by Spi t?;er 

and adiabatic heating amounts 

to l e s s t han 10% of the mea­

surer:! heating. I t is note­

worthy thnt the spectral 

profile of the scattered 

libht does not show the d e ­

viation from a Gaussian 

distribution in the f o rm of 

Fig.1 Measu r ed profiles of ne and 6 a pronounce d peak in the 

neighbo urhood of .... A " ° as it was Obs erver:! fo r s hock wave s wi th 

antiparallel hias fie l d fo r higher Machnumh ers (". 

The effective collision frequ ency as de t erOliner:! from the power 

ba lance equation is Yeff "::t 0 , 8 .10 9 sec - 1 , while the calculated 

colli~ion freque ncy for binary collisions behind the shoc k fron t 

is V · 2; 11 , 8 ' 105 sec - 1. Por the elec tron d rift velocity in the 
el, . 8 -1 

shock front " e obt aIn Vd'" 10 CII! sec ~ 0 , 2 vthe ' whe re v the 
is the mean electron thermal velocity. At higher initial elec­

tron d e ns ity for comparison a value of vd ",O ,l vthe is repor -

t ed (1) . Co nsir:! e ring the di ff e renc e s in the experime ntal con­

dition~ and in the measured '{ff this variation goes in the 

rigth directi on. Prom the measured distributi ons of 6 , n, and T 

it follow s that pressure equilibrium exists appr oxillla tely across 

the plasma - magne ti c piston contact surface . Near the p iston the 

density drops sharply. Previous inve~tigations on s hocks in 

theta pinches had shown in con trast (~) that the p l asma pres Bure 

in the piston region may inc r ease by a large fac tor. 

With regarr:! to the scaling o f the effec tive collision fr equency 

the values give n here can o nly be compared wit h those obtained 

by (1) ; only the~e Dlea sureme nts haYe been pe rfor-.ed under com­

parable conditions (.E"l" 1, MAIL. MAcrit ) and include a direct 

determination of the temperature . The densities in the t wo 

cases d i f fe r by a factor of about ~O, the ion plasma frequenc ies 

by a factor of about 9 . Since the effective collision frequen­

cies diffe r only by a faetor o f _ it appears that a simp le sca­

ling wi t h Wp i does not exist . On t he ot her hand t he observed 

scaling agrees quite well with the scaling proposed by 

Sagdee v (5): Veff ..... (Tevd~i)/(Ti·cs) (cs: ion sound speed) , if 

the measurer:! value s of Te , ne' and Vd are i nserted and if one 

assumes t ha t the ions are heated adiabatically only. 

Conclusions; Shock waves at MA-l , B were generated under condi­

tions where TafTei ,l'"'" 2, Le . at maximum t wo binary collision8 

occur in the shoc k front''l''' 2 , 2 , 6Te ,"" 138 cV, and t he ene rgy of 

the dr ift motion corresponds to 2 , B eV. An effeC! tive collision 

frequency Veff O, B'109 sec - 1 is derived . According to ,these f'e­

Bul t 5 ~nd those o f (1) thp. ~ r.~ling con~nined 1 n Sagdeevs formul a 

for " eff ' which was calculated f or ion sound turbulence, seems 

to be r ight. It is furthermore shown that also at low initial 

densities and in case the compressing magnetic field is par allel 

t o the initial field a fast r ising piston is f o rmed and nearly 

sta t iona ry shocks are ge nerated. 

Refer ences; 

1>1 

121 

131 

1'1 

151 

Paul, J.W .M. , Goldenba um, a.c., Jiyoshi, A., Holmes, L. S. , 
Hardcastle, R.A., !lature 216 , 363, 1967 

Hint t, E., Proc . ]rd Con f. on Plasma Phys. and Contr . Nucl. 
Fu s i on Res ., Novosibirsk (1968) , Vol. I, p . 69 

Dippel, I'i. H., Hint t , E ., Conf. on Co lli sion - Free Shocks in 
the Laboratory and Space, Frascati ( 1969) , unpublisher:! 

Kei l hacker , l~ ., Kornhe rr, M. , Ste ue r, I'i . H . . , Z.Phys . ill , 
385 (1 969 ) 

Sagdeev, R.Z., Proc. Symp. Appl. l-lath. , !low York 1 965 , 
Vol. 18 , p. 281 , AMS Provide nce , (1967 ) 



COLLISION LESS SHOCKS 

On the Mechanism of Energy Dissipation in 

Collisionless Shock waves+l 

by 

R. Chodura,M.Keilhacker,M.Kornherr,H . Niedermeyer,K.-H,Sleuer 

Institut fUr P!asmaphysik, G&J;"ching, Germany 

Abstractl In shock waves with Mach nU1l'Ders M~Mcrit Glrong 

electron heating i. observed indicating a suprathermal level of 

fluctuations. collective scattering of laser light ahows that 
within the shock ion wave fluctuations are up to a factor 10 

above the thermal level, whereBs eleclron waves are thermal. For 
M > Mcrit non-adiabatic ion heating takes place . 

Thi. paper deals with the investigation of collisionlss8 plasma 

heating by shock wavss. The shOCk waves are produced by the fast 

riaing magnetic field of a theta pinch discharge (0 . 5 ps rise to 

12 k G in a coil of 15.8 cm diameter and 60 cm length) /1/ . They 

propagate into a high P ('1 - O . l - 5) hydrogen or deuterium 

plasma of denlity 2 - 5 x 1014cm-l formed by a theta pinch pre­

i onization/2,l/. In contraat with aimilar experiments at other 

laboratories, the ion temperllture in the " initial plasllUl 11, lar­

ger (Til - 20 - 50 eV) than the electron teltperature (Tel. l -

8 eV) and reldaina higher during the shock heating proce&s . By 

properly choosing the initilll conditions and the voltage of the 

shock bank alnoat stationary colliaion-free shock waves with 

magneto-sonic MlICh numbera M. ranging from 1.5 to 5 can be pro­

duced /2,3/. 

Electron heating for M~Mcrit 

As reported previously /2/, in shock wav es with interNedillte 

Mach numbere (M _ 2 - 3 ~ Merit) strong electron heating is ob­

served yielding an sffective collision frequency about two or­

ders of magnitude higher than the frequency for binary colli­

sions . To gain an in&ight into the nllture and magnitUde of the 

COllective fluctuations causing this effective collision fre­

quency, two diagnostic techniqae& were employed thllt are sensi­

tive to fluctuations of electric field and density respectively: 

Observation of satellites of forbidden lines and collective 

scattering of laser light . 

.... pointed out by 14/ , strong oscillating electric fielde can 

caulle satellite linea dispoeed 8)'11111Ctrically in pairs about for­

bidden atomic linea, their total intensity being proportional 

to (B2) and tlleir distance from tlle forbidden l ine being equal 

to the frequency of the electric field. In our experiment we 

used t h e Re 1 line at 4922 R. the p r ofil e of which wall recor­

ded with high time resolution u sing an 8 channel ph otomulti­

p l ier arrangement. The plasma to wich 15 " Be was added wall 

v iewed end-on t.hrough IlJ\ annular diaphragm (r .. 3.5 cm, ;1r -

1 cm) . 

r ig. l IIhows typical me1l5ured 

line profiles at. different 

times within t.he shock. 

owing to the rellltively 

high plasma density the for­

bidden line alrelldy shows 

up as a result of the lIIi_ 

(rofiel.d of t.he ions(c.f. 

l ine profile in f ront of 

s h ock), thereby reducing 

the aenlitivity of this me­

thod to fluctuating fields . 

Therefore only IlJ\ upper li­

mit. can be plllced on the am­

pl i tude of fluctuatin'l elec­

t.ric fields, this bein'l 

~ - 6 kv/cm averaged 

over the observed plasma 

annulua . This value would 

be about two orders of 

ma'lnitude a.bove the thermal level. 

.; 
I 

-, -, ., .. , , . , .. ,., 
Fi'l' 1 

~e experimental arrangement for the laser forward scattering 

mellllurements is Ihawn in fig.2. The scattering angle is 4
0 

'living 11. - llk ),0 - 1.5 for the mean conditionll in the IIhock. 
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The scattering 
vector k is col­

linear with the 

azimuthal cur­

rent within the 

IIhocK . The band­

width of the 

interference 

filter is chosen 

to transmit both 

the electron and 

iOn line:o , where-

liS the first F.-P. 

transmits only 

the ion line. 

which is then 

99' $can .tlr'wj! 

Fig. 2 

spectrlllly reSOlved by the second r.-p .• At the same time the 

density and electrun temperature of the plallll'Lll lit the point of 

observation arc meallured by 900 laller scatter in'l. 

Fig.3 shows the measured l e ve l of fluctuations within the ion 

feature of the scattered light (a.bsolute ca libration was ob­

tained b~' carparison with Rayleigh scattering from H2). Within 

the shock the fluctulltions are clearly enhanced. being up to an 

order of magnitUde above the thermlll level Which ~s cll lculated 

ulling the measured plllsma parameterl . On the" other hand, elec­

tron waves do not lSeem to be I!nhanced, liS indicated by measure­

ment of the total scattered light (electron plus ion l ine) . 

Mellsurernents of the spectrlll profile of Icattered light are cur­

rently under way and will be presented lit the conference to­

gether with a discussion of the pO'libl" nllture of instl!.bili­

ties involved. 

Ion heating for M:> Mcrit 

Since the shock waves are lIlmOllt stlltionary the total shock 

heating (Te ~ TiJZ can be derived from the steady state conser­

vation relations Ill. A!J Te2 i$ measUTed by lllser scattering. 

the ion temperature behind the shock TiZ clln be calculated 

separately . In tig . 4 the r atio of observed total ion heating 

t.o calculated adiabatic ion h eating Ti2 / Ti2 ad is plotted 

liS a function of M - Mcrit ' For M4Mcrit the ions are only 

heated adiabatically, but for H) Mcrit additional non-adia­

batic heating takes place t.hat increases with Mach number. 

This indicates that a.bove Merit. eol lision1els dissipation 

process thllt heats t.he ions let I in. 

Fig . 3 

, 
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COLLlSIONLESS SHOCKS AND TURBULENT HEATING 

MEASURE:M.ENT OF SPECTRUM AND ANISOTROPY 
OF TURBULENCE WITHIN A COLLISIONLESS 

SHOCK ay SCATTERING OF LIGHT 

by 

Daughney. C.C., Holmes, L.S .• Paul. J.W.M., Summers, D.n.R. 
U.K.A. E.A .. CuLham Labora t ory, Abingdon, Berks ., England. 

Abstract : Scatte ring of light from the shock reveals a spectrwn 

of ion waves with highly random phases and a sharp cut-off for 

k;> 1/:l.D' This turbulence is highly anisotropic about the direc­

tion of the driving electron current. The significance of these 

results for non-linear kinetic the ory is discussed. 

Introduction 

we have shown previously (1 ,2, J l that collisionless shOck 

heating results from plasma micro-turbulence. The nature of 

such turbulence is also of current interest for the develoJXnent 

of non-linear kinetic theory. 

we have now measured the frequency (~) spectrum(2.3). the 

wave number (k) spectrum(3) and the anisotropy of the turbulence 

within a collisionless shock. The level of turbulence is meas­

ured using the technique of scattering ruby laser light (2) This 

yields the Fout"ier transform of the density fluctuations 

S(tII,k)'" < 6n~ (tII ,k) >/ne with S{k) -J S(w,k) dw and Sk(w) -S(w,k) 

fo t" constant k. 

Experiment 

The shock is pt"oduced by the radial c~pression of a magne-

t ized plasma by a linear z-pinch (n 1 - 6 .4 
20 -3 

x 10 m • Tel-Til -2 e (4) 
~ 1.2 eV, BzI '" 0.12 wb m ). The shock is in a steady state 

with velocity Vs ~ 240 km s-l (Alfven Mach number MA '" 2 . 5). 

width 1.4 mm and compression ratio 2.5. The electrons "re shock 

heated t o 44 eV, which requires abou t 100 times the classical 

resistivity. The level of turbulence S (k) for k -l/~D is !IIOre 

than 100 times the['1llal and has w _ IJl • corresponding to ionwl!N~\). 
P' 

The scattering experiments reported here have georoetries 

which define mean wave ve ctors km with I kJ - l/lo and k in the 

(r, B) plane at various angles 'I' (0 <'I' < n/2) to the intersection 

with the tangent plane to the shock. For 'I' .. o. k is collinear 

with the azimuthal current in the shOck front. 

Wave Number Spectrum S tkl 

We have measured S(k) for 'I' .. 0 by vary i ng the scattering 

angle. The spectrum is shown in Fig.l together with the form 

predicted by Kadomtsev(5). The agreement is good, but within 

the Observed range the logarithmic cut-off is important. This 

cut-off is observed for k > l/lOm (mean shock conditions). 

Similar cut-off phenomena have bee n Observed at constant 

k by varying lem throuqh chanqinq Bzl (hence MA and T
e2

) or 

nel · In both cases the cut-off occurs for lnm - l/lc. 

Measurement of S(k) as a function of 'P shows a cut-off 

for III > 'Pc - 45°. This corresponds to 11 cone of turbu le nce 

which is much smaller than the cone of linear instability for 

the mean shock condition (i.e . Cerenkov cone '1'0 _ 750 ) . 

Frequency Spectrum Sk (,,,1 

We have measured Sk{w) by spectrally analysing the 

scattered light using a Fabry-Perot interferometer (resolu­

tion 20 m~). The incident ruby line of width 20 ~ (Fig.2a) 

is broadened. by the scattering, to 6X '" 55 mR and also the 

peak is shifted to the red by III .. 70 ~ (Fig. 2b). 

The direction of shift corresponds to scattering from 

plasma waves moving in the same direction as the azimuthal 

electron curt"ent (drift velocity VD) in the shOck ft"ont. The 

direction of Vo can be reversed, without affecting the plasma 

behav~our, s~mply by revers~ng Bzl This results in a reversal 

of the shift as shown in Fig.2c. This anisotropy with respect 

to electron current direction indicates that this current 

drives the turbulence. 
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The shift Il~ corresponds to a wave frequency w ,. 28 GI1:>: 
5 -1 

which together with the effective km - 7.1 x 10 m fits the 

ion wave dispersion curve for the mean shock condition . This 

identification of the flUctuations as ion waves is further 

verified by a scaling experiment in deuterium. This shows 

that ll.X scales with \LIpi for constant klD and MA' 

The width of the shifted line is interpreted as mea'suring 

the lifetime (T) of the mode {Wo' km} ' For 6X - 55 ~, T" O. 2ns, 

.... hich is comparable with the period (2TT/W
O
)' There is apprec,.. 

iilble r(l.ndonmess of phase. 

Discussion 

Apart from the broad frequency spectrum. Sk(W)' and the 

narrow cone ('I' <'I' ). the results are consistent with 

KadomtBeV's(5)cmod~1 of current driven ion wave turbulence . 

This model is based on the scattering of ion waves by ions. 

Recently Tsytovich(6) has shown that this scattering 

process produces appreciable angular diffusion i n k-space and 

i~ inconsistent with the observed anisotropy . He Buggests an 

al.ternative non-linear process~ ion wave decay . This Clln occur 

for a broad Sk (tII) . He has shown that this process does l ead 

to strong al1isotropy. 
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COLLlSIONLESS SHOCKS AND TURBULENT HEATING 

ELECTRON TEMPI:RATURE MtASUREMENTS IN OBLIQUE AND NORMAL 

COLLtSIONl.ESS SHOCKS IN MAGNETIZED PIAfiMAS 

b, 
r. Sheffield, G. Decker, A. B. Macmahon, and A. E. Robson 

The University of Texas <It Austin, Austin, Texas, \J.S.A. 

~; Measurement s a re presented of the electron temperature behind 

shock waves In magnetized phlsmas for AHven Mach numbers In the ran .. e 

MA'" 2-6 and at angles of SSo~90o to the mag-netic field. Below MA"Z .5 

only the electrons are hCllted, while at higher MA an Increasing fraction of 

the ava l illble energy 90tHi to thl! lu,,~ . The les"lls ace COUlp,..-ed .... 111, 1I,c 

Pl'"edlctlons of 11 theoretlCII! model. 

Introduction; The conversion of flow energy to thermal energy by 11 Shock. 

wave In a magnetized pillsml!l clln be calcu la ted by applying conservation 

TehUlans across Ihe shock wllhout reference 10 Ihe dlssl~tlve mechanisms. 

However to determine the division of the energy between electrons and Ions 

requires a knowledge of the Internal processes In the shock front. The 

measurement of the electron temperature through the shock should throw 

tight on the nature of the!!e processes. 

We have previously reported measurements of the ma<;lnetlc and 

electric structure of Shocks genera ted In the University of Texas oblique 

shock experlment(l). A curved shock f;ont Is generllted by a short 9-coll 

around the midplane of a 50 cm dl llmeter qlass tube. We lire IIble to study 

shocks movlnq at !!Ingles from 90
0 

to 40
0 

to the magnetic field . Initial 

conditions are B:z;0(250-1000 QIIUSS}, neo{2.5-6 x 1014cms-3};Teo ... TI0_lev; 

~0 6;0 .3. ChllTl9lU In MA lire effected by varying both B:z;o and the shock 

coil voltage (70-l80kv). Shock velocities v s (1.3-2.5 x 107cms!sec) are 

determined from time of flight measurements with two accurately spaced 

electriC probes. These show that the shock Is close to stationary 

conditions at around B cms radius. 

Measurements of Te: We have measured Te using. the Thomson scattcrlnQ 

of Hqht from a ruby laser (694JA
o

, 100 MW, 2 Joules) on both oblique 

000 
(55 , 75 ) and normal (90 ) shocks In hydrogen and deuterium for MA In 

the renqe 2- 6. A schematic 

diagram of the collection 

system for scattered Hqht In 

relatlon to the s hock apparatus 

appears In fiqure I. Accurate ' • ..-00< z·>oc_ 

posltlonlnq and IlmlnQ were _8,. 
achieved USing th e combination ..... --~~~~ 

periscope and e lectric probe. ~~ ,"~'t]~"_=== 
The Hqht was ana ly:z;ed by a 5 "cu .. l 

channe l diffraction grating polychromator, which allows a single shot 

temperature measurement to be made. The var1ance of the channe l Signa ls 

from a. »eSt- Ut Gausslon Wo " 

Iyplca.lly ±IO~. A typica.l let 

of temperature meesurements 

Is shown In Figure 2 with the 

shock potentia l profile for 

reference . In Figure 3 the 

dlmenslonless ralio of the 

measured Te to the [low energy 

per Ion Is plotted as 11 function 

of M for IIn oblique shock (a· 75
0

). Similar results were obtll lned for Cl 

• 550 shock (2) . Results for a normlll Shock (a~ 90
0

), Including t hose of 

other experiments (3), (4) a rc plotted In Figure 4. Shown on these dlagrllm s 

Is the totel temperllture Te + T
I
, computed from the conservation rela tions , 

and IIbo Ihe predictions of two theoretical models. 
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Discussion ; Tt is well known that below a crltlClI1 Mllch number {MA" 2 7) 

s teady continuous shock solutions of the fluid equation exis t wit ~ 

resistivity liS the only disslpllt!ve mcchllnlsm. 

for higher MA 11 nonmagnetic 

dl&slplltlon (e.g. viscosity) 

or dispersion (e.g. chllrge 

separation} Is necessllry In 

order to obt!!ln continuous 

solutions. If the scale length 

of this mechllnlsm is smllll, 

• 

1I acts only within Cl IliIITOW , .. 
region wh ich may be treated 

as a glls subshock (B "' constam). The IIddlllonal aS$umptlon thol l ,e 

electrons li re compressed adlolbiltlca.l1y (model I) In the subshock pennits 

us to calculate the final .. .,. 
~ 

_. S>oOC~ 
't,. 't 

temperature ratio [ram the 
(,) 

conservation equations 

Model i describes the &mll11 "' ~J+:f++ T. I"""''' 11 

vlscoslly limit of the two fluid 

equoltlons which, with " Illv".'u" 
"anomalous" resistivity and 

viscosity, give good agreement 
' .. "", .~ .. 

with the observed electric IInd 

m"",," ,,",", .. ,,(i)., '" h ~ .~~ ~ t can ..... seen t a l the observed Te lie close t,-

predictions of this model . 

In our experiment the plasmll behind Ihe shock Is contlllned b ' 

the curved shock front whi le In Paul's apparatus It Is In contllct with th r, 

metlll electrodes. flllppeiU S likely thllt the difference between our 

measurements at high MA (br~der shocks) Is connected ""Ith this. Note 

that while Paul observes 11 decrease In temperature behln:l the s hock , 

our case the temperllture remains conslllnl. 

In our model no assumpt ion Is mllde llbout the actual mechanism by 

which the Ions are heated. Recent numerical experiments by Undmolnn
(6

) 

show the growth of an Ion olcoustic wave subshock at Ihe back of 

supercrltlcal shocks. Ions mllY be renacted from this wllve train and 

a fter a sing le looping orbit colrry Significant Interl'lll l e nergy into the 

dawnstrellm flow . This is a pOssible coillslonlcss mechllnlsm consiste.· 

with our model. 

Acknpwledgements; We lire Indebted to J. E. Goebe l for his contrlbulior 

to the engineering of this IIppllrlltus, IInd to M. Mllhlllek and P. Phlllips 

for thek ;"sslstance with the experlmemlll work. 
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COLLISION LESS SHOCKS 

PLAS~lA iIEATING IN LOlf_ ~ COLLI SIONLESS 

SHOCK WAVES 

M. ~Iartone and S.E. Segl"e 

Laborator i Gas Ionizzati (Associazione EURATOM-CNEN) . C.P. 65 -

00044 Frascati, Rome, Italy 

~: Measurements of electron density and temperature (by 

90· laser scattering) and magnetic fIeld in the radial implo­

sion of t r ansverse shocks (or different Mach number) and in the 

oscillations following the i.plosions confir~ the excistence of 

a critical I!ach number above which also 10ns are heated by col_ 

lisionless phenomena. 

LoW_~ cylindrical shock WIlYeS are produced b y compressing a 

well ionized magnetized plasma by mcans of the fast rising mag_ 

nettc f ield of a theta-pinch discharge:diameter 18 cm, length 

80 C~ / 1 / . The distributions of magnetic field , electron den_ 

sity and te_perature in the initial plasma ~easured by .agnetic 

probes and double electric probes / 2 / are reasonab l y uniform . 

Measurements on the compress ion have been made mainly by magnetic 

probes a nd 90· laser scattering. 

Changing the initial conditions, shOCks of different Alfven_~[acb 

number MA have been produced, whel'~ the shock is well separated 

from the I113gnetiC "pis t on" and it is stationary over a few cm . 

Fig. shows the ~agnetic field profile at radius. 3 cm for 

MA - 3 6.Figs. 2 and 3 show the electi·on tempel·nture Te ncross 

the shock~ for ~IA .. 3. 1 .and 3.6 . As the jump in magnetic fie ld, 

electron density a nd temperature across the shOCk are thus known 

and the shock is s tationary, it is possible to use the con~erva-

" tion equations to determine the ion temperature behi nd the shock. 

The table summarizes the resul ts. 

' A n (cm- 3 ) 

x 
0 
10- 14 

H 
0 

(kG) 'U(~ ) 
, e' T (eV) 

e T i (eV) d (~) 

3 .. 1 5.2 0.78 23 54 0 '.3 
3.6 5.2 0.78 27 

. 
55 30 6.0 

3.' 4 0 68 28 61 35 6.3 

4.25 4 0 68 31.5 77 54 6.' 

It is thel·e f ore 

cal Mach number 

found (cfr. /3/, / 4/) that below some cri t.! 

• MA the ions are not heated. FUl·thermore the meas 

ured shOCk thicknesses and temperatures are not consistent with 

classical- c011isional dissipation. Below M: ion wave turbulence 

is indicated. 

Weasuroments on the axis of magnetic field, electr on temperature 

and denSity confirm that above.~ tho ions are heated appreciab­

ly . Indeed the radial OSCillations following the first implosion 

/ 5 / give rise to oscillations of Te a nd ne on the axiS (see 

Figs. 4.7); for MA .. 3.6, . although the compressing magnetic field 

is stronger, the peak campl·essian is weaker than for MA .. 3.1, 

i.e. the peak electron density,tcmperature and m.agnctic field are 

. eaker. This indicates that the i o n temperature s hou ld be appre­

Ciable, however the ions are certainly not heated by electron 

collisions since the equipartition time is nbout 6j1Js. 
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COLLlSIONLESS SHOCKS AND TURBULENT HEATING 

SHEATH FORMATION AND PLASMA HEATING IN LOW DENSITY THETA 

PINCHES WITH ZERO INITIAL MAGNETIC FIELD 

K.J. Dietz and E. Hintz 

Institut fUr Plaamaphyaik , KFA - EURATOM Assoziation, JUlich. Germany 

The ratea at which electrons and ions are heated during the im­
ploaion phalle of a theta pinCh and the event\.Lsl formation of a 

shock wave depend to a large degree on the width and on the atruc­

ture of the plasma-magnetic fi eld interface. If Cor example a 
ahock ahall develop the transit time Tp of the piaton acrosa the 
radiua R (T ~ R/U ; U : pie ton velocity) must be ahort compared 

p pp La 2 
to the lllagnetic field penetration tillle Td~ R /Upe/c Y eff (wpe : 

electron plasma frequency; V err; effective eleetron-ion colli­
aion frequency). For the low density. magnetic field free plasmas , 
disc~ssed here the mean free paths and the ion cyclotron radius 
are .larger than the radi~s of the discharge tube and a comprehen­

sive theory of the plasma sheath does not exist. Results of colli­
sionless shock wave r el!learch have l!Iuggel!lted (1.:!) that current 

driven ion l!Iound instabilities which provide a strongl~ enhanced 
rel!lil!ltivity may dominate the sheath atructure, at least in the 
early phases. The resUlting fal!lt magnetic field penetration may 
inhibit the development of shock waves (Td :!!: Tp)' 

The experiments reported here were made with the following chief 
objectivea: a) to examine whether colliaionle88 ahock waves can 
be generated in a f~lly ionized plasma at densities between 
1012 cm- 3 and 1013 c~- 3; b) to determine the magnetic field pene­

tration ratea at different electron densities, ion masses and 
piston velocities, in order to learn something about the scaling 
of the effective collision frequenciea. c) to gain experience 
on the behavior of high voltage theta pinchea at very low gas 
pressures, i.e. , on the achievable temperaturea, compreaaion 
ratioe and a-values. 

The experimental setup conaists essentially of a large diameter 
theta pinch. Coil length: Ba cm, coil diameter: 42 cm; i . d . of 

the tube: 40 cm . Bank characteristics: Energie • 14.4 kJoule; 

max . yoltage : 120 kV. internal inductance: 20 nH. The initial 
plasma ia generated by first preionizing the gal and then star­
ting an electrode less discharge, by which nearly full ionisation 
is aChieved. Pilling pressures of 1 mTorr (deuterium) and 
0.5 lIITorr (argon) were used. The compression pulae was applied 
during the afterglow phase at tUtes Where trapped fields had 

almol!lt disappeared andaleetron density distributions across 
the radius were constant to within 10J. Initial electron den­
sities could be varied between 1013 cm- 3 and 1012 cm- 3 • Magnetic 
fields and electron densities were measured with high time and 
space relolution by means of small, open loop , pick up coill Ind 
2 mm (4 mm) fast microwave probes (3), respectiVely. 

Res~lts . The fast magnetic compression of low density plasmas 
was studied for various initial conditions. Tsble 1 gives a 

Ca .. .. , ....ltd'c"; ..... tI.",. 8./~G • ... /10 .... • survey of 'ho cases '0-
O' ... t«Iu ... •. , " .. ." vestigated together with 

00U1 ........ ... , .. ,eo '" • IWlllllary ,r the results . 
Oeu i.rl"", '" 

,. " ... '" Most measurements were 
A'lIon ,., ... ... '" done under 'h. conditi-
-..,on .. , .. ... .., 

~ on. of case 1. where it 
Table 1 • average • (B~-sf)/B~ ... thougth that co11i-

Si" average mlgnetic field 
inside the plasma 

sionless shock wavea 
might " generated. 

Fig . la ahows radial magnetic field distributiona at varioua 
times. Aa in the other cases , the driving magnetic field Bp and 

:1 ~"'" ... 

Flg'~ R~~,.' ... gnoU. II . I~ dl.'rib~"."' 
>;m • • iu .. '1 

the pilton veloeity up soon reach 
nearly stationary values. The malt 
noteworthy observation is that the 

piston is rather di ffuse, the width 
A of the current sheath reaching 

almoat 10 cm at later tUtel!l. Un-
der sueh circWIIstances a shock 
should not be formed. Indeed, the 
temporal behavior of the magnetic 
field profile a could only be ex-

60 

plained by shocks if Y .... ould approach one or if a strong heat 

sink (e.g. electron heat conduction to the ends) would be pre­
sent. This conclusion is confirmed by space re solved electron 
density measurements . They Show the development of an electron 

density perturbation travelling ahead of the magnetic piston 
(lee Fig. lb). The rise time of the front is strongly time depen-

10 I Ri, .. 

1 
I 

"I , 
• 

flg_ •• s,eu."'" < ........ , I" ...... 
••••• "' ....... 1', ..... , .. " .... 

I, ••• " 

dent reaching 200 nsec near the 
axis. At later times a density of 
about 101~ cm- 3 is observed on the 

axis, i.e. an ?=ne final/neo of 
about 10. Using this value in the 

pressure equilibrium ralation one 
arrives at a temperatu~e 
Till: Ta + Ti <::o7.5)( 10 OK: The 
shock relations together with the 

adiabatic expansion law (y" 5/3) 
give in contrast Tm • 2.6 X 107 OK 

and 9 '" 3,~. 

For compariaon the faat compreaaion 

of argon was studied at the aame 
initial electron density . The mea-

sured radial magnetic field profiles are shown in Fig. 2. The 
width ·of the current aheath is conaiderably amaller. At later 

:1 ~ .. L"'-
'I ~--
1 ~-"-•• l-".--~~.------~,o.-=.,c .. -
"".' h.,., ....... ,< lIol~ ... IrI ... II .... 

•• _'I.~. ,_. I .... ·) 

times (BOO nsec) when prellllure 
equilibrium ia reached, the plallma 

diameter is about 9 cm .. Uaing the 
radial compression ratio and assu­
ming that only ions are heated 
(elect ron temperature sho~ld be 

limited due to heat conduction 
to less than one hundred eV) one 
obtains an ion temperature of al­
moat 10 keV in agreement with the 
value obtained from shock relat iona . 

Inveatigations were extended to even lower densities (see Table 1). 

The dynamic behavior of the fast compression can best be deacribed 

"" _ ..... ..."crw ... .", ....... d"" 
I. <_.1 .... wl'~ 1"-'\0 

by the r e lation 

Bp : Up~ VBlI fa' This is 
demonstrated in Pig. 3 for 
y: 5/3. 
It is possible to get an ellti­
mate of the effectiVe colli­
sion frequency from 

. Y eff :/12 c 2/W pe
2t (t " timl 

of observation). When neo and 
mi are varied it 11 found, 
that the scaling can best be 
described in the following way 

(aee Table 1 ) : V efrf; 1I~. It seems that the e f fective co11i­
aion frequency is proportional to the ion plasma frequency. The 

value of 1) eff for case 1 is in realonable agreement with that 
obtained from microwave measurement a under the same conditions. 

Conclullions. Becau8e of an anomalously fallt magnetic field pene­
tration Ihock wave8 cannot be fOrllled during the fast compreSllion 
of a cOllisionlea8 deuterium plasma. The observed broad plasma 
sheath is explained by .an anomalous resistivity reSUlting from 
ion sound inltability. The effective electron-ion collision fre­

Quency scalel as Veftrn l/{;'i' Thia leads in ' case of an argon 
plallma to a considerably reduced IIheath thicknell. Prom pressure 
equilibrium f ollowl that the mean energy of the argon ions 
should be of the order 10 keV. 

1.) E. Hintz. Plasma Phya . Contr. Hucl. Pus ion Rea . , Proe. 
Cont., 3rd, Hovosibirsk, 196B, Vol. 1, p. 69, IAEA Vienna 1969 

2.) H.A.B. Bodin et al., Plasma Phys. Contr. Hucl. Puaion 
Res., Proc. Cont . • 3rd, Novosibirak, 196B, Vol. 2, 
p. 533, IAEA Vienna, 1969 

3.) H. Hartwig, KPA Report, JUl-473 - PP, KPA JUlich 1967 



COLLISION LESS 

A TURaULE~~T HEATING EXPERIMENT 

by 

SHOCKS 

H. de Kluiver, A.M.J. P~ans . H.W. Piokaar and H. Sch rljver 

Assoc iation Euratom-FOM 
FOM-Instituut voor Pl asma-Fysica 

Rijnhuizen , Jutphaas , The Netherlands 

~ 
Results of turbulent plasma heating by a current in a 

straight hollow cathode arc situated in a magnetic mirror are 
p re sented. The d ura tion of the turbulent heating is controlled 

by short-circuiting the discharge capacitor at a preset time . 

Heating eff iciencies are proven to be In the o rder of 3 t o 4 ' . 

Experimental procedure 

In a linear geometry a 20-100 A arc with a length of 

60 cm is run between a tantalum or tungsten hollow cathode and 

a coppe r anode (fig- 1) . 

20-40kV~ Fig . 1 

~~~~~~~~~~~'~><~'~><~' ~~r:J5~i~;~~~d~f the apparatus 6 2 anode 
) auxiliary anode 
4 coi ls 

~ 11 1 5 ,p .. k ,.p 
~ 0 .1 H 6 crowbar spark gap 

"" ____ -<~ pump 7 gas feed 

The inner diameter o f the cathode is 9 mm. Gases used are Ar, 

He and H2 . The vacuum system consists of a 15 c m diame~er pyrex 

tube that is evacuated to a few times 10- 6 Torr. During arc 

operation t he gas pressure is between 10-4 and 10-3 Torr. The 

arc is struck by means o f an auxiliary ring a node i n a n E ~ B 

discharge . When the cathode is heated sufficiently, the main 

anode t a kes over. The magnetic configuration is a magnetic 

bottle wi t h a mirror ratio of 2 and a 0 . 4 T peak induc tion; 

t he electrodes are situated just o utSide the mirror. The elec­

tron density of the plasma prior to the turbulen t state is de­

termined by a 2-mm microwave interferometer bridge , and is a 

func tion of arc c urrent and gas feed . The plasma column has a 

density of 10 19 to I020/m3, and a temperature of about 1 eV . 

The t urbulent state is e xci t ed by dischargi ng a capaci­
t or o f 1. 86 uF at 20-40 kV across the lengt h of the plasma arc 

by means of a spark gap . The coaxial current paths ensure a low 

self- inductance . An auxilia ry spark gap enable s us to short­

c irCUit the capacitor a t a chosen time . A resis tance of 1 Q in 

series with the arc provides critical damping and dissipation 

of the superfluo us capacitor energy after crowbarring. 

Thus far the heating has been investigated by means of 

diamagnetic l oops, X-ray scintilla tor counters, Rogowsky loops, 

spectroscopy, a n image converter , and a 2-mm microwave inter­
ferometer. 

~ 
Heating by t urbulence is observed when the capacitor 

voltage exceeds a critica l value depending on the plasma den­

sity . I n our experiments this c ritical value appeared to be 

20 kV . After initiating the discharge the current rises to 

2 or 3 kA deP7nding on the vol tage of the c apacitor. The tur- . 

bulent state is characteri zed by a high resistivity, in gen­

e ral around la Q , and may l ast in excess of 4 us . Following 

this highly resistive phase the plasm~ breaks down with a sub­
sequent current r i se up to 15 kA. If the capacitor is crow­

barred the current surge c a n be avoided . The results refer to 

heating times of 1-2 \IS (Fig. 2) . 

Fig . 2a 
The vol tage across the arc vs time. 
Vertical scale 20 kV/div. 
Horizontal scale 1 us/div. 

Fig. 2b 
The current t hrough the arc . 
Vertica l scale 5 kA/div. 

It has been verified with the 2- 111m interferometer that the 

anomalous resistance is inversely propor tional to the square 

root o f the plasma density . The a bsol ute value of the resiS ­

tivity agrees with the va l ue ca l culated for the two-stream in­

stabili t y , for which the conductiVity is given byl) : 

0- 1. 4 Eo "'pe(M/ m)l/3 .. 

From the intensity of the light emitted by the plasma 

at wavelengths of 4686 R(He 11) and 3889 RCHe I) across the 

width of the discharge vessel , the diameter of the p l asma 
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Fig. 3 
Scanning of the 
intenSity of a 
He I a nd a He 11 
line at t = 4 us, 
re lative to \:he 
axis of the 
vessel . 

·4 '3 · 2 ·1 o , 
- _ (cm) 

column is determined to be about cm (F ig . 3) . By observing 

the rise time of the spec troscopic signal the speed of expan­

sion of the plasma column is found to be nearly 10 5 m/sec. 

Similar results have been obta ined with the image converter, 

The Bremsstrahlung has been meas ured in the afterglow . 

Scintillation counters with organic and inorganic scintilla ­

tors are us ed for photon energies between 4 and 60 keV . During 

t urbul ence there is a s hort X-ray burst from 20-25 keY e~ec ­

trons. After a period of 20 US of low intens ity, there is a 

quick rise to a considerable ra~iat ion with a maximum around 

40 \IS after' turbulence, fOllowed by a slow decrea se (Fig. 4). 

Fig . 5 Fig. 4 
X-ray emission . The diamagne tic loop signal . 

Tin,e sca le 20 us/div . Time scale 5 \ls/div. 

Impurity gases have a characterist ic time of 40 \IS to reach 

the axis and may be responsible for the increase in the Brems­

strahlung emission. Pulse height analysis lea ds to the conclu­

sion that the X-rays seem to arise from a Haxwellian electron 

distribution with a temperature of 12 ! 3 keY. This is con­

firmed by a statistical analysis of the results with the or­

ganic scintill a tor in a r e gion of heavy pile-up . 

From the diamagnetic 109P signal (Fig. 5) the followi ng 

conclusions are drawn . The signal decays. to 40% in approxi­
mate ly 4 \IS , followed by a much slower decay. Half of the fast 

dec r ease can be a ttributed to direct 1088~one depletion where­

as the other hal f may be due to sca ttering of electrons into 

the loss-cone. This agrees with a leakage current of 1 kA dur­

ing 3 US (Fig. 2b) . From the ambipolar diffusion time along 

the magnetic field an electron temperature of 500 eV is cal ­

culated. If we' apply Berger's expression for the trans ver se 

expans i o n velocity, 1kT / M, to our res ult of 105 m/sec, the 
• 2) 

same electron temperat ure is found . The remaining loop sig-

nal can be explained by the 12 keV e l ectrons, being l ost at a 
much s l ower rate: 

We are thus lead to an electron distribution at the 

moment of crowbarring which consists of 10 Ia /m) of a t e mpera ­

ture of 12 keY and 5. 10 19/m3 at a temperature of 500 eV. The 

energy content of our plasma is 3 Joul e for a capacitor vol.t­

age o f 35 kV . This corresponds to 5.10 22 eV/m3 . Up to 25 kV 

the ener gy content is proportional to t he capacitor voltage. 

Beyond this value the energy content increases proport ional to 

the third power of the voltage . Related to the energy dissi ­
pa tio n, 1 ~ V ~ t, an efficiency of 3 to 4 ' i s attained. 

Many t hanks a re due to Messrs. B. de Groot, K.L . Buis­

rn.'ln and Dr. 1~ . Strijland for their enthUSiastic assis tance. 

This work was performed under the association agreement 

of Euratom and FOM with financial support from ZWO and Euratom. 
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COLLISION LESS SHOCKS 

PLASJU TUB.BI1LXRT HE.lTING IN "VIXHR - 3" TOROmJ.L 

DEVICE. 

B.A . Demidov, S . D.FanCheneka. 

I .V.KURCHATOV INSTITUTE OF ATOMIC ENERGY, Moscow, 

USSR . 

Plasma turbulent heating .00 l OBS mechanisms i n "Vikhr-3" 

olosed magnetic trap were studied. The plasma was confined in a 

longitudinal magnetic !idd Br: and outward-rising quadrapole 

1'1e1d B'f combination [1]. i t1r1ce repeated current pulse tech­

nique has been developed to test the dependance of heating and 

los8e~ upon initial co.41tlons. 

1. !merimental !rr!DfUlment Fig.1 abows the "V1khr-," 

layout with a ~. Yacuua chamber 1 ( 10 cm minor and 150 cm 

major radiua t orold), 30 longltudinal-1'leld magnetic co11a 2 

and tour conductors :3 ~th anti-parallel c~nts wound around 

tbe torus &Dd producing a quadrupole B1 1'1eld. 

:Fig. 1. 

The etrective mirror ratio 

R=1/1+'1#' ... 
equal to 2.2. Twelve titaniWll­

hydride plasma guns were used 

to get a 101201%1.-3 density prei-

onization plasma. Special win­

dings 5 IJerved to &pplJ'" around. 

the torus oK: 50 v/cm pulsed 

electric :rield o~ r ~ 1 .f'seo 

duration. Two lo .. -induotance oondenser banka "ere pro'Vided, each 

independantlr diacha.rgable through widndin.gs 5 Via a aeparate 
spark gap. Tbe electric field applied, which waa much in exe ... 

of the Dreicer limit. ~ a plasma current producing turbule-' 

heating. Tha plasma denaitr waa me~.ured with A : 8 .. and }ca 

Microwave diagnostics. 

II !rperi.ental reaulte . The pro-ionization plaama colu.n 

effective diameter w.e meatrurtld to be .bout 2clll. for n -:: 1012c.-3. 
Thia lase than 10 , ionization degree plaBaa would dec...,. exponen­

tiallr as ahown br the broten-line curve in fig. 2. 

I I a 

Fig. 2 . 

With the pulsed electric field 

applied (saa fig.2&) n and ~ 

behaved aa ehown in tiga.2&.2b. 

I t is a'Vidant from fig.2 that 

duriD& the peri od at obaerv.ble 

diamagnetic signal the densitr 

at the pla!lJllll. .. oul.d _oothl;r '1"1_ 

due to neutral gas ionization b.1 

turbulent heated electron.e [ 1 J . 
Bence, it the second electriC 

field pulse .. as sufficientlr 

dalayed relative to the first 

one , it would act upon a higher ionizatlon~egree plasma with a 

presumably uniform den.ity dist ribution. With the strong electric 

field applied one wae able to observe anomalous plasma resistivit7 

and byper-tharmal microwave radi ation peculiar to turbulent heatt.g 

[ 2.3J . The effective electric conductivity of 1.1012cm-3 h;rdrolwn 

plasma during the turbulent heating was measured to be around 

2.1012 CGSE units . 

AND TURBULENT HEATING 

The diamagnetic aignal tracea at fig.2b indicate that atter 

current cut- off some tharrual energy was left accumulated in the 

plasma . In typical beat ing conditions with n 1.1012 and 

E : 50 v/cm the hot plasma pressure st current cut- off amounted 

to nT ::=::. 1 . 1015 ev/cm3 • The exponentially decaying diamagnetic 

eignal could be observed for 3Q-40;Usec. The nT e- fold decay-time 

versus turbulent-heated-plasma temperature is pl otted in f ig. 3 . 

• 
• 
• 

• 

Pig . 3. 

Tests were made with higher 

neutral 58S pros~re in the 

discharge chamber, demonstrating 

" decrease with increaSing 

neutral atom concentration. 

Ill . Diacus aien. New expe­

rimental data on the energy 

c onfinement time of 8 partially 

ionized turbulent-heated pla s :J18 

in a b,ydride- field toroidal trap 

have been obtalned over a wider 

Te range than previously , supporting the iOnization l oss mechanism. 

Since aome speculations have been put forw~ concerning the 

possible importance of large-scale plasm.e. and m.e.gnetic field 

inhomogeneity as a cause of anomalous reSistivity, it is of inte­

rest to compare the effective plasma conductivity data of "Vikhr-3" 

with the results obtained alsewhere (see the Table). The table 

lists the (, eff value for the first electric field pulse in 

"Vikhr-3". Por the second electric field pulsa acting on a pl asma 

preaumably hOlllogeneoua along the column lenght , 6 eff was found 

to have nearly the aame value. Note, further, that ip both 

"'lkhr-2-B" and "Vlkbr-," the plamu. current 'll'&S olear off tM 

walls while the fi eld corrugation ratio differed by at least ~ 

orders of magnitude . 

Device " n, c.-' X,v/c. CGSR Ref. 

V1khr-1 quasiun1torm 1012 50 1.1012 2 

V1khr-2-J. quaeiuniform 1012 40 1.10~2 3 

V1khr-2-B 
(Bz)m.u: 

20 1012 
40 1.101.e 3 rn:z1m.in 

VUhr-3 quasiuniform 1.1012 50 2,5.1012 Present 
work 

Twist quaaiun1torm 1012 50 1.1012 
4 

R - 0 quasiuniform 1.IO
I2 100 10I2. 1013 5 

The dats provide string eVidence in favour of sull- sca.le 

turbulence ss the m.e.in cause of anomalous resietiVity . 

Referancea 

1. B.A .DeMidov, 6.D.Fanohenko . Intern. Symp . on. Plasma Oont . 

in Closed Traps. Dubna, USSR , 1969. 

2 . S .D.Panchenko et al. JETP, ~, 497 (1964); ~, 454 ( 1965) . 

3. B.A.DeltLidov et aJ. . Doklad;,y Akad. Nauk SSSR. lli, 327 (1967). 

4. S .M.Hamberger et al. Ph;ys. Lett. , 12, 350 (1967). 

5. R.A.Demirkhanov et al. "Con!. Plasma Phys . and Contr. Nucl. 

Fusion Res". Culbam (IAEA. Vienna J.uatria, 1966) vo1.2, p.327 . 

62 



COL LlSIONLESS SHOCKS 

ruP.BUI..ENT HEATIUG OF l Oi,:; BY Tflli CUI{~IT CW A LUlt.AR DISCHARGE 

V, S .Koydan, A.G . P~~~arenko 

In~tltu~e of Nuclear Physics, Siberian Division of tbe USSR 
Aeade-r of Se1encls, No~osibirBk. USSR 

The investigation of the ~eehan1aa of ion nenting in a 

turbulent linear dischal.'&t: is one of tbe ilIportant p robleas 

/1 , 2 ,3/ . In thiz paper tbe dynamics of ion heating was inTes­

tigated and tbe iOD distribution function bad been determined 

by lIleans of tbe multichannel analyser ol' charge excba.!l8e 

neutraJ.s . 

Fig.I shows the principal scheme of arrange.ent on whicb 

tbe e::cperiaents .. ere clU'ried Qut , Tbe initial plasaa ( n" ::::: 
(j _3 -r- ., rH 

:::: 2·10 cm, It. -,.,"" __ , .as produced by a discharge of tbe Pen-

ninge-type in a &etallic chaab er of ~ 6 .3 CIII. at tbe pre&sure 

of hydrogen p" ,,5 .1 0-4_ Iig:. The basic d.iseb.arge current [1.,.-­

ed between electrodes 01' l,Zl3 ca placed in the dJ.Bt.u.e1 o:! 

IU'rlulgtl1aent. 

The eDerg:r distribution !\IJletion of: t.he t..:~ lollS at 

tlle di.tterent stages o:! C1U'l:"tUlt ._ dotiJled by C7\a n.iae-

clla.n.D.el l/l1IoI..l:7 .. r of tb8 !u-t ch.4.rge e~e aeutra.lB. fbJ 

ua1.ne; o:t ion-ehctroll cwrrerten togethu- nU. ae1u.tllla'tor 

'deteetors for ion ~~on proY1ded. 'the &Dal.J'Ber aeDC.l­

tirlty o! ..... 5 . 10- IIA at tt.tl resolution ot_10-8a ec: . 'rhe 

~r can ~1ahr the ~e e~ neutJ:'illB in the 

re.ng. 01' 150.2.104 eY with energy r-esollltion o! ,...30 % .~ 

e4li8.rtrtian of ~r W'U Il&da b;y -..na o:t pro'ton ~. 

S1.aultaDeOWlly with the ion analJ"ata then earried CIlrt the 

~~8 o.C electron "te.perat"uJ:'e 're IlDd its Tarlatio.n 

d\/d t (b;y I-raJ" 'tw~l detector ) , pla.aaa deneit;r ani 

aicrowe:Ye ra4iat10n at )." 0, a " , pl~ turbuJ.elllCe d.eg;ree 

by _an» of external ion beaa /4/ etc. 

As in the previous expert.e.nts /51, 'the shape o:! the 

e\1ZTe.Jlt pulse in tile d.iBc.ba.rge and the t.llU'!57 &b80J:'bed 1.0. 

tM pla.au depended essellSial..l,y OA 't.la ~teJ:'1S Cl! the 

",!~ 
.~~ 

(--,---, - -

v 

J'1.8.2 . Typ.1cal oscUloiICope 

tracU : a)d.1~ 

current; b )Ili~", 

radiation at )..::0 . &&; 

c )so:!t X-ray radiation, 

Te~ 3+5 LeT; d)sign.a.l 

of eharge exchange 

atoaB w1th eneJ:'K1 &" 

3 , 8 keV ; c)hard X-r~ 

radiation , Earr ..... 200J;tY. 
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initial plas.a.The f'10\fiDi; of the current (Pig.2) was charac­

teriud by, t.b.e intenlil fl absorption of energy. by the IiI:Gita­

tion of' powerful aierowavl ose1l1ations of the ~uir'8 

freQ.\lency CV ... and by the heat1.ne; of electrod 8Qd iollS of 

pIasllB..The signals ot anaJ..r-Ier showed tb.at 1.0. &a.e tue 

sIter tlle begio.ni.ng ot current the ftu:t (during the tae at 

30o.500nsec) and intens e heating of iOllS is observed.. . Pig.3 

Shows the distribution function of the heated ions d..ni/clE= 

f' {E) drawu for the aa.eat when si€;nals fro& tlle a.naly.eJ:' 

J:'cach its IllIUiauA value .At E ~1 .OkeV the experl...enta.l poln1li 

coinside satiafactorilY with tbe »a%Wellian function at 

T
i

:::: sooeV. At low ion eD.ergils t he d..iBagre e.ent of .;r;per~nt­

al. polote and »a%WeUian ie obil erved .Thia disa,greeMnt UJ 

corre spond to the presence o! the cold ion group in pIu ... . 

Des idU , the QJ...stortion of e:rperiaental depeDdcnc e d.ni/d.lbt(~ 

is possibla beeaJJ.Se of the inaccurate knoWledge Cl! ~1.Dc 

ot strippiQg c;r;'Q6s-6ect10D of ~en ato.s at low eOIl'!iaa . 

The abeolute denait," o:t i O:&8 with '!'i.~SOOeV wu d.Ar1nod. !J:'aII 

the ab&ollt1;l value of neutral flow rcglBte.red ~ the ....-J.7-

ser • .lt t he caleuJ..-tioDli the e.aaJ..yMr a lnsitiYity 

dn· 
a at , Q~6uniis 

li.g.3.~ergy di.l'ltritN.- : .. .. 

tion tunctiQ.ll of t..at- 0' 

Id io_ . Solid. C'll:l"ft is 

the e.al.c.l.llated ~l- tt1 

Han n~ Tt= 800 eY. 

• 
o 

" .: :: 

, , 
£, .. , • 

_as t aken uto aecoUDt and iaotzoopie d1..-t..nOlltion G! neutral 

!loa' was suw0-e4.n.e deDIUty of he-Ged. i.o.Ila d.4'U~ b'1 

Bl&.Il .. ttlod is ~:1.1r:i!3C1l-3 .~ ~ &ban the' ~ .u1-
cilDC'1 at ilD aea:t.i.,a,s 1..R tlIi ~ cU.&c.har!;e . 

1'1g.2 ~ that tM elect:fom1 cow:p;uaaat (P4-2c) 1..a 

bei.og heated taliUr than iClll5 ( Fi@;.2d.)..lt ...." cktam.-1 b'1 

.e.&!IB cd I - ra;, d.et.c"t.or tM:t 011 the 8"t.af;e at' il:ac~ eta"­

:reat the electZ'QJJ.8 /lre heated. tlll !e:::~ t.:a-nyM'C...J.S 

thiB .-.at the .tCJpp.i.Dg at tM current ~ 1.8 ~ 

and ~ quaai-lJta"tiana.ry ~ ill eat-lt" "Md re Wh1.c.h .... 

:rea.i..s1;anc:e at d.1.s.charge gap appro..ac.Mos to tt. clcu.blld. ~ 

racteris"tie :rwsu't&Dee of tbe d~ eJ.reu1t~ 

that the current is ;ransfe.red b'1 all plaau. eleetraa. to.. 

the C-UJ:7'Int TeIocity at this &ollent Vcur=2.10ti.;: u blcJrttr 

than the 'ftlocit," Cl! ion &ouD:1 at '1;::}.5bi.~,~ ion 

heat~ ob&erTCd erper.i.aent~ aq occur as a reSul.t of 

ezc.iUtion Cl! ion-aeousUc i.nSte.bUity as i.on'i~/ 

s.ha<n . Ha.rrer the pres~ce of Iliero.an rlld.1atio.n 1I:i; the 

frequ8DCl ~ the Ioru.tion of fa.st elec:tro..o.a rt~ 

Ee1'r20Clk:1V (Fig.2e ) 1.n.d.1ca ..... s ~e pouible plaaaa b.e..atiDs 

due to 'two-streaa inst&b1l.1ty. 

'!be e.uthors thanks greatly to R.I.501oukhin tor the 

d..ispls;red in"terest, A.J, Rogos1n aad N .x:. BeI1!;er for their 

a.!Is1.st8.lle;e. 
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COLLlSIONLESS SHOCKS AND TURBULENT HEATING 

Microwave Scatterin~ from Density Fluctuati~ 
during Turbulent Heating 

b y L.E. Sharp and S.M. Hamberger 

U.K.A.E.A .• Culham Laboratory, Abingdon, Berks .• England. 

~: The spectr.d distribution of density fluctuation is 

studied for the case of current driven turbulence using the collective 

scattering of 2 mm mic rowaves. Preliminary results show short 

fluctuations at frequenciea above the ion plasma frequency and 

characteristic of ion-electron streaming instability. 

The density fluctuation spectrum which occurs duri ng t he turbu l ent 

heating of a toroidal hydrogen plas~ column has bee n investigate d via 

the radiation scattered from a 2 mm wavelength microwave probing beam. 

The heating current p u lse lasts - )00 nsec, is produced by electro­

magnetic induction of a strong electric field (- 400 V em-I) parallel 

to the axial confining field () kG ) of a stellarator ( 'tWIST), and 

rapidly raises the mean particle e nergies to ~ kev (l). 

Fig . l shows typical waveforms for : (a) applied electric f i eld E~, 

(b) induced current, (c) ~ _ ) em microwave emission, indicati ng the 

time of maxintWII t urbulenc e, (d) mean electron density n - J n dt mea sured 

by 2 mm interferometer, (e) the direct transmission of 2 mm radiation 

across a plasma diameter. Trace (d) shows n is essentially constal'lt 

during the heating pulse. Since w ~ wpe' and binary parti c le col lisions 

can be neglected, the attenuation shown in (e) dur i ng the pulse c annot 

be due to abaorption and must therefore be attri bu ted to the co llective 

scattering of the microwave e nergy out of the received beam by the 

denaity fluctuations. Since the fraction So of the power a c attered 

f r om the aain beam 'ia related to the mean square density fluctuation 

spectrum < 6n2 (w,k) > by sO-n
2

.(.I1
T
J< 6n

2
/n

2
(w.k»dk dw dO, where 

I1T is the Tholllp~n cross-.section, Ikl - 4n/~0 sin 9/2 we estimate the 

r.m.s . l evel jfor all s c attering wave vectors not accepted by the 

forward receiver) to be 61'1/ 1'1 -0.1. 

To resolve the wavelength and frequency spectr\llll we use the 

arrangement ahowr. in Fig.2: the incident beam of 2 mm waves is focussed 

on to a non-reflecting RdWllp " to minimise unwanted specu lar reflect ions, 

and the signs 1 scatte r ed in various directions by the plas~ received 

by a set of l e ns-horn antennae, each of which is connected to a low 

noise balanced c rystal Rixer. The local oscillator signal is derived 

from the p rimary microwave generator. so that the differenc e frequenc y 

output correapol'lds directly to the frequency w of the scattering 

fl ··c···.·.·oo.(2). h · ,- ( ) . ~ .. ~ .. Tree scatter1ng wave-vectors HI - H) 1n the 

(horizonta l ) plane of the torus and fou r (VI - V
4

) in radial directiol'ls 

can be simultaneously observed, each with a bandwidth of 1000 MHz. 

Each wavelength channel can be subdivided into eight equispaced, 5 0 MHz 

wide bal'lds between 10 and 500 MHz. o r by hete rodyning, into eight similar 

banda between 400 - 900 MHz. 

Fig.) s hows the (rectified) scattered signals received by one 

antenna (H), lkl • 4 0 em-I) time resolved into various frequency bands. 

The gain of each trace shown haa been adjusted for equal noise amplitude 

(i.e. they have unequal sensitivity). These semi-qual'ltitative results 

show that large collective density fluctuations, with frequencies of 

the order s howl'l, occu r during the current pulse. S~lar but weaker 

scattering is also seel'l on the six lower frequency channels (not s hown). 

The presence of fluctuations at frequencies > f . -)00 MHz i s 
p. 

probably sssociated with an ion-electron streaming instebility , wi th 

~haracteristic frequency f- _ ~ (M/m)~ f. - 500 MHz. Similar 

frequenciee are seel'l in the potential spec~~um using electric probes()) . 

The lower frequenc ies may be associated with current-driven ion sound 

turbulence. 

Although the s ystem has not yet bee n Bufficiel'ltly ca l ibrated to 

compute absolute and time-resolved density spectra. it is apparel'l t 

fro m Fig.) thst vsrious "'doRinant "' frequenci e s o ccur on occasions 

together, within the vol ume observed (V _ 10 cm)); since v Ik I) _6.105 , 

many possibl e il'ldependent oscillations could co-exist, so that the 

f l uctuation spectrum may be concentr ated in several localiaed large­

amplitude waves, with correlation times of the same order as our 

r esolution time i.e. _ 15 naec, o r several periods. 
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COLLlSIONLESS SHOCKS AND TURBULENT HEATING 

ELECTROSTATIC POTENTIAL FLUCTUATIONS MEI\SURED 
DURING CURRENT DRIVEN TURBULENCE 

by J. Jancarlk and S . M. Hamberger 

U.K.A.E A., Culham Laboratory. Abingdon, England . 

Results are presented of the fluctuation spectrum for 11 

turbu le ntly heated plasma, and show that three distinct types of spec­

trum c an be seen depending on initial conditions. The 'anOlll1l10U5' 

conductiv i t y is shown to be related to the particular type of insta­

bility prese nt. 

We ceport 11 more detailed study of the frequency spectrum of 

collective electrostatic fields excited in 11 toroid"l m"snetically 

confined plasma during turbulent heating by a large induced axial 

current(1,2l . Applied electric fields Cl MHz ringing) bet .... een 100 

and 500 v cm - '1, and hydrogen plasma densities _ lOll _ 1013 cm-) are 

used i n this investigation. The spectra are obtain,,:d by numeri~al 

computation from oscill09r ~ms of signals received ( 10Mllz - 2(;Hz) fr;lll'l 

a calibrated differential electric probe with small (h",,) electrode 

spacing, and in this paper are evaluated for various time interva},s 

during the first current pulse. The f irst current peak occurs between 

_100 nsec and -400 nsec, depending on the plasma impedance, which in turn 

depends on operating conditions, and varies from purely resistive to 

mainly inductive. The probe can be oriented to receive different 

signals parallel to or across the axis. 

The type of spectrum Observed depends primarily on the density and 

applied electric field, and lIIay change with time during a single . pulse. 

Typical examp les which .... e use to char acterise three main regimes are 

shown in Fi':J!l.(l-3): 

Regime A (Fig.llthe fluctuation spectrum is concentrated. at frequencies 

U· <: wpi· It appears .... hen the drift velocity vd~ (2-3)xl0
8 cm sec-l,and 

applied field e ~40 E (E is the critical field for runaway 
-12 cp 0 0 

"" 2 x 10 niT (eV) (V cm-I» We interpret this as a spectrum of ion-

sound turbulence. For small Vd the fluctuations are seen only in the 

parallel direction, the transverse components increasing with Vd until 

they are undistinguishable from the parallel for vd"') x 108 cm sec- I. 

Regime B (Fig .2 ) occurs for larger fields, Ecp 0:. 40 Eo and Vd;:' (2_3)xlo
B

cm 

sec-I. The spectrum includes strong components at frequencies> wpi and 

characteristic of ion-electron streaming instability() i.e., 

w'" -.I::; (M/m)l,{; III .• A detailed examination shows that this condition is 
P' 

preceded by a large amplitude low frequency ion-sound spectrum occurring 

during the current rise (vd ~2XIOBcm sec-I). This is iIrlnediately 

fOllowed by a shor t (-20-40 naec) burst of very intense signal _ w"', 

whic h then decreases to a much smaller steady level .... hich persista until 
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the c urrent decreases . Somewhat 

similar bursts have been obser­

ved by SuPrunenko(4). The signal 

cbserved does not depend on the 

probe orientation. The micro­

wave emission in this regime is 

n.uch more intense t han in A. 

Regime C (Fig .3 ) is the least 

explored and occurs at largest 

Erp and least nJEcp ~ 103 Eo ); much 

higher frequencies - Wpe are 

observed, which may arise from 

electron-electron interaction 

(frOlll runaway electron beam). 

Notice this regime has w > w • 
00 ". 

The early stages are as D. 

Fig . (4) shows the relation 

between measured e l ectrical 

conductivity a and drift velo­

city for various regimes, plot- . 

ted separately according to the 

class (A. B, C) of spectrum obser­

ved at peak current, i.e., when 

the measurement of 0 was made. 

'I11e sol id lines show the semi­

enpirical predictions of Bun~~~ 
and Sagdeev (5) for the respec­

tive cases of two-strealD and 

ion-sound excited turbulence. 

Fig.4(b) shows the correlation 

tillle x frequency (i. e., the 

number of distinct periods of 

oscillation observed) fo r the 

t:~ree regimes. For A and B the 

trend is towards shorter correla­

tion times, i.e. towards stronger 

turbulence, wi th increasing Vd' 
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Fig. 1 (b) shows a typical ion-sound spectrum plotted logarithJDically. 

Assuming the lDaxima to be true wave potentiala ..... e obtain the spectr.l 

distribution shown i n Fig.5 (for four separate shots). The solid curve 

has the shape first predicted by Kadorutsev(6) for steady-state ion-sound 

turbulence in a current-carrying plasma. 
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COLLlSIONLESS SHOCKS 

TUltBULENT CONDucrffiTY OF PL!SMJ. IN iU,GNl!o--rIC Pn;LD 

\HTli lJiBO Llne 

S .l.SyrOTatsky, A. G.Frank, A. Z.E.hodshaeT 

P.tl'.Le'Oed ... Fb;ysical Institute, Woseow, USSR 

Abstract: In tbe experillent s d •• cribed, tbe preperties of cur­

rent rlow in plasma placed in a .agnetic field with ~ero /neut­
rall l10e .ere determined. The current distribution in such a 

field . as obtained. ?he current regioQ is ratber broad \n spi te 
ot the presence of a strc:ng trlWBTH'se aagne'tic field. Pla.s.ma 
eonductiTity ia aha.n to be turbulent . 

It 1s known that the appearance of accelerated particles 
in solar flares is cOllDected .ith Bol~ plasaa .ot10D in the 

Yicinity o:r zero /neutral/ lines of magnetic field. It has been 

shown by SyrovstsQ [r, 2] that two-di!l.ew:lioDal plasma flow oenr 

zero linee produc~ .agnatic energ;y cuaulatlon and acceleration 

of charged plIrticles alons a zero line. 

w. baTe lJl ..... Qti6.t .. srperae.ntally phenCl.laer..e. taking place 

in the Ticinit] of a aagc.etic :r.ero line. o..r iwrtall&tion h.a.Il a 

quadrupole aa.gnetic tield with 5 .10 3c./SI! gr~d.iu.t . '!.'he vac1..iUll 

chamber, 7 611. in di ..... eter 8.Od 80 a.. long, 1.11 surrounded b,. con­

ductors producing a aagnetic field with tero line along tbe 

chamber axi~. A plasma source i s placed at the end of the c~ 

inaide the quadrupole field . rJ.asaa fro. this ~ource flows along 

the c.ha.A:UI;er u:i.aI and fills the cb&.oer in about IOraec . The 

pl.ll\ll.a Ma the s.hap. of a cross in the t'rallSVerse plane with 

ra:rs dir.cted along -.agnetic force lines /see fig. la/. The 

tran.sTe:r8e diAensioo 1:;; about 4 sa in the direction or tbe quad­

rupole field conductors, acd the aaxiJltm pl8.B.AB. d~ity near U­

zero line is about 1013 c.-3 • Besides a .agnetic quadrupole 

field ther-e is aJ1 electrical induction fieId [z applied along 

the );ero 11Da, its value being up to 500 v/_. 
Thi s field induces pla~ l1Otion in the plane II,I/ which 

is p.rpeDdia.lar to the zero n.eutral line /&-axis/ . Plasaa .ot­

ion towttd.ll the sero line , for e:x&.IIple along the I - u:1s, iJI 

Ilcco:.pan1ed b;y its ~tion fre- the u,z'o line along the I -axi.A 

/SH fi!. La, the d~t1Olls of flow are shown bJ' errows/, 

AB has been shown e:xper1.-._tall,. [3] pla-.a lIotion is actu&l..lJ' 

~ sucb a nature. 
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rr the -.a.91etic f'iold is :trQ);e,n .l..o /u carried. O"rer nth 
pl--,! the the ~etic field distributiOn IIIQSt eh.a.cge a1.gn.i -

1'ic8.Otl1' near the tero lin, . Her. the field gradient 1nc:ree.ses 

and a current aheet appears. lllder such con<litions .e C4.D expeort 

the generation of energetic particles. 

The electric field 18 produced b,. a diBcharge ~ low-induc­

tive capacity C=O,I fF through condUctors arranged parallel 

to the TaCUUIlI chattber tube as in the case of' the quadrupole . 

field cooductors . The electric field frequenc,. i s about I 1Hz 

whereas the pr ocess is studied during the first quArter of' peri­

od - 0,25 fSec wben the electric field does oot c.b.a.nge direct­

ion . 
In tb..1.s work .e are iotereet ed in the current produced by 

this electric field in the plasu. .hich is placed in tha 'I(Wldru­

pole magnetic field. Fig 2. shows ol5cillo~a.5 at applied vol­

tage and pl.aBaa current. Thsir phase rel ation shows thAt resis­

tance of the plaslD.B. colwa.n is rather large. It depC!llds an the 

magneti c field gradient and pIu_ dell5ity and varies froll! 2,5 

to IS ohms . Tbe resistance is .ell8uzoed at th e instant .hen plas-

AND TURBULENT HEATING 

.. current 1-, a .axiaua and hence dl/dt ",,0 . Pl"-- curreot ris­

ea linearl,)' with appli ed v oltage, this Beans that plasma resis­

tance does not depe nd on the 

electric field .hen the latter 

cb.a.uges freo 80 to 300 v/SJll . 
To il:Ivestigate the nature of plas­

ma resistance .e have changed 

the pla.s::la colo:110 ler.gt;h. ?or half 

thG l ~ugtu we obtain half tbe re­

sistance /sae table/. This means 

thet the resista3ce is nearly 

unitor~ along the column and is 

not dependent on elec trOde 

phenomena. 

/0 

Tbe current distribution was determined in two ways: 

with ma.gnetic probes .. hich mea.surl] the magnetic field ~ the 

current and with P4l1 Rogowsky coil. ItIagnetic probes are .ClTed 

~ 1oh/sm 2 . 103 a./ Slll 

6"'" 4 , S:!, 1,2 n 6,2;t 1,2 fl 

3_ I , o;t r,4 Jl 3 ,O::!:. 1,2 j} 

inside tbe glass tu be o~ outer di~eter 2, 8 ~, the probe dimen­

sions being baller tha n 2 !I.lJI. The probes ere moved in two direc­

tioc.s AA' and BB' at all ~le of IS°to the Y and :L axes , 1:'es ­

pectively /aee fig.r b/ . Tae field component which is perpenUi­

cular to the displacement direction is measured. Fig 3 shows 

the magnetic tielu for the in.stant of plssl!lll current oaxillw.. 

'le see that the .idtb of current distribu t ion /along tbe X-u.:is/ 

ie deh.n.itel1' more than its thickness /along tbe I-d.irectio:.V . 

These dimensions are abou t 3 U and r o m. respectively . The sa.e 

re5Ul t .as obta.i ned in mea.surellents . ith a RogowsQ coil. rbe aag­

netic !'iele strength is 5.IIall compared witb the initial field 

bence there is no significant change of quadrupole field. lhe 

1lee.5UI'eme.nts allow to calculate the av erage plasaa conQ.uctiTit;T 

It equals 3.1012CGSE. With t.h.i.s Talue o:r conductiTi ty the aap._ 

tic fiel d can be froten in 11 region of I SOlI only for a period at 
aboutf.4. 10··sec, i . e. -5_10 times s.b.orter than the duratioo o:f 

the proces.s. 

Tbe ob~ined conductiv it;y 

is .uch saaller than the col­

l.iaion conductivity e.nd is the 

l'KUlt of seneration of pIu," 

in..-tabilie-y in a strong elec­

tr'ic field /ion-.cmnd or Bune­

aan in:'ItabUit,/.This pro6eas 

should be follc:rw-ed b,. pla.saa 

heating, 1!.3 it takes p.las.e in 

a oo-ber of «rperiaents(4,SJ. 

Current dilJtrihut10n mell.Ji1lr'-

lIents show the.t there i.J;l elU'­

rent practically e-re.ryw:bere 

where the plaSZ!ls cists in.3pi-

,.-''':' -''"\'' 

'" 

te of the preaaIlCe ot 11 strong trll.OS"ferse a.agnetic field. The 

nature of current ac;rO$S a strong magnetic field C4.D be explained 

onl,. as a resUlt of rapid plasma beating due to instabil ity . In 
fact t he lIIel1sured current is a ~etic plasma Clll"r'eOt .h1cb 

shows that plasma. temperatur e is about (r .... T~)- b.:ev. 
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BEAM - PLASMA 

EXCITATION 01' LANGKUIR OSCILLATIONS IN AN tON BE .... '1-PLASHA SYSTEH 

G.J. 8ukenhcff and J.M. Houtkooper 

"""clatH'" EURATOM-rOM 

FOH-Instituut v"o ... At oo .. - en Hohtuulfyaica , Kruislaan 407 . AmlterdaIl./Wg., ., 

The Nethe fl andl 

~ "'" "'I!pot[ tha ob. c r v.tion o l spontanloully excited LongDJlr Waves ""ch 

fuqulnciu bnween " pi Ind " pe and with phue " a loeiti .. 5 .. be t er 2.5 to '.1 h'aher 

than ,tha ion beam "elocity. Fro .. the radial ... plitud .. d"pendencI of ch .. "Ive it ia 

identified u a Lang=ir wave on a plu .... coLumn with thl! dialll4!ln of thl 1,0n be ..... 

The Plechani ']I\ to explain chi . excitat ion appears to be wave coup1in8 in the end­

t;hc.Xhs of the L.angmtlir "ave v ith the unstable do" ion b ...... ",av .. and .to" SRcondary 

.h.-troll be •• wave. 

I. INTRODUCTION' Spontaneoully • .cited Lang ... .Lir wavu have been obaerved pnviousl), 

in nperill .. nt .. " ith electron ba .. as Ill , and ion b .... s 12). In thi. P'lper " .. coorpne 

the . paneaneous vavl! vith a vav .... xcit .. d in the .)'n ... b)' a prob,. Thi . lan .. . 

vave toms oot to be even flatar than th .. spont.neous "'ave and tan be ,,,plain .. d as 

a Langmui r VDV .. on th .. b r o.der di ffusi on pi ....... colulllO .. round the ion bu ... TYPIcal 

p .... asete r vDlu"s of the .)'.t .. 1I .. r .. : n - 5 • 10
7 - 5 • 108 CII/.; T - 4.5 • 0.5 eY, 

8 • . e 8 . -
v
T

• == 0,85 • 10 CII/ I ; He lOn bUll 20 keV , Vb - 10 clI/s. 

~ Contider • be.m-plnlla colu .. of .. diua I vith unifo .. denlltiu of the 

can,titulnta , in a c),lindrica' _tal vav"",ide of radiu. b, in a hOllOgen"ous axial 

"",goetic field. lie take the di l perBion for b ~> " \3): 

11-.,\{(",-kVb)2 - "'\)IT. J'(T.)/J (T .. ) -k .. k'(h)/k (ka) 

T2_
P

_k2(I-<II2"J :(V)ZdV

o

_ "'!b z).Jl _
0 

.. !; 2) 
p (.,- k.v) (..-kv

b
) \' <..-kv

b
) - .cb 

'" 

lie take for f(v) the l(axwelli.n vdo"it)' di Hributian for the . h"t rona. rurther 

a .. umptian l are: Qua.i-stati" .pprol<wtion , "'pe» "ce ' no contribution frail tha 

pI ...... ions. lie can ,eparat .. the treat ... nt of the dispersion equation ln tvo p.rt . : 

I. !:!i!I!!.!:!.!!!!L!!.Lk:!!!!S!'!!.!L!!!~!!l_~L!L~~_~Te':' 

Since in ou r .. y.t ..... che th . ...... l "l"ecron v.locity i. of the ...... o rder .. th .. ion 

beall valo"ity, the I.;tngmuir wav lS ar .. f.r frail lynehronislI ",ith the be .. "avel, la 

that the b .. a. "ontribution i n (I) aod (2) b.tODl negligible . (quit ion (2) can be 

aillplHied to: 2 2 2 2 2 2 .. f. 3kv' I. .... - .. l2kv 
T2 • - k

2
{1 - --T~ • ~r j {f ~ • Te J 

'" '" (k vTe ) 

If w. eonlid"r .. <. "paIn and .. lOo ~ 3 VTe ' w. get a tilllPle e xpunion for the 

. v .ve d hpe .. ion: 

",!.' .. 2 • T2/kZ ''l 

U.inl (4) for the wave diape .. ion " e can dedv. frOlll the illalioaty p.-et of (3) "n 

e"pn ... ion for t"e .pati.l Landau dUlpinl at LaopLIir ... v ... : 

. , 3 -0.
2/2 . 

kilkr - 1"",1; 0 e • vu" " - ",/k vT e ", 
n. £.!:~-E.L~!-!!!!!--!!!~!!l_':!!l!L~..::!b-=-~Ta':' 
To calcul.te t he w" ve gr010lth of the b .. &lII vav., by the r el iative type of iocera ccion 

vith the pi ...... electron .. the ae t of equations (I) . nd (2) va. solved by .... a05 of • 

c"-Puur prolr _ . Thi l livel I rovthrates of the bellD "eve of .bout ki /k
t 

• 10-
2 

at 

our valual of the par ..... tara. 

3. EXPERIMENT: The He+ ion beam energy, 20 k.V , curunt 0 . 5 mA , i, inject,"" through 

. n antnnc .. tuhe inco the intenction venel (fig. 1). The slightlY divergin g be . m 

pa .... through tha pi ...... . cruted by the bUll its.lf through collitionsl ;ooint­

ion of the g • • in the iotaraction spaca. Th. l .. ngth of the intf-t."tion . p.ee . boun­

ded b), high tranl p.rancy grid. , i. variabla. In th .. hOlDOge neoul (.!. 1/2%} _goetic 

fi a ld in the interaction I pace tha beall phlIN col UlllO has • naarly eonltaot di . .... ter 

of " bout 1.5 c ... Me.$un ... nt . " .. re performed by """.ns of ..av.bl. probe. (LangBIir 

prohe, R.r. int" r fero"'eter and spect rum an.lyz.r) and. ",icrowave c.vity for den oi ty 

..... aur ...... nu. Thp """"r ..... nts present .. d in this p.per "'er .. don •• t a ..... goet ic f i e ld 

of 0.26 ',(0",.2 . nd at haliu. In pnssurea in tha int.raction .p.ce up to 1.3 x 10-
4 

torr. A t)'pic.l Ip .. ctrulI of the .pootaneoualy •• "it8d oscill.tionl r .e. iv .. d on a 

probe in the . ystell ,.. sh ....... in figure 2 for. punu .. of 1.3 x 10-4 
torr. Ver), 

notic.bl •• re th .. sharp .pike. on the la" frequency .ide of che 'pe"tr,,",. Changing 

th d"Uoee bet ... e .. n thl gtid a that li .. it th .. interaction ap.ce thifU the frequ .. ncy 

of the ' pik.s, but does not influence the shap .. of the envelope, indi".ting a reson-

.n"e phenomenon connected with the finit~ syst ... length . When v. !!lOve a probe ;lxi.Hy 

. nd ... cord the int .. nsity of the o .. cillations .t • fixed frequ"ney VI find. standinl 

v.". patt .. rn ( l ee figure J). Frail standing ... Ve pattern , the ph •• e "alo"itiu of the 

dac. "ted v ave. can be detennined, th" dist.nca bet ..... en two llaxi .... being f-qual to A/2 , 

.. the int.nsi ty of the ol"illl(ionl i. recordld. We h.ve _nured th. ph.u veloc:i­

tiu in • range of the plaslI& d.n.ity vhich . eales vith th .. gal pr ... ut • . lie found 

at the lo",,"c preuure p _ 3.5 x 10-5 ton ('" _ 72 MHz) the ph .. ~ velocity to h .. 
a PI_4 

2.5 x 10 c ... I_, " hit., at the hillhut prellure p • 2.7 ~ 10 tor r ("pe· 130 MHz) 

th~ phase valoc:ity is 4.2 M 108 em/s . The .. wavu .... falter th.n th. velocity of the 

i"" bUll (,108 cm/.) "hi"h ududu direct e !lciution b)' the be .. of the .. ... avu. 

Our n~lIt step vas to "ollpare ehe .e resuiu ",ith _.aure_oes .,ith .n R.F. interfero­

... tar on probe excited Lanprui r v.v .... rigur. J ahow8 at the ...... frequancy the stln­

din, ... ave patt .. rn of the spont.n .. ou. ",av. and the interhr""",tet P"Ulrn of the 

pr obe elicited vave. We .ee th.t the proba I "cited wave ha. a p ..... velocity .bout 

tlllee that of the s pont .neou. " .v ... Subsequently ",e mea oured at the 111118 conditiona 
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the r.di.l dependancI of both ""vu, bea .. densit), .nd pi ....... den . ity, . h ....... 1n Ha. 

4. We ne th.t ehe probe excited waVI follows the plulU profi le . whih. the ' pon'an­

.. ous wave is r u tricted to a much tnOre narrow ptohle, corresponding ",Lth ch. beam 

c r oss .ect i on. 

4. DISCUSSIOH: L The observed difference in the phut veloc:itie. of thl t pontan .. ovs 

"aV" and th. probe elicited "IV' , t.n be 11Iplain .. d uliina (.) . The valu ... of T diffe r 

by • factor of Z, 10 do the diameters of the ion be ... prohle and the pI" ..... prohh. 

The re l ult i l that T . • value. c l n b. cal"ul. l ed in both " .... to b .. about I, a a h 

.."p .. cted frn'" (1) in the r angl 0.1~ < k.a ~ 0.5 as i. the cUe [or the "'aves Itudhd 

hH ... 11. Th. influ .. nc .. of sec:>nduy elec trons. The me.Sure .. ents presented here are 

obtain .. d vi t h the . Iectrodes nf the collector ~rnund.d . in o r der not to . ppl y D.C.­

volts g'" ov.r the ph ..... . Th .. n • current of s .. condar)' .Iec tron l o f the o r der of 

200 \lA flo ... fro. the collectnr into the pl.slIIa. The veloci ty of the al.ctron. , • • 

• ni .... ced frail the pl.slIIa potentul, i. 2 • 10
8 

c./" tOO tlow to b .. ab l . to IccOunt 

for the oburv,d ph ... veln<:itiu. lIben we suppru. the ucondny d .. ctronl ... e ob ' ar­

ve the s pont . neou l oscillations to dlllinis h ln .mplitud. by • faetot of about ~ . 

r ~ [ .ining th .. pre"ious charact edtt i c • . Ill. Th .. pouible wavu in che s y,cI .. are: 

Langauir wave . , ion bea .. " Ivet .nd ucond".y electron b .... ",a .. es . Of ~h.le, on ly the 

firat prnpeg.t. r.at enough to be idenClfied vith t". obierved ... av,,'. How, vlr , t".y 

. r .. st.bl. , unlik. the other v.ve •. We propole the fntlowing ... chanil.: Noi.e viII be 

aarplified b), the ion bea .... 1t eravenu the piu"'" Wh.n .rfivi"g at the Ihe.th in 

front of ch. grid. this slgo.1 " ill be uflect .. d , ... t..ngmuir .... ve .nd po •• ibly th .. 

nco"d. ry at.crron b ..... "'Ive. The latter .. ill inculle in amplitude tr. v, llina to the 

other grid , while t hl! Langmuir Vlve .,ill b .. . d. lq>td by Landau dallPing. At the othar 

Irid both v."'" vill ba r .. fle"t.d, e!lcitiog now the unstable ioo b .. _ .... ve .nd chi 

l.a.ogaoir ... ve. o..-.chk [2 ) hll .. d. calculatioDl on thi, type of ",.ve cnuplinl a nd 

rou"d thlt the Lan ...... ir ",.v.a could b.co.,. unltlbla. IV. Landau-.:iamping. If "'. con­

sider th. v.v. e!l"itltion b)' " 've eouplinl' o .. glactina the • • condar), allctron. , e 

.. ini .... 1I e"ndition for the e" inence of th. wav •• i. th.t the . p.ti.l l.ndeu dalllpina 

of ]..aogaui r w.ve i •• malle r th.n th .. ' pati.l gtnVchutl for the slav ion b .... ",ave . 

We calculaud fro .. this condition, u.inll (5) r u pectively (I) Ind (2) , • condition 

for the ph ... v.loeity of the Lan ... ir w.ve. The observ.d .pontanenu. VIVU fulfill 

this condition. 
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BEAM - PLASMA 

ION HEATING BY BEAM PLASMA INTERACTION 

f.Bolliglioni . 

ASSOCI ATION EURATOM·CEA 
Dllpancmen\ de la Physique du Plasma el de la FU$ion Conlr6IM 

Centre d'Etudes Nuchla;,ea 
Boil. POl la le n" 6 . 92 Fontenay-au x;-Roses (France) 

ABSTRACT: A powerful e lectron beom is iniected longi tudinally in J mogne tic; 

mi rror configuration. By ionisa lion of the H2 gas, Cl plasma i . produced wh ich 

i. heate d by interCl c ting with the beam itself. The hol plosma densay and the 

ion temperature ore resped ively Cl few 1011 cm - 3 and Cl few hundred of eV. 

INTRODUCT ION: The production of ion" with energy exc eed ing severa l KeV 

has be en observed in some particular regimes of low pres' lI re discharges , con ­

fined by (I magnetic fi e ld (1 )(2)(3)(4) , when on inlense boom nf IIn r. II"I "rl 

energelic e[eclrons (g few hundred of eV up to sev ergl KeV) i. produced. The cri ­

tical parameters of the electrgn begm to he at the ions Ore not yet well defined. 

Severgl different explanat ions hgve been proposed ( 5) (6) ( 7) (8) but anyone 

doesn't fit the whole o f the experiments . We descr ibe here only our experimen ­

tgl observations mode on g plasma which is heated by interact ing w ith 0 power­

ful eleclron beam. The pl asma is produced by the ionisation of the beam on Ihe 

H2 gas. 

EXPERIMENTAL APPARATUS . (Fig .I). 

J j 1" 

i ,:.~ ."". 
"-',,",,,-, , .. ,.,. .. 

_, .. u'~~"" ,,, \>. 

An e lectron beam ( I
Max 

= 1 A ; V
Mox 

"' 10 kV ; 

$ZI '" I cm; beam pulse: 10ms up to 2s ) is in jec ted 

in 0 magnetic mirro r configuration with 0 mirro r 

ra tio R changeab!e from 2 to 8 and with 0 maxi ­

mum field slrength at Ihe mirrors of 0.6 T. Expe ­

rim~n ts ore performed at R = 2 • In the mid plane 

between the mirrors an e lectrostatic analyser mea ­

Sure. the energy o f the ions oblain ed b y stripping 

the fa.1 atoms moving radiolly oul of Ihe plasma 

Fig.2 . Fast atom rodiol fl ux, measured by secon­

dary emission detectors, ore used 10 estimate th e 

~: Expe rimental appora - hot plosma density . Th e o.ci l lations ore de lecte d 

Ius . b y on electrostatic antenna and Ihe plasma dia-

magne t ism is measured by 0 two diamagnetic loops. The H2 gas is in jected in 

steady- st a te through 0 g radient pressure sys tem, opposile to the electron gun . 

The pressure inside the configuration i. abou t (I - 4) x 10- 5 tOf<. 

_ FIG L 

~ : Etlergy spect ru m o f fast a lams 

me asured by the e lectros tat ic analyse r. 

Har. Units l : 1 KeV/division 

Veri. Unih: 10 pA/d iviliion 

Sweep tim e : 10 ms. 

j , 
, ,I 

t' 
) 
i 

, 

'. , , , , 

~: T ;; ~"d' E of fast 

atoms versus B4 , the magn e t ic 

fi e ld st reng th in the midd le p lan e 

be twe en the mi rrors 

PLASMA PROPE RTIE S. The hot ions gre confined near the middle"f t he magne ­

tic configuration in :l vo lume of a bout 200 cm 3 . The longitudi ngl densi t y pro­

file, approximgliv el y parabolic,drops of a factor 2 a t gbout 2.5 C,n from the 

CIMter . The io" transverse temperature Tj. is deduce d from the slope o f the 

fast atoms en ergy spectrum . TJ. CII.d the maximum tronsverse energy o f the fa st 

a toms E J. de pend on the magne tic field os shl>W ~ in fi g . 3 . TJ. and EJ. decreases 

. Iow Iy (of 0 factor 1.5) when the pressure increases fro m 7 10-6 ton to 7 10- 5 

tOrT . The plasma d iamognalism g row ths wi th th e mognetic field. The trgos ­

vef5e ene rgy densi t y o f th e p lasma , averoged ono diameter o f 10 cm, is in the 

range o f 1014 eV cm - 3 • The radigl fl ux o f Ihe fast alams 11'1 elCh ibit s tw o im­

portant c hara c teristics : i t increases with B, os plotted on Fig.4, and with the 

ratio 8~ /8
0 

, where B4 is the magn e tic fi e ld in the midplan e be tween Ihe 

mirrors and Ba is the magnet ic fi e ld at the e lectron gun . I~ doesn 't chang e , in 

spile of what one wou ld elCpect , in 0 ra t he r wide range of the prenure 

(10-5 - 5 10 - 5 ) . Moreover , the mean hot ion density ,,~, deduced on Ihe basis 

of Ihe charge elCchange be lw een th e fast protons and the H2 gas, doesn't fit 

INTERACTIONS 

l , 

I 
t-15 

+ toll 
+ .'!.25 '. 

~'1 

~ I Fasl atom flux T H versus 

R4 fn. seve ral volues of 84/ 8" 

I. • 
I. 

• , .... '_./.'1.' .. -.~ ,,-

~: Mod ulation of the cu r­

renl of the collected beom 

ondofI H · 

Hor . Uni ts =0.1 rn$ /division 

VerI. Unil1 '" I,,"'IA/ division 

Veri. Units 1" "'0. 2 mA/division 

t he density of (2 - S) 101 bm3, infe rred from diamagnet ic and en e rgy measurements 

unle ss the base pressure grea t ly increases owing to on importgnl ou lgasing of the 

liner . N everthe less 0 satisfactory agreemenl is found if the charge exchange o f fasl 

pro ton s on H(9) or H2+ (10) of the co ld p lasma ore considered . As the who le g:ls 

o:J9ht to b e in the alomic state , th e charge elCchonge reac t ion on the H; cou ld be 

the most effe ctive one in producing the energe ti c a toms. 

At the edge of the plosma region ( t':!.:6-8 cm) is observeo a slTong emi ... on in the 

bond 50-120 MHz, in corre lation with Ihe ion heating. This is the range of the 

ion plasma freq uency, for 0 plasma density of about lOll cm - 3 

BEAM PROPERTIES. The curren t Ib of the prima~y elect ron beam is co llected, af­

ler passing Ihrough the plasma, out of the mi rrors . In th e hea ting reg ime Tbis mo ­

duloled.with on a mplitude reacting 30 % at a frequ en cy of about 20 Kc/s . The 

modulation of IH "is well correlated in frequ en cy, phase and amp l itu de wi l h the 

beam modula tion Fig.S. II hen been observed that th e long itud inal energy spec ­

Irum of the beom ~ (Wq), before in teract ing with the plasma,spreads o ul with incre o­

s ing Ihe rolia B4 /8
0 

• When B4 / 8
0

,lf 1 f(W,,) is 0'; fun c tion, while for 

D 4 /8
0 

= 3,5 f (Wq) has on half heighl width of abo~ t 700 eV and its mOlC imum 

a t 3,6 KeV . (Accelerolion vo l tage .... 4,7 r<V) . 

RE MARKS : The he ating regime is obt a ined ani y if severa I phys i co l condition. ore 

fulfilled. For a given curren l and power of the beam , the ion hea t ing occurs if 

the initia l cold plasma den sily elCceeds a threshold value and if the gas pressure 

h lower than a given va lue. The ... two limits ore respectively in the range of 

68 

o few 1010 cm- 3 and 10- 4 to rr, in th e present elCperi ment. By injec ting the 

gas through 0 preuure gradien t syslem,in th e high pressure region out o f the 

mirrors is produced o plasma dense enough which diffuses into the magnetic 

configu ration where the pre ssure is lower. The threshold on the plasma densily 

islik e ly to be connected wi th 0 necessary condi tion for the Ito rl ing of the osci l­

lat iQf1Swhich heal the p lasma, whereas Ihe pressure limit SeemS rather 10 be con ­

nected 10 Ihe energy impul in beam -p lasma Iys tem. The high frequency emission 

so os the low frequ e ncy m"dulotion of the beam ore stric t ly re la ted w ith I[, e he a­

lin g regime . The oSserved dependence of I ~ on th e sp read of f (VIII) of th e 

beam affects mostly the heating efficiency (11) , whi ch in our case is abou t I % . 

REFERENCES. 

(I ) M . V . NEZ.UN et 01. JETP 45,840,(1963) . 

(2) I . ALEXEFF et 01. C<)"f. IAE A Vol 2, p. 693 , (1966) Novos ib irsk. 

( 3 ) B . 1. KANAE V et 01. Conf. lAEA ., specia l supplemen t p.169 (1969) 
Novosib irsk . 

( .( ) M . FUMELl1 el 01 . Plasm a Ph ysics ( b para;tre ) 

( 5 ) G . GUEST et 01. Phys of Fluids ~p . S03 (1962) . 

(6) I. ALEXEFF e t 01. Phys. Re v. ~,516, (1963) 

(7) A . B. MIKHA ILOWSKI l. Sov. Phys. Tech . Phy$. l£.J 1490 (1966) , 
Atomnoya E"ergyo~, 103, (1966), Plasma Physics.! . 705 (1966). 

(6) M.V. NEZLlN, JETP,~, 693 (1968) 

( 9 ) E .W • Mc DAN IEL , Coll ision phenomena in ionized gase. , 
J ohn W ile y 1 9~4 p . 233 . 

( 10 ) OR N L- 3113p . 1I . 

( 11) B.S. AKSHANOV e t 01. Sav . Phys .Techn. Phys • ..!.!..,; 446, (1966) . 



BEAM - PLASMA INTERACTIONS 

~§!!w.!!O~..Q!:_!!!L!~§~!O~!O_~m~!!r_!?!§~!!!!!!!Q!!_D.!!!mQ!:!_QL!!:!!; 

!!W!_!:g!::!~!!§_!!!_~_!!~~:f~_~!O~Q!E~ 

f~l . H • .!, HopNn, J.H,A. va .. \lake ... "" 

Fctt-Inltituut \lOO ... Atoo .... en KoluuuUY5ica , kruislun 401 , ~stlrd.1I 

Th .. Netherland. 

~: \/e present IHUUUlDent , of the bell .. transveue ""er8Y III .. {unetio" 

of the baa .. -plallU par"lIIeta ... , . The tranaveut! ""erlY i . , .. e" t o incuIII. with 

the inu" •• n in thl total radiated .ie r o"&,,," po" .. :-. It h .. been proved that 

tha be ... tranlvern energy i. acquired a t the cOlt of an axial de,,"ie"'ation 

of the bum electrone . With 11 ,i",pl" .,del for the electr on IIIOv"m"nt in l ide 

the ".,lIlyut \le cou ld determine the bum tu.nlvene velocity distribuuon 

function. 

I. INTRODlJCTlON: As it is "Ill knololtl, theory predicts that cha devl!iopment 

o[ a ny bum- plll .. a instability lead. to .. n in~r"5e- of both th .. p .. talld 

(61. ) . nd th. tr .. n.vu,," (61.1) b ... t"",p .. ratute. In cu ... <>f ""citation of 

C .. renkov inst.biUti .. 61): » 6T1 [I]. On th .. contrary, during thll! in.t.b­

ititi .. ~.ulI!d by the ano ... loul Doppler .. ff .. ct, thll! ... n .. rgy Ion by th l b .... 

go .... oVlr .n .. nti .. lly to th. incr.al. o f it . tr .. n l v .. n .. t ..... p .. ratur ... nd .0 
61.1 u 6 1~. Although th.n i& • relatively large numbu nf th ... onti cal p.p ... rs 

con~ ... rning th;' lubject [2] , only n~ ... otly ,0"'" exp ... ri_ntal onu punntd 

_ .. ununtt on the be ... tranlv ... n ...... n .. rgy DJ [4]. 

2. EXPERlKElfTAL DETAtl.S: OuI b ..... pla ..... erperi_nt , ducribed in • Co .... r 

publi ~.tion [5], eonliau """ntblly of • cylindri~.1 (' - 8 "11) interaction 

eh.llbu with .. length of 1] c ... Tb. b.ckground pnuur .... lIOunt. to 3 " 10- 7 

t orr. Thl inter.~tion ch •• b.r i. filhd "ith Hdiu .... t • fi" ... d prl.sur. p _ 

4.8 • 10-
4 

torr. Tb •• "i.l ugn. tie field i . con. tant along the e"pedlllllnta\ 

tub ... ( .. ithin 1%) .nd C.n be vuied fr ... 0.01 to 0.1 Wb .. - 2. An .hetron lun 

injlctl continuoully .. bUll oC 1500 .V .nd • curnnt v .. riable up to 20 u.. 
Th ... injection i. paralla l to the .... gn .. dc field . nd th ... b ...... i. cn ll ected on 

the utern.1 ... 11 or • 'pecially duiKUld electrolt.tie enugy analynr, Thil 

.. nalyser pt.nnit. the _ .. ure"",nt of thl tr.n.ver .... v .. loeity of th .. be ... ehc­

tron. and its £irJt p .. rt i. dr conv.ntional design . h .. ving • SlILIll IIntr.nCI 

hole (, _ 0.2 II1II) and t .. o e1 .. ctrodu for th .. nflllcti"" of th ... ion ..... d th. 

• pplic.do .. of thll! utlrdinl pot .. ntial. A third ... lectrode c.n be used to IIOd­

ulatl thll p .. nlhl .llctron v. locity. 'rh .. el .. ctrons which p ... th. potent hi 

buriu .trik •• Hut colhctor which .110 h .... holl'. ( ' • 0,2 _ ) in iu 

c .. ller,.. El ... ctro ..... hieh p ... tLrough thil hole ar,. coll ... ct ... d on •• ec""d col ­

lector. the ... elObly or thll ' lI t .. o intImal coll ... ctou c. n b ... IIOv ... d in th. 

tr.n.vene direction OVIII ..... Id ..... dist.nce of 9 II1II. thi. tr.n.v ... r ..... c .... of 

the ncond hole of tb •• n.ly .. r i ... ccomplish .. d by 200 turn. of • IIOtordtiven 

nis ' '1uipid vith • hatipot for X~Y recording. thi . peIllita • v.ry pr.cil. 

_ ... un_nt of th. l4.~r r.diu. in • dir.ct " .y, If 2rK i . thll ."tlln.ion i .. 

the tr.n.vln. dir.ction .. h.r ..... can col het .l.ctron l in th ••• cond coll.c­

tor. th.n th. r . u •• t I.a.t .Ollot. at.ct r on . .. hich ponllll • l.a~r r.diu. 

equd to r L • J(lr
K 

- 6 1 - 6
1

). Han 6
1 

.. nd 6
2 

are the di ..... un of th. t .. o 

hol .. in th. Ifl.lysu . Tb. I •• k cun'nt betv .. en th .. t v o coll ... cton (_10- 10 A) 

. eCl .. li.it to th •• ccur.cy or th. _ .. Iure_nt •• 

3. EXPERDttIlTAL USULTS: He •• urll_nt. _rll <>nIl' dcmll .. t t hll b ...... c.nU .... 

only there i . the erprellion fo r th .. l4....,r radiu. v.lid (rot.tional .~try), 

1111 b.g. n by _nudnl th' "lIIIlli"",m" tran, v'rI' ,.nergy of the bla .. ellctron ••• 

• function of th. bllm currant for difflt'nt v.lulI of the 1II8O.tic field. For 

th ... u .. euur.mentl ...... ullted that ,,' coll .. cted el .. c tron. if th. current On 

thll second collector ..... factor 2 high .. r than the v .. lu .. it had in the Ib-

unce of th, .lIctron be ... , Th •• xi . l retuding pot .. ntial "81 continuously 

. v"pt (50 Hd {ro", -100 v (to ran.ct the pl .. 1ILI el ... ctronl ) to -2000 V (to 

raflect th. vhol. bit"'), In thi . .. ay tha hali;:al electron path inlide the 

• ndyur (l.ngth .bout 10 cm) v.ri .. puiodic.lly in pitch . Thu . .. 11 c .. n, in 

first .pprolti ... tion . eltp.et thlt . .. h. n thl bllllll III.ctron. arrivlI It th .. Hr.t 

coll ... ctor ( .. tond hol e) . thay "ill h."1 th. n,.. prob .. bility of beinl a t Iny 

p.rticular po.ition or th.ir tnn.var .. circu'a.r orbit, Tbi ....... 1'1. th. t, no 

.. ttlt whn their plre1'el ~alodty i • • th.r . .. ia be ""' .... nta .t "Meh th. 

b ....... le.:tron ... ill urika th . Hut coll.ttor at their .... "i .... din.nce fro .. 

the .. naly.er ."i •• Only ,0 .r .. the ...... ur ... _nta of th ....... xi .... tr.n.v.n. I n.r-

gy tru.c .. crchy. Figutl I puunu the obt.ined u .ul ts . We verify, 

.. ) For al! v.lu .. o{ B th. tuntv.r ... n.rlY b"'lin. to incre ..... .. ith th. b .... 

curunt lb ' .tt.in ..... xi ..... . nd th.n d.cr,. .. e . .. ith .. further iocrl." 

in the bl.,. current , 

b) Thl vllul of ib ... oeisted vith thll ... xi ..... tr .. ns v .. n ... energy i. 10M 20% 

lover tha" the one cOlrll l pondinH to thll lo- ".lllld 1s t _2nd rllgi .... trln.it­

ion 13] BI. 
cl Th l higher the ...a8Oedc field t he higher th .. tnnsvene .. net I Y. 

d) Th" dlp.ndenc ... on ib of both thll tr .. n.vu ..... n.Igy ..... ,,11 .. thll total 

radiOlead OIletnw,ve povll r ( ...... s ur ... d .. ith • bolemetllr) i, . imilar. 

lIith thll IIrgen vdu .. of th ... b .... m current the pl ... 1IIJI is . for .. v .. ty value of 

11. du p in thll .. cond rllgi ... , Th .. b ....... "i.1 ve l ocity distribution function 

i . then. plat .. u (f(v) • C) in .n . nergy nng. extending from O. I to 1,3 

tb ... thl bu .. initi.l .nergy. Lookillg for I relatiollship b .. t .. II .. 1I the tnn.-

vera ... nd th .... "i .. l .ner lY of th ... belli ... l .. ct r on .... e "",.sur .. d thl ",..xi .... " 

tt.n,vIIUI enerlY PQlle.""d by the fnction of tbll be ... vhich h ... an .xiat 

en.rgy ' qu .. l or Ire.t ... r th.n U
1

• for c<>nU .. nt . lI tI o f bea ...... ple .... par._tera, 
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1·" i . i, .illlPly done by s ...... pillg the uial ret.rdinH potantill or the .0alYllr 

fro .. (U/.,) to - 2000 V. III thi . ".y .. e reflect at.ctron. PO"UliIlH Ixil1 ener­

gill smaller thin U " d. Pigure 2 PU"",lIt . tha t .. utU. lie Vilify , 

I) For .. 11 valun of th .. ..agnetic field th •• l.ctront which po ..... th. high­

en tu.nsvene enerl!Y ara the On" .. hich I r . Itroog.lt dled.r.t.d. So . the 

tr.n. ver .... en,. r gy I lIellll to b ... equired .t the COlt ot • d.cnl •• ill th. 

uial .nulY. this r .. sult il .ho ralerred by SCHUSTlN .t .1. 14], 

b) Elactront which are Iceehund to velocities lre.ter th.n th .. b .. ", illiti.l 

velocity h.ve v .. ry s ... 1I transv.r .. enerli ••. 

If v'" ,..k. a plot . On an X- Y record .. r, of th . ~urrllllt On the ucond collector 

(j) .. I functioll oC th .. radial di.unce (r) ov.r .. hich th ..... mbly of the 

t .. o eollecton h .. been displaced . "I obtain. curvlI! j - Hr) pllkld I t r " 0 

. nd ...,notonously d .. crl!Ssillg· "ith Irl. 111. pOlition r· 0 npu . ... n tl th. situ­

.tion in .. hich the tvo hol" l of th •• ndYllr .ra ali.gn.d .. ith th. 1ILI8Oll tic 

filld lines and .. ith rh • • "is of th ... retardinl fhl d It r ueture. PrOll j • Hr) 

.. e can dlltetllinl the bea .. tnnsvUII valocity dilttibutioll functian [(vi)' 

Du. to th ... p .. nlllll veloci t y modulation ( ' ''''IP of Uti ) and by rotational . ,.,... 

...try it i . lII'y to find th .. t 

fIr. Hr)l 
f (v 1) - '<"-" '-­

< 
(I) 

Het. v.1 - I "",r (r is tb ... l4.n.or di_tar). PiHura 3 pruent. the obuioa4 

ditttibutioo function. fo r the c .. a cf 11 • 0.027 Wb 11- 2 , Pro. idllntiell .... -; 

. ur ..... nt • • 1ID41 for oth ... r valu ... of 11 , .. e c.n '.Y' 

.) Por III vduIII of 11 the .h.p .. of tha di.tribution funeri .. h .Wlar. 

b) Ev .. ry dis tribution i s coo.titutl!d by • cold bulk of ehetrOll' a.d • ''bot'' 

tail "hich i. found t o bll KI""dli.n. 

e) th. t"'IOP.I.r.ture of th .. ' 'hot '' t.il incrt .•••• with the bll. current , 

d ) Tbll ratio .. b .. t~en th. nUllbeI of "h •• ted" Il.~tron. and t .... it total IlUlliter 

incre ..... .. ith ~ and . for . given be .. curraDt . with tha ....... tie ft.id, 

thia ratio . .. e .... t o b .. relat .. d to th .. dheontin..o .. . c .... ractlI Of . the pllt­

_ r.di.ti"" which , ... la wlIll knevn , occurl i. bur.tI . 

.I.) The fact tNot "11 found Karwell i.n di.tribution. probably rav..,h th. 

.toe ..... tic Dature of thl'. b .... ",..ph_ iost.biliti •• , 

f) Por ib • 20 M .. e got the r .... ult . : - (11 .. 0,0270 I.'b .. -2. ~ - 10.9% . 1 . .. 

11.2 .V); ( 11 _ 0 . 0315 Wb .. - 2 . .. _ 17 . 5%. TI _ 15:6 .V) ; (I _ 0. 1)4t Wb 111- 2 , 

.. _ 45% . TII - 22 . 2 IIV) . Th .. refoIl! both .... "111 .. T. i.cra ... v itll 11 . 

~: ''Ka"i_'' tran.vaIle en ... tr.' 
gy of thll b .... dllct r"" . . .... func-
tion of thll b ... = current. for differ-
enC vdu"" of th .. _ gn..tic field. 

.' .. ' 

. ' 
......... 

--r.=;'" 
·t·~.!: ... -· 
' ....... ... .. ' 
~." ... ..- ...... ... " .... ..... ". .. , .... .. , .... 

- ... ' 
!!.&!!.!.!.l: ?Iot o f the "~ .. 
t ran lV'I1 •• nlflY p.. .... a4 by 
tha fraction of th. t.._ wtlich 
h .. an uhl eftf!rlY ...... 1 or 
!rllt:r. th.1I t1j • 

~.", .. ,.-
... , ... 
~:~:!."" 

. !!'ih: l~ .. Tb:U~!!:-O:II 
the tr.II.v. nll! .. OllrlY 
dhtriht i"" fun~tion 
of the b ••• llIctr"" • 
for. I{VIIII ValUII of 
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PLASKA OSCILLATIONS IN AN AXIAL INHOMOG~NEOUS 

BEAM PLASMA SYSTEM 

by 

H. Renner 

SEJCTlotl PHYSIK der UNIV . r.!UNCHEN , Lehratuhl Pro! . Rollwagen 

6000 NUnehen 13. Schellingstr . 2 - 8 , uermany 

St udying phenomena in the negative glow (NG) of an abnor­

mal glow discharge we ~re 1ntereated on the importance of 

collective proceeeee compel'ad to b1naJ-y col l i sions . Aa a mo­

del of KG beam scattering and the pr odu o t ion o f HP energ,Y 

are inveetl~eted in e beam plasma eystem 01. correepondi n~ 

experimental parameters [ 1 I : ~ H;? gas 10- 3 - 5 10-.1 

TorT pl"ellSUre , np plasma density'} - 8 109 0111 - 3 . Beam~ '5 mm , 

current lb. 0 , 5 - 2 mA, voltoge Ub : 500 - 1500 V. B : 0 

no magnetic field . 

I>XPEIU .. .ENT 

Aa Pig . , shows, the electron beam running in the axiS of 

a cyl indrical ~etal tube (~ JO cm , 30 cm length) produces 

a plasma . The plasma density can be influenced by a cross 

burning glow d1scharp;e . The static par8.llleters np and elec­

tron temperature Ts at the point z a r e deduced from Langmuir 

probe measurements . 'l'he belll!l density nb{z) and t he energy dis­

tributi on after i n teraction path z can be de terminated by sn 

electroststic energy analyzer lE/LIE = 600) . Also with a mo-

va ble HF prcbe and 8. l'egistrating spe c tIum analyze r the HF 

energy in the i n teraction regime is de te c table . 

, , 
Pig . 1 Sc hematiC 01' Apparatus 

THEORY 

Starting from the linear theory of a homoge ne ous beam plas ­

ma -as done by SELF 121 - we get a dispe rsion relation D( w, Y ), 

where y ,, (I + 1 'B gives the wave vektor. D( w, Y ) " 0 repre­

sents for real w to /I :> 0 pl!ls .. a oscillat:lons , which lead to 

instabilities of the system . At our exp, parametero we found 

jJ " ( w/2 Yc ,1/2 • 11 c collieion frequency belonging to 

w ~ wp' The convec tive instability 1'or an axial inhomcgene_ 

ous pl aama ia described, if we define P eff ( ' 1 along the 

interact~on l ength z as a ~XB approximation : 

11 eff '" F:-z 1~ lZJ dz jJ lzJ computed from local para-

o meters at poi n t z . 
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RJ::SULTS 

a . Parameter!! 

Fig . 2 pT-eSents the lelative axial plasma density nptz) and 

the measured bt:al!l density lb(z)""rlbtz) at various pressure: 

• 

,400<UlR - f'ROOE o.E.s..o.e...,"r~ 
C'lllCl~ PR08E .0011<", ,,-

10 .k-I 

Fir, . 2 Axial Density 

The simple Scatteling re-

laUon lb(z) " I b(O). 

e~p \QpzJ is satisfied . 

Q is the total cross sec -

tion . Also t o p ( 60 mTorr 

the same exponential func­

ti on is vlllid for np\z) , 

110 LIII1t. 

stant at 

W p/ W b 1" .. 

fixed p and 

Blectron I t'mperature is 

always mel1su red to 650oK. 

b . Oscillations 

The HI' probe ir.dicates spatially growing oscilla ti om~ o.lono<; 

z. Analyzing the received signal at valious z one i ll able to 

I 
I 
I 

U.dOOOIl 
J.,2.0mA 

P • I3 mTcrr 
z • 7Scm 

£ig . 3 urowth Bxponent 

compare the exp o va l ue 

with the theory . 1'"1g.~ 

demonstrates the agree-

ment wi th the theor . 

predictions . The a t z 

meaaured ma~ . am plitu -

near wp{z) . As nn(z) decreases with growing 70 . as decreasell 

willax ' In Fig . 4 one can find spectra at various p and z. The 

eatu ration or the arIDli tude ill caused by th~ sxifll inh;:):r;c -

genety of t he s:vstel!l . The blllpl1fikati ol! to w 18 onl.v effec-

tive in regions w near wp ' Analyzing at z longer than zmax 

one receives not higher 8mplitud.!s . Estimations of the ef-

I' ) 

I 2) 

(3) 

I 4 ) 

500 600 700 

(ective interaction length 

for growing aillplitude ex-

p,u·imentally could be ve r i ­

fied . 

In contrast to the axial 

homoge neous system of LEVJ­

TJ N5Kll (4 1 e ven at l arf/:e 

70 the ampli tude is restric­

ted . Therefore in our system 

electl'orl hesting ::rnd beam 

· scattering ~aused by collec-

800 t[t4-iz) tiVe processes could 1I0t be 

Pig . 4 Oscillation Spectra observed. 

lie nne! J1 . , A.H€isen , J . IHtt VII. Intern.Conf. PIlG 
Belgrad 19bJ , Vol. 1 . 'j84 

:;e! f :; .11 . lll . ":urop . r.;onf .?l . t'h. Utrecht }Qb9. ).:' 

Gir.zburs;;: '/ . L . "The propal! . of 
Peq~.!'resfl . New 

LevitinsKii S . M .• J . P . Sh".shurin 

BM Waves in Plasmas" 
York 1';164 

J!'TP {2 . 227 t 1967} 
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LOll !o'RE '.lU~ICY lllSTAlllLITIES , DH'FUSlotl AND ro..'f 
I{l!;ATING rn A n&\l.!-PLASl.lA dy.:;'r.e;r,; 

by 

V. T.Astrelin, N. S.BuehelDikova, A.U .Kudryavtsev 

II13 'I'I'ruTE OF iiUCLEAR PHrSICS, Novosibirsi:, li~ 

The cxperi~ents were performed on a Q- machine . P1asma 

column diameter 2R:=4 cm, its length Ic80 cm, 8-800 G,n-109-

101°010.-3 , Te-O,2-40 ev, The electrons were heated by hlgh­

fl'4lqu8ncy (- 100-1000 !.Ie/llllc ) pl.a.uaa. ollcillationD being 

ex~lted by elect~on beam II/ . The experiments .ere curried 

out in tbe electron sheath regiae . The plasma density and 

density oscillation amplitude were meaaured by Langmu:1r protr, 

the eleotron and ion temperature - by two-grids ~aly5ers. 

Tho diffusion coe£ticicnt was found through direct ~easure­

ment of' the plasma flux from tbe cOl.UllUl or through measure­

ment of plasma decay time. 

The instability. In cold plasma ('1',·0 , 2 ev) there is praeti. 

cally no osel1lations. \Yhen inereasing Te the oscillatioDB 

are excited . 

Their frequency 

and amplitude 

inerease with 

Te . In ease 

Te~? ev the 09 -

cillation 

freque ncy :t"" Te , 

i"c->H- I and in 

~ i 
I 

'" 
i . / 

I L : ~ -,----,.~----c".,.,_--,,.,.._,,, 
a.'bsolute value is near to the dx1:ft frequency J * '" #- V.o '" 

_ -L- 0 -!.!!!2... ,where V:r;> _ electron di&!l8gl1etic dr1:ft velo­
- 2T?/i'eH " d2 

city (Pig.I , curve I). When inereading Te abOTe 7 eT the de-

pendence of frequency on Tel H is getting not so strong , being 

in limit (Te~40 ev) 1''''T//~ f#1'(H) and in absolute Talue 

is Dear to the ion-6OUDd frequency f i.s :: 2l?- C~ ::=. 2~R If" 
where Cs ia ion soUDd velocity (F18.1 , curve 2). In all. 

cases tbe oscillations are asimutbal waves propagating in the 

eleetron dia.agnetic drift direotion . Taking into account that 

change of 

can state 

Te is equivalent to cbange of relation VYc~ one 

that ~reelllent with tbeory /2/ in region Vo/cJ < f, 

drift instability is eXCited, in region VYc~ > 1, 

ion-sound instability is excited . 

Turbulent plaBllla state. When Te:= 20 ev oaly one mode i8 

excited uaWl.llJ. The oec1.l.lations are regular (the correla­

tion ti.-e Le ...... 15-50 T - periods of oscillations) and 

Correlated in space .When incress1.ng Te tbe second and higher 

1II0des are eXCited etocba.atically and eo correlation ti.ae 

decreases. Vlhen Te~ 40 ev the amplitude is high (* ...... I ) 

and the turbulence is develo,Ped .1n this Cll:>e Te £ '1' , asi· 

IllUthal and radial correlation lengtb lc - I CII. Along the 

lIIagnetic field the oscllla.tions are correlated and eo the 

turbulence is anisotropic . 

'1'b.s heating of ions . When OScillations are absent the ion 

temperature is ...... 0 , 2 ev. The excitation of OSCillations 

causes increase of transverse ion temperaturt; T
i

• Ti in­

Creases when oscillation amplitude increases or correlation 

taa decreases. When turbulence is developed (Te ~ 40 ev, 
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I, Te ~ T) the llI~mal Ti .... 6 ov. Becau.se of dependence 

of Ti on correlation time one can suggest that heating me­

chanislII is of stocbastic type. In sucb a case the heating 
a T; e2 £1..-. 

can be described by forlllula /3/ ""ii"f - 2M f '(<J.w",ft',,' 

Taking into account tbat the energy is carried out to the 

wall of the machine by ions with large lermor radii (~~IOCm) 

one can compare calculated and experimental values of Ti 

(Fig.2). It is seen that experiaental dependence of Ti on 

oscillation parameters is in good Il6reement with calculated 

one , tbe abs olute values of Ti are agreed in order of aagni­

tude . It is worth to note that energy flux connected with 

d1f'fusion ls 

lIIuch lower tban 

energy flux 

,. 
I 

carried to the ~ 

wall by high 

energy ions . So 

in our case the 

value 01' Ti is 

limited only by 

,. . .. -

.- ii' 

low dimensions of the machine but not by diffusion. 

The diffusion across tho magnetic fie14,. When oscillations 

are absent the diffusion coefficient D is near classical one. 

The excitation of oscUlations causes increase of d1:tfu.sion. 

D increases with increasing of * &.nd Te' In case of low Te 

(Te~ 3 ev) D deper:lll..a linearly on ,Parameter .( il)~ ( II-mode 
h , 

IlUJl)ber) (Flg.3) and can be de.cribed by fonNla 1J -k .!.<.;~>-
_1 o/d,H 

- .....!!I.....- (!;) £1! )tn 't where t is i'i - if phase . shift , suggested 
2*~R eH 

sligbt ly dopending on '1' • In case '1', > 3 ev the dependeACoe of 
~ . 

D on parameter ,.,., (ft) re - * E:f is weaker (F1.g.3)~ 
It i s :toUDd that in case Te>3 B't' the drirt velocity CE~ is 

more than ion-sound velocity . This fact can explain low de _ 

,Pencience of D 

because the 

real ,Plaams 

dri:ft velocity 

cannot exceed 

Os and so in 

this region D 

doesn't depend 

on Ef • The 

maxi.lluU 0 ls 

., 
ov , 

observed in case Te - 40 ev,ji: - I: D - 2 .I04~: (Dei ~ IC.lll2/sec), 

D«>I/B. It is worth to note that this value of D 1s 

order lower than Bohm diffusion coeffiei ent (D - 4.Io?cm2/sec). 

The diffUSion mechanism is of convective type . 
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Coupling of Electron cyclotron Harmonic Wav!!s wi th Electron­

beam induced Plasma Waves near the Upper - Hybrid Frequency 

A. Cl1nckemall11e, V. Pifn+) 

Inatltut fUr Plasmaphyslk, 8046 Carching near Munich 

Federal Republic of Germany 

In several experimental works dealing with electron - beam -

plasma interaction, "the observations of energetic plasma 

electrons and the presence of high - frequency instabilities 

associated with the "cold_theory" plasma waves have been 
shown 1..0 Lt" , "elated in f'requency range s ne .. . the electron 

cyclotron harmonics /1 , 2 /. On the other hand it has .een 

shown e xperimen t !!.l l y that noise -emission from a quasl­

Maxwelllan plasma is strongly enhanced near the electron 

cyclotron harmonics whe~small electron beam is fired through 

the plasma /)/; these results have been ascribed to the pre ­

sence of longitudinal electron cyclotron harmonic plasma 

waves (Bernstein waves) . The 

pr esent investigations have 

shown that the wave phenome­

na quoted a Dove , can appear 

simul taneously and are in f act 

coupled with each other under 

the conditi on that the upper 

hybrid fr~4yency i s clos e to 

the second ele ctron cyclotron 

harmonic . 

The plasma is produced in the 

positive c olumn of a l ow - pres­

sure Argon glow-discharge /4/ 
and a separate continuously 

generated el e ctron _beam 

( ~ _ 6 mm, 1 kV, 10 mAl is in_ 

Jected ~ially and parallel to 

the homogeneous magnetic fi e ld . 

The emission signals are de_ 

\..-.,-.-. ... , . .,.-. 

Fig. 1 

tected with amall cylindrical antennas outside the beam region, 

and rece ived with a Spectrum Analyser and a Radiometer . 

Emissi on spe ctra measur ements were performed with a fixed 

magneti c fie l d and constant electron - »eam conditions , with 

t he discharge current(", plasma density) as variable parame ­

ter (fig. 1, emission amplitude in l og. scale vs.frequency) . 

At l ow- and for increasing di scharge currents. the emissi on 

peak (fH) is shi fted progressive l y to higher fre q uen ci e s and 

as f a r as f
H

£< 2fce can b e iden t ified with the upper hy"rid 

frequency »ranch of the beam _induced plasma 

waves /1 , 3 I . Moreov~r, when the emissi on signals a ppeared 

j ust " e l ow the 2nd harmonic , ion _saturation current measure ­

ment s showed a r e lative i ncrease of the plasma density of 50 ~ 

and mor e ; this s uggest s that the »ea m- induc ed emission is 

a ccompani ed by an additional heating . Which in our plasma sy ­

s t e m corre sponds to an extra - ionization . Therefore we have li­

mi t e d t he analysis of the e mission s pectra to the case 

when: fee" f(. 2 f ce' 

With measuremen t s of the 

r a d ial ampl i tude dependence 

of t he noi s e_emission, we 

c ould ve r i fy t hat in this fre ­

que ncy range the .. earn _g ene_ 

r ated wave_s i gnals have dis ­

persion properties wi ch are 

iden tical to the we l l known 

8erosta i n wa v es which propa ­

gate pe r pendicularly to the 

magnetic field /5/. These re ­

sults are sUJllmarized in fig . 2 

toge ther with the transmis­

sion _comparision measuremen~s 

14/· 

Spatial phase correl ation 

, measurements were also per-

.-
Fig . 2 
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formed between two antennas movable in the r- and z_direc_ 

tion . The emission signal detected by each antenna is mixed 

through an interferometric-like system (fi g .3) , one arm of 

which is used as reference signal and the other arm is connec_ 

ted to the antenna whi ch is swept and the frequency Is selec­

t ed at the receiver . The measured phase differences are a 

fW'lction of the distance .etween the r- and z - antenna . Typi_ 

cal r esults (fig . 3a) appear when the r-antenna is f ixed and 

the z _antenna varied parallel to the beam. The parameter d 1 

corresponds tc the variable coaxial delay_line inserted be­

tween "oth arms. We see that the parallel wavelengths satis­

fy the Cherenkov_"ynchroni"m relation (w . k// V"seam) ' In the 

other case when the r - antenna is moved and z-fixed (with the 

position of the z - antenna as par?-meter as shown in fig . 3a) 

we can conclude from these measurements : ( fig . 3b . 3 cl 

1) the "parallel" and "perpendiCUlar" phase_components of 

the o"sserved waves are linearly correlated; 

2) 

3) 

4 ) 

the "perpendiCUlar" phase 

velocity compcnent of the 

Beam- generated Bernstein 

waves is directed towards 

Ch. axis of the beam_ 

plasma system; 

ttie " perpendicular" phase 

component " space depen-

dent 1n the outer region 

of the plasma profil, =-
111 th. limit layer cor_ 

responding to th. local 

upper by_rid frequency " reached (fig . 3c); wheras. 

close to the beam_lLXis no 

variation of th. phases 

oan •• o_served when 

varying th. external de-

lay-line (.0.1); 

th. phase correlation mea-

M:;,· M-':':~~' ec-" 

i : I :t::=::: ::: 
'! .,,-

1 : 1v "" 
I ... . : .. _,L,~, 

Fig . 3 

surements , perpendicular to the magnetic field, corro_ 

"orate the results of the radial amplitude dependence of 

the emission signals: the beam-induced , Bernsteln wa -

ves propaga t e across the radially density_inhomogeneous 

plasma profile with wavelengths Which are only deter­

mi ned "y the local plasma paramete r s (density, tempera­

ture ) • 

So far our experimental resul ts agree with the theoretical 

predictions, in /6/, about the coupling condl tions ltetween 

the Upper Hybrld and the Berostein wave modes . However , 

the enhanced plasma heating which has been observed in the 

same frequency range, Is "elleved to "se a consequence of the 

coupling of both waves parallel to the electron beam , "ecause 

Barostein waves with a wave component parallel to the static 

magnetic field are Landau damped /7/. 

/1/ M .• Seidl, P. Sunka, Nuclear Fusion 7 (1967) 237 

/2/ J . Jancar1k, V. PUfl, M. Seldl. Phys . Lett . 28 (1968) 331 
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(1969) 187 (see also the Ref. given in /11 and /}/) 
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Garchlng near Munich 

/5/ R.S . Harp, Appl. Phys . Lett. 6 (1965) 51 

R. S. Harp, Proc . 7th . Int.Conf.Phen . loniz.Gas. Belgrad 

1965. Vol. 2, pg. 294 

/6/ v. Kopecky , J. Pre inhael ter , J . Vaclavik , J. Plasma Phys . 

3 (1969) 179 

/7/ I . B. Berostein, Phys . Rev. 109 (1958) 10 

This work was performed as part of the agreement "etween the 

lnstitut fUr Plasmaphysik Gm_H, Garching near Munich , and 

Euratom to conduct joint research in the f1eld of plasma-physics. 

+) on l e ave from lnsti tute of Plasma Physics , Prague 9, 
Nademlynska 600 
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THE If,'FLULliCE OF ELASTIC COLLISIONS 0 11 BEAA PLASIlA AJ4PLIFICATION 

HI TilE IeN FLlSLiA FHEQUi::!iCY hANG!:: 

R. Leven and J . Wisl1ceny 

SEKTIOli PEYSIK/~LEK _'HOI.IK . UJ,IVZi-,SITAT Gi'lii:IFSWALD , ODR 

Abstract: Beam plas~a interaction la cO Dol dered taking into 

account elastic colli s ions . The dispereioD equation la found 

and solved for the case of cirifting electrons. As an exampl e 

the amplification curves are plotted for el ectron- ion collisions . 

It 11:1 showr: , that for cufficient hiSh collision f-rf!l]ueIlCles 

the ~pl i fica tio.D l a disturbed. 

lIe start f rol:l the system of Vlasoy- equation , including a airr.pl e 

collision tenr;, the hydrodynamic equations for lone and neutrale , 

the equations of cont inUi ty and Polaeon - equatioD . Al l equations 

are used in thei r one-di~enslonal form , since ~e look fo r 

longitudinal _aves only . 

(ll ()f· +Vvfe_..f. (U1 =_ i (f _f") _i (f -C) 
d~ d)( YI1e 'VV Le." e e'll te+ e et 

1e'll l Tt .. - relaxation tiD.es. The :fi k should be chosen all 

sirople as possible , bu t so , tha t the conservation of par t icl e 

number and 1:lOc::entum ie guaranted : 

\ cfh - V;~J 
with 

ti'; v; tY, V.)(9i +9,)- ' • 
Vilr 

. Vi is th e hydrod:foamic velocity o f the i - th componen t , .Pi 
.a::ass denai ty. 

()) ~~' _ Z~: e E = - ~a,, (V+ -Ve J-~,P+> ( V, - V,J 

(,) ~~. = - ~,~,"IV.-veJ -9+0 .. (V. - V+) 

whe r e ~i lr = [Lik(Si+ 5>k r
1

. "ie lIuppose, t hat t he ~ i~ 
are oat depending from the ~i I SI! ( lI ee (1} ). 

") ri..t + 0 ~ = 0 . 
cH J it.l X 1 = + Ie 11)) 

(io the caae i '" e , (S) f ollows from (1)) . 

(6) f. o~ = e(i'll,-'I1e) 

lIo"" we linearize , takiog a l l pertur ba tion t e rms in the form 

the 

Now we SU?pose, that the dc-field Eo is 80 weak, that the term 

with Eo is negli[:ible. \·"e also neglect the l s st two t erlts in 

(9) , s8suaing the~ sufJiciently all:all. After tb18 we are IIb l e 

to exclude all Variables froll: (9) and the line!U"ized equations 

()) - (6) exceot the ni l ' iHth the asslw.ptions ~(!C <::< ~"n o I 

V-t-e, \-''>10, ·~VI'OI~V..., <<.. ~ we get the coefficient dete~inant 
of the equation eystem for the n

11 
in the form 
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(lo) 

iJ= 1~tC)Q;+ it( 
w " 

.. ith W; '""'oc
t 

Q:= :!!!r. w1 
«ek -= ~ec fk"o~Qk: ~ 

'h1 e ( Cl "'. P 

I - :L j'd(,,/,;), IIv 
- "l1ee (.J- h ,- iTe 

Th, condi t ion ~ • 0 " tb • dispe r sion relation fo r our 

problem. Prom (10) we aee, that this equation can be written 

i n t he form 

(1 1) 

wher e C and D are f unctions only of LJ snd the par8.lllete rs, 

but are not dependeod on t he wave number k • Ic:r + i 't • 

.1Bsu.ming the e lectron distri bution function feo 88 a ~ellian 

with a emall drift velocit y (v;o« v;T) ' "ll"e can approxi mate 

the integral I a5 - ss IIhown in [2J. After this it is easy to 

find kr and '0 as functions of W and the psr8.lI!eters . 

The fisure shows the incrSlllen t 'fl-='O Veo/W f o r t he ca ee of 

electron- ion col1isione for veT. 5 veo ' m .. /me • 7500. The 

curves ( 1 ) - (4) cor r espond 

frequency retio 6et/ftp 
to the follo wing values of the 

O j 10- ) ; 10-2 ; 2: . 10- 2 • We e ee , 

that for collision frequencies le ~ !E: 10 - 3 Slr the i n fluen ce 

of the electron-ion collisions ia Do t eesentia1. ·NU h increa­

sin,!'; col1 i sio.D frequ enCies the iocr_ ent " decreases, ud 

f or le t /Qp ~ ) .10 -
2 no amplificati on tak.e place . 

° 

5 , 
'I' 

0,6 

2 

, 

0,5 

J .WUhel m, J . IHaliceny , Beitr . Pl es lllaphya . 2., 89 ( 1966) 

K. Leven , Beitr. Plaamaphys. lQ (1970) 
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ON THE THEORY OF BEAfll-PLASMA INTERACTION 

by 

B. B. K"domlsev*. O. P . Poguts e * 

Internationa l Cent,.e for Theoretical Physics, Tries!e, Italy. 

Abstract: Using as the simplest case the L'cng'l'.uir WaVU excitation by an 

electron beam, a new theory of beam-plasma interaction is proposed in 

Which the generation of waves by bunched eleclrons is taken into account. 

This facl naturally leads to a final distribution function similar to two­

Maxwellia.na as waS shown by many numerical calculations. 

It is well known that Ih" interactjon of a beam with a plasma is determined 

by co-operative phenomena related to beam-plasma instabilities. At the 

early stage of investigations this inte raction was considered qualitatively 

in lerms of bunching of beam electrons. But later this argument was re­

placed by a more formal quantitative theory, so-called quasilinear approx­

imation. In quasilinear theory the beam-plasma interaction is described 

as some sort of diffusion in velocity space which leads to the plateau on the 

beam distribution function . But this result seems to be in contradiction 

with many numerical calculations which give, as a rule, two-Maxwellian 

distribution . We shall show that this discrepancy can be overcome if we 

take into account the beam space charge fluctuations - which are analogUls 

to the bunching effect. 

Let F be the distribution function of the beam and plasma electrons. Its 

temporal behaviour is determined by the Vlasov eq'Jation 

(n 

where the electric field E Is given by 

'E J at ~ 4Ir ev F dv 

We suppose that F is one dimensional and that Ions are at rest. Due 10 

Instability. the thermal fluctuations exponentialJy increase with time so that 

F may be written in the form ---------
On leave from Kurchatov Institute of Atomic Energy, Moscow, USSR. 

wher.e f
O

• <F> -average over x of F . Supposing thal <E> " 0 , 

find from (1) by averaging: 

!!+v!!. ~..!.2.. (Ef + Ef - <Ef> l 
at ih m av 0 

'E J at"4 ... evfdv. 

(4) 

(5) 

(6) 

In the quasilinear approlllimation the last two terms on the right-hand side 

of Eq. (5) are neglected. But at the final stage , when afo/av becomes 

very small, this approximation is definitely not good . We shall use another 

approach. Let f be a sum of two terms f " fl + f2 ' where fl cor ­

responds to the linear approximation in (5): 

I') 

H we substitute the "olution of Eq. (7) in (6) neglecting the slow dependence 

on time of the function fO • we obtain the following equation for E 

, " J Tt & E • 4,. cv f2 dv , (S) 

where t is the usual dielectric operator. The distribution function f2 

is c01.lpled with chaotic motion of trapped particles and can be considered 

as weakly correlated with electriC fields E. Therefore the term on the 

right~hand slde of Eq . (8) can be considered as SOme external sOurce which 

generates plasma waves. From the equation for the two- point correlation 

function it Is possible to show that the external SOurce inte ns ity is pro­

portional to fa. This leadS to an equation of the quasilinear type but 

with an .. ddition"l friction term which corresponds to the wave generation 

by bunched electrons. Taking in to aCCollnt thc spr~ad of electriC ficld 

spectrum with respect to frequencies, it is possible to show that the dis­

tribution function will tend to two- Maxwellian type distribution, The de -

INTERACTIONS 
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tails of this theory w;\! 0.. published dsuwhe r l! . 
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SHOCK TUBES 

SHOCK WAVE GENERATED BY A DISCHARGE PLASMA 

APPROX IMATE DETERMINATION OF HOMOLOGICAL PARAMETERS 

Rybow 8kl (L.) and Renn ~ boog (J.) 

UNIVERSITY OF BRUSSELS 

Ave. ~'. Roo8<lvelt, 50 - 1050 Bru "" ll". - Belgium 

The L-ege ndre represent8tion of' the e"p" riment ... l 

propagation law of' " shock w~ve allow s " c .... t and rather 

.. "curate calculation of" t he homological parameters. 

Result s are given Cor dlIferent ex peri~ental conditions (ga s , 

pressure and di s charge voltage) . 

Int roduction The homological theory (1] de s cribes the .. ov.,_ 

ment of an inlen s ive, non_st a tionary and plane ... hock wave 

" pro"ding in r e st medium by the l a. 

B "' to + K(x-xo1' ,» 
where _ (9 - to) la the tl." "p8nl by the 8 h ocl<_fron t to 

trave l through the di.ta nce (x-x
o

,) 

_ K, ).. , to' Xo .... 10 th .. ch ...... cte .. i .. tic con"t .. nt .. oC 

th .. .,ovement 

_ K depend .. On the P"ft . su .. e and on th .. initial .. n e .. gy 

- X the homologic.l exponent, i. a Cunction oC adi .. ba-

tic .. xponent . 

An e xpe .. 'imental la .. Co .. th .. "hock waVe propat;"tion along the 

exp .. n5ion c h ambe .. oC a n electroDalDe t i ca l ly driven ehock tube 

can be deduc .. d Crom the phot og .. aphe oC the lu~inou. Cront. 

!wa ve a nd di 5cha .. ge pI".me) , t a ken by .ell"a of the smea .. ca.era. 

Thi .. yield .. 

t(x)~ ~ (1 iP!(x) 

where Pi!x) i e the Legendre polynomia l oC i~ deg .. ee. 

" ) 

good approxim .. tion oC t(x) it •• ssociated 

Legendre develop~ent 

6(x) .. l:: h P (x) . . 
must be ne .. rly identic .. l .. ith the ri ght "ide oC re l .. tion (2). 

Coneequently 

2n+1 /., 
(1 '=:' h .. -0- 6 (x) P (x)dx 

n n •• _1 n 

C .. lcul .. tion oC the ho.ologic .. l p.r ... ete ..... 

Wh .. n n )- I it ie ea s y to ehow that 

)..;~: ; hn+1 - xoh n - )..;~:: h n _ 1 .. -J~ to X 

whe .. e J~ is the Kron .. ck .. r d .. lta . 

"., 

whe .... 

" T " 0 

3()"+3)(12 X()..+2)H
o 

--'-'-,- - 3x
o - 7",7.T, l1)."C.c..C.";--. • 0 

'JI 

,\) 

'51 

The resolution of .. qua t ione (4) and (5) g i v .. s X
o 

aad ).. , .. nd 

the p r inciple oC leas t .. qu .. r e s l .... d .. to 

and to ., 
T 

so , from !4) and !5) we obtain 

11 + fI!)..) _ 
-r-=-FTTI 

1\: .. 1 
(~I-_m~1\:-_pp ) 

(6) 

'71 

(8) 
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whe .. e 

(~+p) ~ (3.-d1\: .. 3(p- r) 

~ 
7', , . 

The ...... olution of equation (8) by a . it .... ti •••• t •• d ri •• lly 

t;iv .... ).. • Hllnc. by .... ". of .... l.tio ... (It) , (6) and (7) , .... c_ 

preli.inar l y found. 

The .. hock tube (.i.ilar to the on •••• d .y I:.lb [2] ) _d t •• 

e xperi_ent" l .rr.nge_"t .ra d •• cri •• d i. [ 3 ] . 

The va l u •• deduced C .. o. (8) fo .. Ou r .xp ... i_t •• r •• _riz.d 

in the follow in. t.bl •• . We have co ... i .... r.t1 •• 1,. U ••• xp.ri_ 

1ie1 1 •• 

~. 7 6,5 " (kV) 
Pre •• u .. e 

(Torr) , 1 .6.\ ().),.1,60 

• 1.65 1.~7 l.~J 

6 1. 67 1.55 1 • .\8 

" 1 . 65 1.62 1.'0 

H "". -
"' 7 8,5 " Torr 

• 1 . 66 

6 ' ... 1.' . .\ 1.'0 

" 1 . '3 1 ." 1 .,~ 

Conclu.ion 

Th .. re8ult. obtai .. ed by the c.lc .. l.ti ..... tbed ~T.lop.t1 "r., 

.. how that th. 1 ... of p .. op.g.t1.n .C .1.ct .. _ ... t1c.lly--4r1"._ 

.. hock wa".e (" .. p.rat.d fro. the pI ......... ) .V •• wit. t ..... _-

[I] HiC.l. (W.) Z .. r .n.-lytiacha. e.h.ndlu.a •• b ••• r "Mr:k.r , 

i.at.tionKr.r Sto ..... ll.n 

Z . M.tu .. Corac.t;. lOa. 1'155. pp. tg.06_10 , '. 

[2J I.l. (A . C.) Maan.t1c.lly Dr1"' •• 5~k V.". •• 

Hag ... t .h,.tlr.d,....ic •• 1'157, pp . 7'-", .di t •• by La •••• orc 

(R.K . H) Stanf.r. Oai"..rait,.. Ca l iror.i •• 

[3] . Renn.boo. (J.) •• t1 Rybov.ki (L.) St •• ,..r t •• Pr ..... ti •• 

nf .. Ol",,\uor •• P l. _ ..... th. A •• oci.t. Sh.ck If.".. i. _ 

Co.fer •• c. _ PIo •• __ i.a 10.i".t1 """_'" 1 '16" "cur •• t 
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5OO.E A:jPECT:;; OF PL...sI'.; YLO. 

III All E:LECT,lOHAGII E:i'lCALLY DRlVm ,H.Ci{ 'i'IIl!E: 

by 

J. ll£NSn:OH ,'" A. WE!{ 
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92 - i.eudon 

FRA,NC B 

An lI:tpllrilllental atudy of pI""",. floll in an elactror>agnetically driven 

3hoek tube is nport ed. S:>"cial conaideration ill tiven to the bebavior of the 

contact surfllce between ahock "ave co;apre8sed 1:'19 a nd the discharge plusal4. COOl­

pariaon with the theory or ,,~bUity 1a OIad" 

'l'ho arperi euces ulled to obtain 11 MIIIp l e ot P!' at • very high temper3.tur., (1) 

are often acc .... pa.nied by " very rapid gD..9 flow The phel\CQena which &r1! related 

to the .4b111 ty of thell" flova b.we a particular L'IIyor t.:..nca. 

io'e atwlied (2) these pl\en"""enB in ehctrOlllllgno tically driVen ~ Ilock tub". , one 

vith a conical discharge chlillber, the other vith " ~fono di:;cMrce cb..aber or 

the tYJHI d88cril>ed in 0 ). The T- tube has t wo di3Unct .gns lU"i'ivals at the two 

eoda , and a SUs pumping exi t dt\la\ed on an lUIlIUlua at a di::Jtance oC 5.5 aI CrO!'> 

t he e1ectrodeo Aa driver and drivon gas , lie used res;>8c tive1y the c();;lbiDatiOM 

He-He, lie-A., A- tie and A-A; the proS!lUnt!l were bet\teen I _ IIg and 4 on Ife: , the 

disCMrge tension - 25 IcV . 

The flow oC the plasma col\.ll:Ul ntisIie, the reLation givon by Sedov (4) 

.( ," Q(~13 

It ia po:.sible t o evaluate the theorotie..J ve.l ue .dX oC the dbtanc. eC tile 

"hock lIave front aDd tha contact aurfaee IIhich aepara taa at thll abacha.. J: the 

plasma Crom the IIhock h~ted pa 

¥ = f;f +;i ~~ ;:/.. (H ,, '·1I"J) 
If one comp8rt1S «'iE.I) the thllol'il tical curve obtained by thia fOrliIllla ld-th the 

experillental ",aul ta obtained 

with a s treak CBlllora , ono obaer_ 

ves that the eXJl9:r1aental dis_ 

tance 0111 ia inferior to the 

theoreticnl l.bit. Thi-" dbcriJ­

pancy M;y be due to the phenome­

na of ionisation aDd of inetahi­

li ty of the Cront oC tha ple.!IIIIa 

eolW1111. 

In fact, the velocity of the gaa 

dlAiniahe:l along the tube wa 

and the gas la aul:oi t t ed to the 

action of a vcriabh accehra-

0.; 

~05 

/0 ,... M 
Fig. I 

IIhieh change" in tl..e and apace. 'i'hie accelarl'.tion acts on bio gall coluww aepara­

tod by a contact surface ; the dhcharp ph_ i e heated in a vol...,e v. and 18 

ezpanding &l.01l,g" the tube aria. Ih initial density beinB f.,,, the de"'lity of the 

pla",1I8. a t the at.~ciBsa J( is 
~ (1<) ::> f' ... o ~ 

Between tlw l!I.IIAIe conhct aurface and the shock wave front, lie find. the gaa hcated. 

IWd eOl:lp:rcased bo.l the "hock _ve. il' thP i nitial dllnsity of thia £all 1188 ~2 .. 

its densi ty behind the ahock "ave ia 

( '" ) ~l (oe) '" f,.. #_, + %! 
I n t hill situation "hero the gas ar two different dcnaitille separated. by a contact 

sariece IIrII sulnitted to an IIcceh:r"tion, there is 11 poo!sibility of ~e e::dstence 

of a Rayleic;h-Ta,ylor inatahi Uty (5) ln 11 sollEtho .. gene:raUGed fO I1ll bec,~use the 

gas i :: COlllpnt:leiblll , the accelllration is va.ri::bl e in tille , the densities on both 

aidea of the contac t ourface ero Vll..ry1n,] "Hh tillll!. 

Sooe pa:rticul.ar ""'"'" (ea.o .. ro::-~ibIe r.;as vith cO!Ul\:.;.nt acceleration) have been 

t:reatlld (6) and ::>rove that in gene:r,,1 th .. r e3ul ts of '1'11.1101' <Ihould be r, Ul!.litativ_ 

ly valid . 
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In fact , thll A-He cO..l~1netio;'1 discharge (,\. - drivo.· f:lI.Il , He - driven (:113) pI'Gves 

"tablo et 10ller prc9~u:re: (~1&. 2) but , at e hi5her 

prea:>w-e , 1.OIport..nt in"tsbiLities ,:,,"'po«r. Their 

evolution ve l ocity ia hl.p aa COJplIl'eQ ,d. th the 

now velOCity. In the A-A diecha:rf e, the s1tuation 

io the sruae , IN t the evolution velocity of t he in­

stability see2ll lIIe!l igpor tant . In the l1li- ,\ dis­

cb!l.rge , ~he contac t su:rfnce ia ill.1 table at all 

pNssuree e"",,:rl.!:lented V1.:, . J). the evolutJ.nn 

velocity oC the i 1llltebility $&eIIIB small. 1'1111 Fig. 2 

He-He diacbarga case ee""", analogous to the .1.-,\. case. 'l'be ;>hotographa e<aparod 

lIare taken Irlth tbe ,,&1.18 ti:l8 1ag " fter tbo becinninG' of t he discharge . 

'the initial. discharga 10 .... could have an influencll 

on ~he dllveloplllent of the in9tabUities ; it ia 

1116s stabh in Heli .... t.he.n in Ar&On (Fig.4) . 

Tho initial fo .... of the ci.iach/lrge dOlle not aOOlll 

to influence the Btability of the contact 

su:rface in the Ile-IIe diBcha:rge call1l , but it 

could eventually havo aore influence in the 

He-A caae. 

There se_ to e:Liat lIome discrepancy bl!!tlfOfln 

th!I ata1!ili ty theOl'Y and tho phen"~Da WII are 

oblle:rvin«. ",le blllieve tb."lt this discrepancy nay 

t.. due to a pa:riiC'\ll..a:r va.:riatil):l. of the 1I0celer­

ation which oMracter lsoa the ol ectrOOlag!letical­

lJ' driven shock tubes . 
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SHOCK 

On the S teadY-State Current Sheet Speed 

in a Magnetically Driven Shock Tube 

"y 

C.T. Chang 

Danish AEC Research Establishment RisO 

Roskilde, Denmark 

~ The discrepancy betwe.cn the predicted and the measured steady_ 

state current sheet speed is examined by laking into account of Ihe effect 

of impurity. finite cornpressibilily and finite conductivity. 

Introduction. A simplified analysis bas ed on the snow-plough mod"! ha" 

indicated that a current sheet moving al a constant speed can be produced 

in a magnetically dri ven shock tube, when a constant voltage bank is 

chosen as an energy sou,-cell J. Subsequent experiments carried out in a 

ahock tube consisting of parallel planar electrodes Showed good agree­

ment with the prediction in the experimental range o f discharge voltage 

and pressure used ('I to 16 Ir.V.; 0.1 to 10 torr); arter a short accelera­

tion phase, the current sheet moved essentially at a constant speed. 

However, the observed speed was much lower than Iha t predicted the<!­

retkally(2). For examination of the discrepancy we reporl in the fol_ 

lowing some recent investigations concerning the possible erfect of im­

purities, finite compresslbiUty and finite conductivity 01') the steady-state 

current sheet speed. 

Speed of the Current Sheet. According to the snow-plough model, the cur­

renl sheet speed, C, Is at the steady state r elated to the driving current, 

t and the ini tial density, PI ' of the fiJUng ga~, expressed as 

G • ( C, ,1/2j 
"!Pj1iO , (I) 

where Ll iil the inductance per unit length of the electrodes, b is the 

width and d the gap of the electrodes . Fig. I gives a comparison with 

the measured value deduced from Ihe onset time of the seU-field. 

0, k,,%I!'C .10 

Snowplough,lI =a> 

15 

10 

5 

5 10 15 20 

Fig. 1. 'yllriation of the current .. heet speed, u, with the driving c urrent, 

I, and the initial gas density, Pt. 

Impurity Effect. In a magnetically driven shock tube ImpuriL!cs Clln be in_ 

trOduced through cathode spullering, hot spots, des orption, or ablation of 

the insulator material. Among these ablation of the insu lator material is 

probably the most important. The lntl·oduc\.lon o f insulator material into 

the discharge can have two effects: a) in.::rease of the apparent density, 

PI ' of the plailma, bj formation of a standing arc near the driving end of 

the shock tube and thus reduction of the effective driving current(3). 

Spectroscopic investigation of the plasma together with magnetic and CUI' ­

rent probe measurements taken near the insulator plate indicated that this 

Could not be the main cause when a high. purity alumina plate (99. !l'l'. 
A120 3) is used as Insulator plate(4). 

Finite Compressibility and Finite Conductivity Effect. The usual snow_ 

plough model assumes that all the swept_up mass as well as all the de_ 

livered current are confined within a thin sheet; these assumptions in 

turn Imply that the shOCk and the current sheet are indistinguishable, and 
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the region behind the cUI'rent sheet is a "accum . 

By application of the conservation laws across a strong shock it can be 

sho wn that when finite compl'essibility is cons!de"cd. eq. (t) s!,ould be 

replaced by 

(:!) 

where '1 ~ plP t is the compression ratio, and P is the density of , he 

compreased gas. For comparison, eq. (2) ili IIlso shown in fig. 1 \\' ilh 

~ • 4, cOl'rllsponding to an ideal monatomic gas. Note that finite com­

pressibility tends to lower the expected CU ITent sheet speed, but not suf_ 

ficiently so to account for the experimental departure. 

Fro m fig. I it Is seen that most of the exp(!rimental data rit "cnsonahly 

well into a straight line with a slope much lowe,' than exp~·cted. .\n addl. 

lional possibility, besides those alread~' examined, is that th e inductance 

gradient, Lt , under actual running conditions might Ite much lower than 

that determined by the short-circuit method. Since a detailed account of 

this effect wi ll be published soon(.l), it is sufficient to state that this is 

possibl(! when, instead of being confined within a thin sheet as. vl'iginaUy 

assumed in the theoretical mOdel, the current Is disu' ibuled u\'er " I,,~ er 

growing with time. 
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:-B nCl~b ! o . O. Oe Barb! .. r!. 8nd S . G!u~!'r6. 

ASSOCIATION EURATOM - CEA 
O'po,ltm,nl d. la P~y'iqu. dv PIIIsma ,I dela FusIon Controlit. 

S"VICI 1 .6" Cenlr. cI ' Etud .. Nuclioain 

C.dh DS . 18 Grlnol>l, Sari (Fro~I"') 

':11 .. fus ibi l ity ~ f I nc .... "~ lng plft~"'" llfetlllle In ,"lrror "'aehlnes 

by " ., \no; rl!~oMnt RP-elect ron plu.o;~ I ~ eX!lmlned (for compari son the e~ftl! of 

pr.l.m !':"II; ~ Is ,jA" briefly con~!dl!r"dl. r,n Invl!~t18"lIon (nto the 1>11 8 \" 

rl!~ulr~ ~fncl"nl plullglnl\ o~ lo:l-J~:J !,\"V "I~ctr"n" Clv"r "everal hund r ed 

: n ~ I<tl!~dl' "'!.J'I tp ml rre r .... chlno!. In which loft~"" ..... belanced by 

InJection, • nec,&Uvl! 1 .. lo l l)Ol!o l" potent!al eV" develops In the absence of 

cold p : ,,~ ..... :r Lhe I! ll!e ~ron ;:>!uu;lno; I s e fflc!"nt .. noun. . 'nIUB an Ion dls­

t r!buU o n which I ... ,polroplc "" to th" energJ' leVcl """ be conrlned Inalde 

.. two ~h~e t hyperb:."old which repl .. ~es t he len 105s co .... ~n velocity space 

for t~ 1s ell" •• Ir l eV:. / ls : "rgtr thlln if':'j t he Ion !lfetl_ 't"-i, I .. tho! 

.'IplUer e .... rltY re lu.a llon t~ 't:~ (At the .... .. per .. tu"" T!l .... ~ tlpl1ed by 

the t"etor(2/~)CJ{P{le~I/l:T~] 1:' which I s only IlIpl lcltly depende nt on 

the ",Irror rll tl:. R and la aho !Ouch larger than log!cf\. The e l eet r on l ifeti­

me t:'e, Is \.he sa"", aa the Ion ! Jfetlllll! because o r charge neutra l ity .. nd 

eVo \s therefore de te ... l .... d by the eQu .. Uon 

c;.(lI,n,V.)=c.(T"n,'/" ER,) (1) 
In the "bs.nee of the & I UII&. \.he condIti on . '1,,< 0 h,pll es very high te" pe­

r"tu", s ,~>(m,jl"l1e13-r,:. RF-ele" tron pllU';5 b"s!~eHy should reault In 

Le"'I?I'tS with ")1) 1 without Dver!y Inereas lnp; Tt during ~uch .. long t1"", / 2/ . 
On the baB I ~ of n" .... rleal ~Ingl '" partIcle ealculatlon~, It c,," be 

~ho"", th~t . n elee tro n aurf",rlnp. r and"", ~""' 1l U'IlIlt eh ~tle deviations can 

be I'f'rleeted by ph.o: ~ ~ltun .. d I" the t .. o .. Ir,..,r rel"lon ~ befo"" It crosae~ 

\.he exact gyroreaCltlanee s ur face W .. W (r). cn \.hI ,. ea .'!e . erfleler>t. eonfJ-
~ 

ne-.nt ",f ... IIteady " taU anlaotr"'plc (TJ 1:>'\'4)1 ) electnm distrIbution can 

~ "ehlev"d I" ~ .. Ir,..,r trap vlthout .. pp .... clable heating . Ho_nr. OVe r t l_ 

Inte1"'<'als I.rser \.h.n ~StA~. l" rp;e .ngl e coll1a1ons shoot the elec­

t""n \.hrOup'l tho! !)'''''~SOfUlnee "eH insl';:e ~he loa .. cone 'nIen. In o rootr 10 

.... n t .ln PArticl e ecnrln .. ,.,nt. the lne ..... llae o f perpendleul.r ener!), on. sln­

sle c,..,s a l n[ or ~he ,... .on .. nc~.6~~ !!IUllt t:oe such that 

_ leV.ltE:l/dR-1)LlE,. eV~ (2) 
Mhe ... R I s the r.tlo bet...,en the ... xI"""" IInd tile gr,..,,.,,aonanee !'I v.iU<!. In_ 

. Ide the tr.p. the kinetic energy Is "BBur:oed to be Ell only. ! f the -: p,..,rt _ 

le .t \.he r<lIIOfUI OOe la ~th eno~g" 6 E.l. cll n be tIIken t o t:oe BB l .rllie •• 

the re l at1¥l lItlc 1l1l'l1t'MeC (EaF/B) whle h I~ inde pendent o f particle energy 

/21. '!'he energy of a Pllrtlcle whIch C""~se s the gyl'oresonanee In • ,.Ir,..,r 

tr .. p (aever. 1 tI""' ~) lne,.....~e~ r"pldly until. value of the order o f a fe .. 

tllI'IeS the r-e!atlvl at l c llmlt h reaehed . A ~ubseQuent I nc,..." sot o f energy Is 

then usu. lly obse rved on ly I" the pre oe"ce of eOll!!lon ... Thi s latter ef­

fect I s . ho"ever •• n e~t"",",ly slow s t och.s t.lc proees. r .. ~ultlne: In 11 v otry 

rrtr>der.te temperll t ure Incrot~se unleas th" confl" .. "",,,t time b"c ome s too 

hrse. A .. sumll\A that e(tf-Iv:,O can r"d ly he ""'d" much larger th .. n kT". 

t he electr"'n :HRt\""! Is r ough l y T'V.l.~ e-xp{e{V"-IVDJ)/ .. Tqj- PiS. 1 sho .. s 

eVo
/ i<1'1 (d.ahe~ linea' .nd mS,A",%e"lI.F1..e(V"-IV .. I)/IQ-reJ (sol\d U­

nes) ver.uS 1'" .~ o: tve n ~y the 3,,0~ul1on af "-<;. 1 f nr tvo d I ffe ... "'t u I ues 

o! beth Te'"1'l aM for'i?Y ,,$ciD 9- 'IceY. wllh R . 10. 1n o rd"r t o have 

e 'lo> ~T\ . I .r .. ~ v.lU<!s "r P ( .". ~Ol a re rell ul,....d "hl-ch In ~urn. ' '';> \), 

t't'Ie.,A~1P~jO~ oSp ... ce d"pende nce hll .. t:oe"n neJl;leet",d by s upp",sl ll6 a 

unlfo .... conf lnellll!D t ""Slon MUch :OT'II! .. r thlln the IIlr .... r r",,;lons. Hc""o ¥er. 

boO. the elect,..,n and ion distributions tu. ... .. bee" taken •• i.:.t roplc. A fe .. 

ec-ph ..... ntary re a u:ta for • ...,"" el.bor.t .. "odel "re given In nll' .. ? .. Ith 

'Rti!}.-i+gSiI14(:rr) yr'l.)= z,v"'p~H1. :'he qUft r.tlty D(~)"" ~fi.)/2r;;III;Z)-i 
(R::oll:! Iln~ sl Is plo~ted n • runc<lon::of • ro r a.,."., vd""" of D(li) .1. t .. D. 

--1 ,11, , 
~ •. s .... !no: ch~r~~ n~utrft l l ty. '!'!>e o ther s~ ~ of ~u~e~ N!p",, ~ent hIoJ,,"! tI (1!!) 

f", r <he ~ .. "", 0/(0) ¥.iues . C,,~~s 1 'or respond to an elect,..,n Isotl'Ople "",,,_ 

"ellla" dlstr !butlon. 

Nov. I~ ~ consider ~ possible D-T r "actor. positive power yield 

reqUIres 

1(t;?~ hk('..-"y.,p» ~ hk:(VT)/-c",-+1i. + ~ (3) 
Here , { ~ o . ''il ~s t he ef~lclency ef conv e r Sion fro" th~l"'T>\Il to plum" p.r­

~tele power. P;yr !. the ~hermonuel"'~r pow .. ,. rlens:ty ~!eft~e . We have a"ftU­

Med no 0( p~ .. tlcl~ h· ft~ln ~. ~I"::o, T .. > ':"1 ~ lnce ~he t - ! er.ulpe.rtlU",n tl"", 

!a !o" " er th.n 1'l'I't$ If m~A{3 '.io3 . ~'l !~ the e-e .. ne ~-I 3re",,.~t rahl un! 
:c'~ ,..,1r" \ . re IH:vl~-.lc.l;'y corr .. ~t "0 to rlrs t o rder I~ f. ?~ I ... <h .. 

78 

·~lnG'rot,..,!: 10''"; ~ .. lcl~ &elt-absorption ftnd .. al" "" fl.etlon ('\,. 0.9) into 

.eeount. The 3:"clc- 9ody portion of the SJT>eh,..,tr"Ofl _iuJon W- Is ""duced 

1>)' the fac tor 1 - '\I .. nd ean be 1 ... . than the "tranIPArent" portion. W~. 

(relatively """rfected by th. ",,,1 1) at hlflh Te .nd large pia ..... thlcknes •• -. L 1' 1 . The ""I.tlv~ Import.nce of1(1~1) Pur' Pe. and Ps la shown In Filli.3 

for a typlc.l e.se. CondIt ion I}) c.n be tn.n$fo.",.d to find tile critical 

., v"lue as • function of Te ... Ith B. f3. Te/l'l, and L.s pe.rameters. '!bIB 

m value 111 plotted In !'111.' for B .. 50 (d..sh"d Unu) . nd 100 KG (BoHd 11-

"es), L .. 100 cm. ,. - 0.5 and 1 , and T.trl .. 2 and 0:;, '!'ha c",r-re spondlng v._ 

l ue s of ~VJlkTl ,,"" plotted In Fill. 5. It l a ..... 1' that leVol l a l"rlle enough 

to make the trunea tlo" of th .. Ion distribution a bove that ener gy lrrel"vant 

wHh "'''peot t" the evalu.o.tion of "or. It .pp .. ar .. that in order to hIIve mB.A. 
l ell" tMn 11 few lOOCl' " in the us.ful Te Interval (50.150 KeV) the -' f .cto)' 

has to be elose to 1. At such (d vduea nab111ty "'f a phs ..... "'ith 1"otl'O­

pie Ions ( W1"-1>u)~;,l .nd anisotropic el.etnm. (WI'e~O(ute) in the p1'e­

senee of 1mba.1.nc", !>etveen "'" and nl (not .no~ to have dJocrotnm lnata­

bUlly 1')1). ah .. ...,. flow Ilf'Id finite La~r radii erheta /6/. is st111 an 

o pen que.tlon. 

I n conclWllen. re.emberlna: that th. ph,& .frtd"ney d.penda erlt!­

e.ll), upon !:JE.JI'E, (Eq.2) which I •• dec,."aalq t'uneUon of., v. Inf.r that 

t,h., ,."aetor """ui"""",nts .re diftleul t to achlev •• Thla .dd. " aupple .. nta..,. 

ph)"sleRi dlffleulty t o th. _11 known totchnoloSlcRi hanclle .. p" of thi. "P­

pro ... ch. Job s t of these dlfflcultlas do not .ppe.r .men the 0 111 .. "'f the .... ""_ 

nant RF_l on plugs Is eenllld ..... d since. In principle. "v.lues of 1,,1(1 than 

• fe " tena would be !lufrJe lent In thh cau 11/. HOQvar, .n overl,. hl8h 

tII"per"ture Inc"".~e l a unfortunat.l,. s Ull poaotlbl. a t &ueh ill'S bee.u.1e 

of the Ineffectivene ss of the rel.Uvhtlc en.rgy limitation In the 0 ..... of 

the Iona. 

~ 
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MIRRORS 

FECE~" FtESlJL'I':C FROM '!'lE PLEIAD£ MlTUlOR Of:VrCE 

" r . GELl.EF. - B. JACQlICII' - C. JACQUOT -

ASSOCI AYJO N EUR ATOM -CEA 
Oiportlmlnl ch la P~II!IM du f'tH.mo .t 4,10 Fusion Control •• 

S.rvict I .6n. C.ntr- d"E tudls Huel~rt 

CI600x 85. JI &r~n .. W. 801'1 (F_I 

~ !~ :r, l~ up"~~::Ient e~;~~Hl~ el"ctron s (Wi itllj) -.re trapped In a 

"agr.e tl~ .,,11'1'01' a nd e nerge t ic !on~ lW+. >? w: ) """ confined by "le~tr"~tpt1e 
pOlentials. '!he e ne rgeU c pa rtlcb s ha.ve l1fetl"",s of several milliseconds wi th 

nI(T,,)ro"e'luri'l and #V,J.-oa f..I;'a 11(~v 

!)e ~'r ~" ~1 >n On tr.e le n slcl~ ~f the devl~e (fig. 1) the preJonlul1on h c r eate d 

in , _ " ~' ._ ~::,' (,,"" J. ~ -=:: ;> - 10- 3 torr ) by the RF lnk!!g!! fidel of 11. 

~_. ,~.~_-o_~ _ _ ~-:,.- - . .. ,... g~;.er. ~ed at the ~SOlUllce (iJi:~ obt.alned 

< ~ : r. · :", .. :>1. ~ .~ ,.. ,, _,. • .; .. 3'. , "<:) .'+iz . PRF - ':;00 '11 ) Inside the HF cavlt:; 

" ,,_ ~11 J ~ "'" 1"" '-' t"rd ;. .. ' • ..• -: :r. tr.~ ~ tu"!y ~t.aH gradl~nt <>f a "'&;;n~ U: c 
,.,._ , .. n' ~ ~~ "J. t ,.1 tr,1 4 ;;,.,~ ' ~"t the "~: ,...l~ng e l ~~trons ~ r .. .j,.b~n t o"~ r~3 

• j ·.: ~ j' r. <:. ~,... ~-blp""a ,. " "~ ., ~ : "",, .,..;~ f~~::l. ,. E .long~ .. ul~. 'I'll .. eh~tron 

, . .,..,.g.:: W,;: ... W: _ W 15 !!I\"~n by 

Wslnc'/z.(1,,0t}gl'Ji c.,/s (t.A/Aa.)C/:.J; ~:.E~/",I.J 
. , e,. . -,,! ...,~ ~ ~.J~ ~~ 1 '. 'l '.~ _ 

~. ~ _", '<1 ! " r~ " .o.: .. "/ · ,,.: a,. "' ~n~" b:: 

'~ft.,.)"'; Q(Q,,/Q.-Q)'= rJ/ .. ! i 
',-~r2 .:;.:. a,..~ 'I r.;: ,.. ! ~ ~,. c.ic ~ ·J:l~ea~~d 

; .. ,:, ... ' ~ J n. :~:,..g .j-,. :!e,,~ H;· e! 

~~,:: ,..:z ~ j .::::: :1 p l .s,. ..... !n ~h~ pra"ent 

~ ~ ~~ ""1'" w! - 1 !': .. ': la expe~ t!"d . 
(Jr. ~)1I' r,gl":\ si de of t.he device" pul ­

o~j ..,.,m ~ t1 ~ field :" clIUb: I sht:l by 

, _ " ~2 ' u ('n~rgellc el~~-

·.r •• n'(~i/W;»i) l:l~ U'.e~r 

r.;:.o. t <> n "",""t .. , a sl:c::1etrlcal 

.' :.l ~ -R tor U,e \on ~ ..n\ch In . turn "re ,,1110 renected . In thi s ~r, 

"ur'. ~. t..~. ~%~u ... ,.. ~ ~ o f ~ ",Ir,.~r, spir-alln;; ~h~\.r-ceo ;I.lId "'~h. tl r Il<,c~lerat..ad 

1:>n .l .,.... ,...:';..ot.a ~ &rid "~~U2IJhted iJL:I~Oe :he "'-!I.#I&tlc bottl ... flJ. 
er,. >.2':.I _t~ vs ,,,,,," r>T"': ~l!11N> Il1 dde th~ _g:,etlc bot t le h 10-9 torr a.nd th~ 

~~.j). ~ :. '~ '~~ ;-:<lng p"" "s",.e , *' IO~· ~orr. '!hI" p .. rfo ...... nce Is obt&lned b:r 

~"nt1n-"',;)- p,-:r ~ ~ne of _ "'0000 1',. a-\- -,'1.-41 torr dua to the addltlOl'i of 

~ tu~l.""l a" P\~"P (!()0{'>~ 1
'
• ) loo ;> l i quid nl~~ ooohd tit.aDi .. e~ .. pora­

tllfl p-.~ (r{;ClC\1 1 I~ )/'?/. 

Dl.DO"tl.c~ , c .. l1or.t .. ~ d1a3.gN'tl e loop . l"'I~_t rr-.q""""r .nlh of a OIlero­

W.ve c""itr aI'd X ray " proYld~ l"!o ...... tion Ol\ hot .. lecu-on ,,_rgy 'IIiO<i de .. ,,1 t r. no. 
pre ,.."ce ef a cold pl .. ~"", In lhe ootth ha ... t o be a".,idad. iL!lId therefo .. th<o IIIbtIl­

t orlno o f the Il.a line w.s ne ce! ...... ry tCl d .. :,,",~ the p .... -.. ... of ""Id ph".,. . 

PyrOlWtrlc al'd E!' "rebe • ...,uu"" th~ e"",rgy fli,,,....t RP 1I0b .. iD the pl...- . 

Flo.tlng ",·oboo " "",a "",.. the electro ~ · .• tl~ ",c .• "U"l build up 1Ji the .. irror "'"151001. 

~,,-·_,...~r_ t.~ ~~ ~""';-?t:c:; + !or. ~ r;'J ~ to cha~ ,,%cr.ango, 0 .. the res idual gas. 

h ot ne"~ra:~ " re e ,""n .. d In <i".e bct~l~. i'n';s~ leaking part ic)"s ar ...... [onlz .. d 1Jo . ~ 
_<t":;lP~n;:; c e:'l __ <o r. b ~t'" sl<i ~ " ..'1:>,;;" :, c:' ._,,~ .. gnetic bottle. After .,as31t1g thro.,.n 

an £.~. a",, :' y .er they pro~ld" ln~or.:i&'I:ms "'" Ion ..... rBY W; aNI co,.,,..q""ntl~· 
on u... Ion trons lt tl"", t _ L'.: bct .... ~ .. the ,.Irrorll. 'Il>., r: .... tl ... o~ the 

-tripped HO " 1«-1 during the mirror pul,.., 1 ~ a~~ to b~ u.. 10- l tr~ t~ La 

tho! i>ott! . ('r-) . n.. raU o of t."'e !IIIturat ... !h"" of H' durll1C the tta. the .1 ........ 

'.s "" ,,~t.~ . .... "poct t.o th<t flu>: obt.a l rw<! t>or., ... !.NI .1rror la ...-tah11~. gives the 

;'In a ~~ """JC.at1= rat:.., I. 51 =1-ttp1r:C1I; r. T) "" abu.tn IU\ ot.l>Cr <:necll. 0: <T") 

E~ :·e~ ," :>~ the ..., ~ ,... ~ : .. tI~" t.ar!!t aJld ~l"'l1Jaa ... 11,0 Of\ ~ ph~ ~t&billtl. 

''-a h.~" 'll, ..... dJ' ~ o ln: "d ou~ that the E . S . pot.,nt1al~ _ a !SU!"ed i .. tu ..... nectlna: 

r~ ;;lon "' \ch hav e t.",,- ,,~ oro.,. ~r lMl9'ltude as u.. particle .. n. r giea (W ... "" ' ICoIr) 
. ,.., r~1a,-.,d to the a'-&b lo r .. ' fl ~ctlon ...,g~. !he est&bli:shmont of th! a~ ,,~~ e n tl ": a 

moul::! no~ be h lr><! e ~<'l by t..', .. fo11o .... 11\15 ",,11 ef ~~et9 

I \ F;e~. ~~e of w"ll b!l. c k<llf;uelon of haklng partich s on the wall o..r. l n " .. "'.' ",~ ,.,.or 

.. l a r.,. ~"'''''' t " ~ th .. ~~ I"Irticl .. ~ (!oss-cone :!H :\I.lon . "d cold ;1",.,... , a ;-e 

ba -k~I~;u .•• d ~ntc tr. .. . =!;JI<!~l e bot~le .me ..... th~y ~Or":li an un~ ~lrablo p h s,..,a 

lo ... r~.' a tIUn:u," uri~ ~ "~~"e 'l:.~;: ar .. "bscrb~j 0,. rec",,,bi r:!<I. 

:> 1 f"re ~ :l .... 11 .,nent\a:s !'l the :r. cr,."r r ~glon ><h"" th~ acc=uht::", ,..,g :-"e ! . 

~ a ,,: ~ . potcntl al~. ,,:-~ d~':e loped ... Ith r"sl'cot to ground (. V!. I.Ih .. n ~ ·l:> .. ·_~"l! 

ri~ .. ~ .. clr~je I s lntr"duced In th~ ... ~ c lnlty o ~ th~ ~.lrrcr region ~ol:lslon 

llma~d ~ ' ~c tron .. r.d Ion " ccu:ltUhtlon 13 obto.l ""d. ano:!E:.S: pet .. nt hle ar~ ~ ,"",..nt 

·n thi ... oase . r.f. prob~s d~tect only "ery 10" fl-equ .. ncy n o ls .. . ,f th .. ren~Cllnl5 

r e glun I~ clo~~ to a ground ed ",oll . or wh~neve r the ring "l .. ~trod~ I s connect"" 

to I;rl">un1. th~ E .S . pa t .. ntlal.. ~ r .. d .. stroy~d , th~ Ion accumuhtlon 1s pe rturted "nu 

~ '~ Id~ ne!~~ ·' p~clru" I, det .. ct .. d '~here a ... .. rong pe ~k 'It (Ut Is obg~",,· e:l . 

'rhe r~ ... , nn 10r the ~ ul'i'r=t on 0 ' th .. In~tabll1ti .. " by th~ floa ting w .. lls i ,· nM 

cl ... r ~s ye t . e ne m!~h'_ '.$s·~:r .. t;-,at "'!:~ n ' condu~tlng ... all In the vicinity (11 ""02 .. 

E.S. pot~nthl~ , l a :'cr~ .. d to g r ou nd potcr.'al. a short clroult 01 the pot~nt l .. 1 

I ... pos~:bl ... Tt c a n t;~ crlgg~r~d by " 10>1 o!ns!-

t:( c:>ld phs", ... exlst ln;; in this a r ~ ... :r b:: ':..': e 

l~,,;dng p"rtlcJ~s . It could .. epres~nt a strong 

p .. r turb.t1c n ~,ech ... nl$" ( .. rc5, undes lr ... "le !'; 

f1~ld3 , c"rrents ~ nd noise ~·,!sdon) the er r .. ct 

tln~ of 1~_~· .... ~~:1 ~1 ~ ~ 1'/ . ~ne "..Ight ,,1 <:> 1,,-... -

11r .• 1.'".a·. :be ~o '.r.~ "" : .. ~ 0 :' . r. In - q,bHItI, 

~a ~ ," 10.': :~ 0"'" po:arlty "''"'' s"o:!d~nly ~ha ~ed 

~ ",w ~ "~~ the ~l"~'~~ ""\! ~_., ~ ~e ctrlc. lly 

oh~ ~ o:e l!':~ w~1l ~ ~_1 t h J., ~~~e~t~~1 ~ ,"CA' e3 

-----}-:' . , . \ .r. , ,:.:. 
"!*-=. ~ , ~ _," . J.T 

-- - ~. ~ 

1· ', ----'.. ... 

" r,:·J-,~: ·· 

- C;:; : ~. 

:'. '. 

,,~. )~ ~~ c ! ~_ ;: "t_: ': . tC!-,;l! n,;:: :;,e h~;:.~ .[ t':-.a ;' ''': ~ I:_, . 

'';: t .. .. , ' 130 £t:&,e ~te<i tl:a~U-.~ [!c ~ ,. :tIg 0;011 " 

"'i~_t ~\l;;; "" " S t..'-.e eX'.ern,l co",;;lo t!.on of ~ 

po~ :tlve f .. ed t. ~ ~k clr~ult /~/ . 

~~ "en ~ ~ "~rl"--<"'hl result 5 

ratios ~f f ,.., 10 ~ ~ :-~ ~th :n .. :l In the N.ng& 

o f 10'" torr "o"~ ' n " pr"! s;.;re. They "NI deter­

.. :ne ~ b l """,,~urln g t he ieaking raat n eutral .. on 

tt.~ axis with ~ dlg lu.1 eounUng ~yst., ... 151 
:;1 ;;~ !;llng tha p l .s","" I"Jection flux ."d 

e r.er s:.: oon ... u.nt, we could chack the d.".,n­

dan~~ of the enuge tic Ion 11f~-U"", (t"') 

I 

~~, .'"-' C_'''_' 

Uld the "-ccumulation r.tlo A with neu t r d pre&aUJ"l, in lh~ _!ill .. t:~ · i:<:~ ~:'. 

wu mo,", ~hat both .... ry .~ u:peet .. d l1n 'lIp. n. ,"" sults show a ho -.r .. t ~~ . ' ' . 

l e~IJ.':IUhUon 11 poulble d"riRg the nUN . lITor p"lM (7 .. llllMco~.ds) and U,~· 

ohar!!e e.~ 11 tho lI.lti,,-!! lo"s _..tIaI1_ ~or the _r~tlc lOft s . 1"-1 ' ·.r. 

1If .. -t1 .... ~ ,,~ -"",,,,""1 .tlll,..c~nd~ .... I th ..... !'!!i.t1~ parti~h 1 .. ""lt!., r.~tclf),_~ 
. ... ll .. bl~ ~ . 

' n ~lgw"e ... :> . ,,1 ::5. th. ab801"t .. o%perl . ... ta l 10'; 111. t-'.-, ,," ~ ""'P"r"<l U: t"~ 

the ~heorio"l charp .. xchangtc"llh10,,-ts... tor d1ff1o~t 1"" .--rg1es ....:I -{ .... ~ 

",u~","1 pres.rure. Th .. "grH'rnent loots ""rt pod . T\"te _8I.! .... d d l ... ~e ~!!"I'! ' 

.fCllI( " le T.a. < ',D" ,-V,rrr' .. I n thfI Bt&b!e .cCUlCl. tltlft ngt- , th.. r!~. ~: .• -. 

I}' <:'f,_ !!oIl. r " te f"ll . bhract. 0.. c. • . Pl .. ".,.s $ActA'!' Vol.? P. ~ ::~ t'}' (: 

,":>1 R. CJEI..tD !lull. lI:fo .... &1. 'I'~cluo. CEA "0 l~" p ."9 (19:~H 

I}' R. ~ B. JAC~ - C . J ACQUOr - 9th !.f. Conf. Phen •• ena ill 

10ft. ::... .. ~ p. 509 19(09) 

' l · P. ~E ... lD PhJ"s . [..etters)l A 8, 09"0) 

f'j' R. :EL:..ER ~' ,! ACQlCT - C . J.l.CQU01' C. R • .'le. S~. ? ar!s ~] ., . ' ~ ' (:-:. .-, l. 

,~ , P. . GELi.Zll 9. JACQlJO'1' - C . .; ~C~ ? r,y s . ""tt~,.." -~) , .t ;,. : ' j'}' 
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AtoBlPOLAR PO'I'ENTIAL E!'PEC'J'S ON COULOM3 SCATI'E~INr. :t.-ro Tfl.E Less CONE 

" M. Bra",bllh "nd P. lI"rkafr 

ASSOCIATION EURATOM -CEA 
Diparhm2n! dll.<! Pny.;~u& du Plasma It <:& la Fu.ion Coni rei., 

S . r~ic, I.Gn.CQnlrt d·Eludos Nudec;r. 
C,du 95. 39 Gr.nobl. Sar. (Fr....:.) 

~ Th" !'okker-PlAn~k eqUlHlon d e "~rtblng Coulomb ~~atte rlng onto 

the 1055 COM In the presence of a n ",.b i p<)hr pot''"tl"l ha" oeen Io"ritt"n In 

a veloc ity coordinate ~y~tem I n which the loss hy~rb<>101d :s a coordiute 

surface .• "'e equation Is nu~rlcal:y !ol ved fo r the ~a"e of ion-ion cctll1<Ion. 

A lar",e body of literature has been devoted to the colltston,,! losse" 

from o pen-ended .. gnetic traps Ill. e..nn..nlel "nd A:"i.ls 131 con"lde~d only 

10sse" /'rill!! ton-ton collidon" , a nd 5l.11lpl1rted the Pakker_Planck equatlon 

by a SII .... ing the hot r opy of th" d1(fu"lon coefficients (Rosenbluth potentials 

/11) and sell.7ching far. s"p.o.rate ~ar1abh solutton f(~t)'" "lrFI,t)4>'*'JI. ""e .... 

~; (fit/IT, £ .. aa shown to .... lax In I< time .... ch .marter thd/"I Spltzer time to 

tlHl ,"ost taotroplc eigensolutton of Legendre' 5 equa.tlon 

. . ,*[(1-j<.:I.)~] -I- ~i1J '" (.1 (i) 

sathf)'ln& ~l~"'O on the lo~s cone boundary r ~rC.~~ "he .... R l~ the 

mirror ratIo. The rol .. of the Ilmblpolar potential .. nd colli s Ions I nvolvlf\6 

.. lectrona w.s ftr a t investigated by Fowler .. nd RanJ<ln 14/ . They "~lnlalned 

the separability a~~umption but allowed the eigenva lue .l. In Eq. (1) t o depen:! 

on the p .. rticle ener!,», to to"e into account the t the l o~~ region for the lons 

1n velocity space becomes a one-sheet hyl"'rbo !ol d tn t he presen~e of a ~o tf>n­

ttal ....,11 I?I . FOlo"ler and Rankln IIIOdel i$ .... ""'rkl> bly simple, while its ... ~su;> ­

tions are _de plausible by t he p rev ious s lngle-g~c les i nves tiga tions. S!nce 

however these cal~ul .. ttons "re critica l for the future of op e n-ended traps 

a" thenoonucl " ar rea~tors 12/, " .... thelM.t1c"ll ~· mOre ... !go ... ou~ approach seems 

of s~ interest. We limit our~elvea here to 10n-lon collision s only . As 8 

firat step to ",oh'e the proble," In the pre5ence of the ;>oten u" l 'Yo, we 

transfo rm the lnde !>"ndent varl ... bleo;from (~'J'" ) to (\4 ~II<''''''~/~~f'.r/~ ' 
Io"he ...... ';.!.v"p"o(k.-i).In the nelo" ~oordll"1l1t e s, the !o~s hype ... boloid coinctri e s 

,<ith the coordlnat line ~::~. On the other hand, the trans~onned F.P. equ~­

~lon Is n o longer dhgonal In the eigenfuncttons of the :t...gend .... e quaLlon.1'''j 

"'ua, 1~ It. development of t he fonn f("I~)"'t t~(.,I)~{~) Is used, coup:11'1.g bet­

'fe e n the difre .... nt "",i!e~ ··l 1~'-· ·· "1~ coupling IS clearly handled much 

more eaeily In thIS .. ay tha n by t ry ing to ~et1sfy a "non_dia gOMI·' b<lun<.!ary 

condition In the origina l variables . 

The p.o.rtial distribution UJ aattsfy the fo11olo"lng syst"," of ~qu"t1on$ 

" dU· d _. J .,1 = 4v!.~ -r" Vi UII - .:L B .... ;l'lflj+i)"',·U/ + 
r "t i It HI iu..'?u.. 

~ .2. 1. . 

+~ [_~t~+~ ~lNJUI+i.~[«.1("1:!Z)~+21L4-<1i~JN.J..!!i 
~\,t 'II..~ '6u.~ u."?1.l ~~"'t~ ';)u~ \I." dlL )Clu. 

+ ~ [C ...... 1. • ..:zr· ~ _ "I.2(141i .... ~)~ 1 N.'YIJi + 
.lV''l. _ u.... 'Ou.~ '\.I...;!. Gw.. ) ~lI...z. 

+ ~ [3u.l_i.t~ _ ~"'1.2,,] Z X ·u. + ~t 1,l," e IL.~ ~'; ~IL ~ J' ~ ('I 
+ 5..2. [_ 'lI,,"!.+dl.""d..,3. + ~Z'Jj 1 :L X . ~,. 

'I,o.."\. u."'" out t;,.0!.'jju.. J~ 'd1J. 

+~ L~D ~ 
'tv.a. u."'01.l4 

'\.I..z_04.2.~ ] L'( . u· 
'IA,.'i ~I.l J'.(. + .'J. S,L") 

r 
Here g (u) h the Rosenbluth p<)tenttal a ~ defined In I~I, Eq. (59). in .. hich 

th~ hotropic p.o.rt of the distribution function, U. "~u.[,·.Ij·Uilv;:;:;(> ",,",st 

be used (C Is a no"""l1~atton coefficient such that Ijij5iJQ\"-)"'oot.. • n, the d e n­

s I ty). m~ (mr .. l) h the J-th eil'lenvalue of Eq. (1), and 

N jJ.o...2. r.k( j"' ;; 
" ,'l'~i(\l '\ ri'j."-i(\)J\ Xi' '~'i~(\,.J'"\ 

J.<c. 'd l ? "". t~) 
y,,' l.1"j>l,ll e.;)d\ tl'> \:;'1 ?'.~ 

This By~tem. truncate d mt the '.i -th te~ Io"as solved mllner!c!111y by a .. e U ­

Imo,," Implicit unconditIonally stable sche"e 1£ 1. The results a .... ~ho...., In 

1'11'1. 1 to ,. Fig . 1 shows the e~olut!on of the density n and of the "",an ener­

gy E for vl.rioua ~a lue s of ott. and for A _ lO . ;>r . "'e source ... as v" ry pe a ked 

In v wtth a mean energy ES of 100 Ke .... Thta chot .. e allows co.,parl~on wIth the 

results of Blng and F.oberts 17/ in the ca"" when I>(~ . O. The a eculnul a t ed den_ 

sity .. aa found to agree to within a fe ... ~rcent ·~ Ith th~ "uns .. para t ed" cas .. 

of Ref. ifl for Injected currents r a nging from 10'" to :'0 ·" pa rt!.el .. slcm~ s"c . 
All t he results preaented he .... It .... for J • 10H. Time I,. "",as ured in ""Its of 

'r.fI= lo '.;A 't.,~:/<'/JI/" (A - ;> for <!eute rtu;u, to'" 3,'i'6·IO-J~ec for the para_ters 

cbosen here) . 

, It 1ft eeen fNlm Fig . 1 that n lo_rs ftM E increaftea ..nen C(~ Increases. 
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o~rt o f ~he ,on pop"latlon; on the o t he r n~n<! :r." : I ~" U"'" '''cre~se" 

wltr. th" ene rgy. "l"n" curve ""'r~"<I ".R ... ~~ <>btal ned hy .'~ :v:ng a n "qu~~!"n 

eq": va l,,n t to 'h ~ t of ~olo"l " r ~nrl Rankln fo ~ :0" :~n" on:y. >I:t.~ «-I. T :1. 

'11" ~ound thaT. th .. dls~ r"p"ncy :. duo. to :nac~uracy : n bt ~e~r~$"r.~~t:"n 

of t ·.e f ~t",." ithe ~l rgt In !':q . (oi ' rather th. n :n the I'~ f're ~ en t"t!on 
of tne lo~ ~ tenn ( t he ~econd of E~. (?') . 

Fig. ~. ,.ep~ $en t .• the ... eloclty ~1~trlbu~lon .... v~rl au 5 tl .... ~ fo r .. l • :. 

a nd <it . 0.;>. f:" . • ,1"\o .. s th" ~ ~y .. "p~ .>t i c ~ngular ~e;>er.den~" o~ the ril ~ tr!­
butlon function. When <i,l _ 0 , the lIngular cl~tr lbutJon is al "",.ot !n<!epenrl"nt 

ef v. ann quit" close to .. h., ,""oH \ - tI'''"lie c... gen<ire d genfunct!on. ~ s 

expe~ted. The ~a"", Is true when ~C(" \n the ~.en"ra l Cll S"; r.o",,,ver, r"r ,,.l.:8oit 

the dis tribution \ $ "",ch , ess ," " otropl~. 

o..nn l '.e ~onoluslons cOlnno L bfO ..... aehed untl, the co l : h ion~ .. lth t " e 

electrons w11: bfO Lft;';"n Into account. Indeec, the relatl ... .,:y weak de !>"n­

jence o~ our re ~ult~ on ~l (note tru.t for" mIrror r"Uo of 10 v~lue~ of 

ott. In e~Ce~5 of O . ~ a re hard,y eonceivable 1 prove~ that the ~~fpc t ~ ~ f 

coll!!lon~ with ~t)e eleetrons is ""ch :nore i,."ort!lnt than the enlarg~"",nt 

of the 108" .... 1'110" due to the pot~nt1al . '!"hIs glve $ lndirec t ~lIp"ort t o the 

mo:lel of !'owl~r a nd Fan~ln. 

As our next H"" we .. 111 , o f course. In t r oduce th~ electron • . and eval uate 

the pot"ntlal In a ~elf-con5Ist~nt "ay. No~e tha'. the tenn~ 0: th" F.P. equa ­

tion "hlcn ~ont" ln the !lngula r d~r1vative~ of Rosenbluth potent l ftl s ~an !l ; ~ 0 

bfO treated a~ '·c ou~ling ·· te .... s . Thi s wou ld . fford a ","ans a! veri:ylng the 

"Isotropy' "pproxl""'tion In~roduc .. d by BenD~nle l a nd 1111s witho ut fa":n ,, 

!.h" olfrl~ult proble., of sol.,ln.s t he F.P. equ!ltlon tn tvo ,H_n~lon~ , " ~ 

wit! done recf'ntly by I'arA anI! Klthen 13/ . 

'11 R:>~enbluth !-' •• N . . Mc Donal1 101.1'1 •• Jud<! D.! • .. Phys . Hev. 107 , 1 :9~7. 

I?f For a more complete blbl1ogr.~y see Kuo Petravle ;.. .~. Pe,rovie M. 

W",son C.·T.H .. fiuc le. r Fus ion React:>r C:>nf. :: u l ~.a," 1?-9.pape r ?_~ . 

1' / BenDolnle ! n.: . Al,i! ",I.P. Ph slM PhYSl~5 l,'l.I9' ;"' . 

141 Fowler T.!<. Rankln M. I' l as"", Phl'sl~s t.~ l ~, l'1'? 

I~I :1ennanl e: " . . l ., Pha"", P~ysics '."Y" l'1'"l . 

1· 1 Rlte;"""yer R.D. Marton K.W., Difference ""'t"""!l for Inltl"l-Va l ue 

Probie'M, rnt"r~"I~n"e 10/7. 

ill Blng G. F., 1'I0bert ~ J .E. Phys. FluIds ~.l0"9.19""1 . 

' ~llleen J., ""'-n K. D .. "Iethoda In CO.,put"t l oMl Phy~l c .~. 19i"<) ,Ch. ~L 

n. 
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A SS OC IATI ON EL:RA';C;t-! _CEA 
Oi;>crtomont dt l<I Pllp r~" ~c' ~IQ''''~ .\ d.l~ 1'11"0/1 CQ:\trol,e 

Srrv.~~ 1 .1;1'1 Cw.,;ro ~ ;::ty~., ,,\lcl~g'n 

C.da 8S. 38 Gr . ~tb! ~ :;-~r . (Fnl'lco) 

~ !>_.~,.. C:,"~\ M_n'_ ~n • ~F -\l~P:"""'l\t .. 1 -.a grn::! ~ .. rap :5 SUldi"d 

!n the ~ In" ! e part! c! .. IP .. r Qx!,.... t l o r •• ~.e "ondltL:tn f o r q",," .! -res"Nl.nt "nd 

:0" .. net ,''' 50n"n: In:er.c tlcn .. re det! r:nln .. ~ . ':""e .,..an en .. rgy .. xch""!,:f! 

btu ... "n p~rt:tl .. s Ul'; flelrt :. e ~'"PlJte1 as " :"nctlcn of the 1nl1.181 v,, :o­

tHy.71"." !nt.ueno e ~ ~ e !an!c "':Il: I ,-::ms :In partlcl .. conr!ne"",nt I ,. 

. tOOled by ! nlrc-:,",,, !r...; ~'lI:d ..... ieflect1cm" o f the vt'.oclty VleID ... 

A p.ar : !d .. ! n J " ct .. ~ lnt:> the ~y"' .... try p:ane o f a RI" supplemented ",all:_ 

..... tl e ~ttl ... !~ r "r:eo t .. d - !Y!n If It , ,. !nlt!ally InsIde the "loss-cone 

pr :>vlded H s ;'la""::": v .. !oc !ty 'I. I s ~uf~~c1er.t:y 3"",11. ~l V~ /e be tn. 

nOl'"lMlhed Lnlth: v! locBy and ~. 

~= (V.' 'V/I;\< V;; v:q;.) 
~ nor"nllt.lt ~ .. d pt'''~ndicular velocity 

(:n the abs .. nce o f th .. !f1" f ie ld . )o>()" 

a~v~ e '!,roe slon. 10 ~ '::,c. :s the st .... tic .... gn .. tlc field no ..... lI~ed :0 Its 

,...,~onan " .. v . ~ ue ~nd~ I 1 :~.e .oal s~ .. ~ d!"ld~ri by c. Then. in a confln.e­

"",nl .:Ihg ... ", ( fig . 1). ~ 11"':'lng ~one ...... )' he denn .. o !:>etw .... n th .. InHh L 

I"epr .. .... nutlv .. points o f par ticle s that a roe ..... n .. ct .. d herol"e ano aft .. r _ 

given va l ue o~ the con flnln.s; _gnellc ne Id '1/ . The finlt .. thlcknesa or 

thi:!. ~on .. 1. <!ue t o the rac: that the roefl .. ctlo n point d .. pend8 llpon the 

n1m\lthal d\ l"ec·.lon er the InlUa l vel oc Lty. Aa Alr.,adv pointed Ollt :'1 '1' 

~nd .;>', a I>IIr~lc: .. re ~l . cted befor .. c r ","s!ng the .... sonane .. plane und .. r goea 

n'l n .. t cn.nge in en .. rgjl, Thh :s tnle ots 101\8 11. 3 th .. nprc .... nUt l vc point 

!s _ocated on :he :e ~t of a c "N .. ,..rallel to th .. "10aa-clI"e" which COrre S­

ponds ~ " rerleetlon a t VIe r.,50,Ul,1C., plane. '!'he point Vo '2,c'2 wh .. re this 

cu"' .. "rosse A th.,I""I:I.. C v;h :1Ul be obta ined by conald .. rll\8 the r elAtl­

vl " tlc .. quatio n fo~ th .. trlll'l'ver~ .. IIIOtlo.'l I:> the fol:o .. 11\8 integrated (om /)/ . 

00..":' 0(0 +11 S/Vh) e><p{ ~ ' lH) dt Cll 

d'z. _ 1. j.(jLc.J. ~ v",_/,,2.. (~) w-.1. d,.. 
de te".!n",,, th" ~ la! ""'lion. ~n the nOn rdatlvlsUc 11 .. :t. Vo can be 

~ouno "ueh that V.."/c.
T

", .9Y:. :: which I~ I n good a groee_nt 

with the numerical I"e!llllu. Con ~ tder now the roeClectlon o r.n e l ectron with 

• gtven i nlUIII no."..l1 zed IfBpjetLe _nt I .... r'" •• 11 ~tlon of Lts InHld 

;:Jhase In the ul .... t.ha : plane . !nte&raUGg :.he eqllAtlons 11) to () n ...... rlcd­

ly by a Rungc_Kllua method. _ obt.in a s a ..... SlIlt, the !"epreunUt1ve points 

o~ t he part le!u after t ney h."e COfllO! b!oc~ to th .. lIr-tl')' plane (fig. " and 

al . ~~e polnt!l a !"e dis tributed around 11 I>IIra!I .. 1 to the :osa line which 

pots","" throllgh U>e I"epr.""ntatlu point of thot Inlti.l condltlona (indicated 

by ~rr"y~). The dlsper~ lon I s """,1_ when the !nlUal point !s clos .. to 

t h .. b • 1 '·\o,s·11n,, ·· 

Figure ~ 5110"" ~he repl"escnta t he point "f an .. I ectron In 11. .. IIT"r 

t rs p at each croul.ng oC the sr-tr1 plane. The .otton 11 ( 011 -..1 (or a 

f ew hundred back and eorth o~cUht lons. 'l'he 111.1'&' d laper.lon 1nlo<("ob""rv,d 

l a ...,.Inly due to t he bea U between the RF field I!.lId the c yclotron !!lOtion. 

~e8e be.t ...... pertloul.rly lArge when :.he speed IIpprOAchea the I"ela.Uv1a­

tiC llJalt e, A function which ducrlbu the "d la t rlbutlon- of lo(l~ that 1a. 

th .. n ......... nf occurenc,. oft'-l"whICh appe .... " In an Intervd 1!.1~ILcentered 
IIboutL'I'L""",y be plott .. d.a ah""" In fig. 7 . Aa a I"eewt of the qua.slperlodl­

cLt, of the "",tlon I~/ , thl a d l s t riblltlon tenda to L"l .. qu1l1brlwn function 

wh .. n the "onflne"",nt U .... 1s long enough. 

Obv l ollsly, this property dla.ppe .... s In the p!"esc nee of • ~randOllhlng · 

effect like collisions or t.urbulence. In order to a lmuhte t.he e ffe c t o f 

e1as Ue colll5\ons. we Introollcc a random var1aUon In both the "pltch"and 

the nl.n.hal ~phase H .hltle, when the fN\rtlcle CroUeS the s~t.ry plane. 

I'bl"e prec isely, ~ write: tJ.n ~ f, a.-. ... ' n At 1Ih .. !"e A, Is a rand"", 

va l "" ~hooaen by the c"",,,ut.er In the Inte""al (-1, 01) , 0. n I s th~ varia_ 

tion oC tha pitch angle, end c I s an amplitude factor for th .. defl .. ction. 

The varl.tlon o( the u1. .... II.h .. l pha ... a"llle Is t ...... t.d In the SMIe way. 

Th ...... sultll eh""" for. 10" E vd...,s, • dHfusion of the rep~senUtive polnU 

ollt ~lde the 1011.& cone (fig. e) all.&OI:lated with. wld .. nlng of the dhtrlbllt\cn 

function (rig. 9) . When the defl ection appro.~hu go' , 0 .... oburve& "1....uU­

neously e !"eduction or the d istribution width ( fig. 11) and a penetration of 

the repl"e senU tlve points well Ins Id .. the Iou cone (flg . 10 ) . The latter 

er rCCt lead s to particle losse!l If an "pper limit La Au\gned to Ule static 

Mgnetlc neld strength. 
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SIMULATION OF R.lDIO!"REQUENCY HEATING .1.1:0 COIH' INEMENT OF A PLASMJ. 

(COMPUTER _ FILII) 

'T . 
J. L. SHOHET 

ASSOCIATION EURATOM -CEA 
Deport"",nl oHW Physique du f'talimo It d, 10 FlUlon Conltol., 

Su¥ic.!.6n, Ctntre d'Etudu P+.IclRQ' r . 
Cid .. IS, ]I Gr'nob!. So .. ( FI'WoCOI) 

.6J!..!..iI.A.U I " CO.puttT .od. l at • pl •• _ h' •• b •• " UI .d t o d.",_ 

on.tTa t •• l.otron eyolotTon h. a tin« .nd coofio.lI.nt by ' . an. at 
.l.otro.ago.tie 'a1'.e . Th. ba.io probl •• ia to .oh·, Po i ~ .on ' . 

'qll.tioo faT the a.lt- cood.hot .lectric fiald and then add In the 

."t . To .. l T.t . fl.1d. 'lh. pa rtial •• 'IIII. king up t ll . ph .. ..... . r. 

than ,0T.d oy 'OITi"« t b. ir 'qu.tion. of lIotioo .i"ult.oaou aly by 

a. ao . of I finite ditt.r.no •• cbe ••• lI.a tiog . od ooofill .... nt 

oall b •• h.a n .tt.oti.aly . 

!"p.Ti •• llt.l T ••• • TOh b ••• hoyn th .. t a f't.oU., h.a t i ng of a 

pl •• _ il p o •• ibl . 'Ill' 'lIlIlI of aleOtTOII CYOlOtTOO rnonanoe. \lh.n 

thl r.t . h ' a tll1.g fi.ld i. oTi.nhd p.rp.ndlculerly to • lUIifo r. 

d . c. a.gnetic ti.ld, highly .0i.otTOpic pIn 'lIaa 'rl pro~uoad . 

Th.ory to e"plain tb a b.a t ing .. acb anisl i~ l a rg.ly baaad on tbra' 

.a . u.ption •• 'lh.y Ir. (1) .. t .ny inatant of ~111" it ia 'qu .. lly 

lik.ly f or. p.rtiol. to b. d.e.l.rahd .. a it l a t. b •• oe.l.rnhd, 

(2) .ine. a n.t ba .. ting occure . SO ' e .ort o f eol 11.ion. 1 proea •• 

• uat " tbrow" the .l.t:troe. illto th e pro p.r ph a • • to predl>ea • n.t 

h . atinS . t t .et, Ind (,) .f ter b'ating , a lIo n -II . Iw.U ian Talocity ' 

dia tr l butloll, whieh ... u .. lly h.' •• collecti o n ef "bot" . nd "eold " 

p. rtlel e • • ie ott.n to.. r ..... lt. 

It i a tbe plU'poa. of' thl .. p .. p.r to .hoa that I. eOllPutar 

• i aal.tion et • pI •• • • in the r e. ell.ane. (h ... tieg) pl.nll .ill . a t­

i.f), tb • • bOT' tbr . e aaau.ptiona . 'In .. dditi o ll . thl 1. .. 11 . !fod.l, 

i n th e ab •• oe. ef I. d . o ••• goetlc fi.ld, .lfl b , u a .d t o d.aoO.trat. 

tb. r.f' . eontll1,.,"t of • pl ••• a. 

!b. ba.io pr.bl •• ablch i • • ol .. ed l a t o f ol low tb e aotion ef 

• l'Tg. ooll.cti eo ef " ,up.r-partlcl . e" ill • 2 - di ... u . i o nal r.ut_ 

... gul.r r.slon. ".up.r-p.rtiell i 3 .... , nti . lly • cloud or "reup 

of r •• l partiola •• , " d b •• the •••• ob.r /! . _ to _ ..... r.tl0 •• th . t 

at • r . al particl.. 'lb. pr ••• nt vork u a .s both ".up.r_l cna" anll 

" .upa r _ .l.etro n." • 

'fb. T.etallgular r' gion .ay b. la'ar l,d in a d .c . !lagn.ti c 

ti.lll . Th, , I t . rll.l I ." •• l.otrlc flald u e.d for lith e r he.tlng 

or oenf'ill ••• nt . IY b ••• d. unit ora er Intc ••• oti on at tha '1'£, I I 

a .d . at • r .et.n .... l.r .iCre .... TO oaTlty . 

'fh. lI ollltieJl. i •• ,tai •• d by illlH.Uy pllcio,( .11 t ba pa r_ 

tieul • • wher e d •• i r.d ill tbe T.gion. )'ro. tb.ir i e iH a l po.itiolll. 

Po l •• o,, ' •• qu.tion • • y b •• 01T.d ' te ebtaie tb. a.lf_ c o llai.h" t 

.l.e t rlc field ot tb. p.rtioll •• 'I'h. iuitial T. 1cciti •• of the 

.up.r- p.Ttiel. a Ir. glTln • 1I." .... l l i.1I dl.trlbution. eorreapo udiu!! 

to • glT. n in~tial h.p.r.tur., "hi eb " .. typloally about 10 EV. 

B.eb au p.r p.r ticle yaa .a.u •• d to cb.y tbe fe ll o" in/l: finite 

diff er . ne. a qn.tion. whloh ine:llld.a a ral.t1Tiatio •••• oerraction. 

III ee.ponan t a . tha eq n.tioe. of aotien .r., 

_\,'6+d 
1+ ~z. 

'I. 
0(: Cl - Vi:;;,";") 

$, Vj,. t .1. M, " E)" - ~ "." 
~. 

.0 i e tbe re . t aa" , He 1 . the d.c • .,agn e tic rieId. 6.t i . the ti.,e 

.t.p, and 'I. i ll the obarg.. ' j , ,, and ' j . y are the CO ll ponll'te of 

,..leeity 111 tb . I a lld y dir.ction. et tb. tille t. Th . ellbe cri pt 

j+l r.t.re to t b. 1' '1. 111.., at qu,"tlt i e e At uoita of ti •• l .. t e r . 

Tb • • l.atric fleld In tbe .beT •• I pr.a,iell •• B
j

•
I 

.nd B
j

, ,. is the 

,11. •• f tb • •• If _aollal.hnt fi.ld pIu" the ,It.rn.l r . t . tield. 

One . tb. n . " T.looltl ••• r. deter.in.d. the eh.nr' i n po .itioll •• y 

b •••• ily o.aput.d to predue. tb. cb .. lIg • • ie poa i tlclI at t be par­

tiel .. , by uaillg the .T.r.gl of tb. old .nd ne. "eleoiti. e . 

" f t. r • • eb e .. l eul .t1oo , tha nlV . vaTag e Taluea of kin . tio alld 

potenti.l In.rgy of the p. rtio l .. h "ol'putad, .lId the v.locity 

di,tributien Ita.lf .,y b •• " .. 1I1n.d 1 .. d.tail to Ob"r,.1 ehangell . 

le . dditlon , tb. po.itio .... et tbe lIuper- pl\ rticl ...... r. recorded 011. 

lIotiell_ pieture fil II .fter . a ob ti .. e .t.p. 

'fh. apeeifie probll. cene1.hd of a colle e tton of 900 .uper_ 

1011 • • nd 900 lIup. r _ .l.ctTOn. ef a"u.l .lId o ppo.it, ch.rg • • 'lh. 82 

d . o. lIIagnlltio field va. '00 0 rauea and th s r. f . fill ld a lll"Utud. 

va. 100 , 000 velte per •• hr. By vaTying the nUlllb.r ef raal pll r_ 

tieul,' par luper_p.rtioull, the pIa ..... tT'quenoy oould be cb a nged . 

Ruulh of t he .... wb.n ~ ;:;= . 01 .r. aboall 111 figu.r. 1. 

Ce.putetion ••• r. ""'ce­
lIa d. up to 1 I eyeletron 

p.rlod. . 'fh. tet. l 
..... ... or 

k le.tio .nflrgy ot th . 

. leotron. incr ••••• 

,,1 th U •• , .a lOll/! . 1 

beatin g "a' applied. 

.nd be oellea a .y~ ptotic 

to a h'lIt i ng r~t. of 

1.15 I 10 9 per "colld . 

'lb. i on l do IIOt i n_ 

oTa.a. iu .o.rgy , ,04, 

v ben the h.aUIIK 11 r._ 

, ... ~ ...,. ~ ... , 
" 

~: 
" 

" 

aOT.d. tha a lectrO.ll figure I 

kiu.tie .11'1'17 r e.aill' co nat. nt . 'lhl. 0," b •• • • n frOIl rilr .. re 

I f e r b'atiog turn_off .. t tvo ditt.r.ot tille8. flgu r. 2 " H' v , 

the •• looit,. di .. trlbutioll of tll. , l.ctrcna b.for., d urin f{ . .. nd 

,fter h.ating. £lIob 

I.t of pOillh eo 1'_ 

r •• ponda to ' 0 differ_ 

.nt ti .. e et .b •• rT. U o n • 

'lb •• olid 11n.a aT. II.I­

.... 111.0. wbo •• taap.r-

• tur •• al" f i ".d by tb. 

ralauOII 1 / 2 a <..,2>. 
kT, yhlre < v2)1,. tb • 

I. •• r ar' Ta lue ot to.. 

aquar e of' the T.loeity 

at t •• till' tb. di.trl_ 

butioe ••• ploU.4. 

010 .. fit to • It.n.Ui.1I Figur. 2 

i ••• an fer .11 thr •• "a. . .. It . ust b. oot.d tbat the • • If_ceo_ 

.i.tlnt tl11d 1. lI.o • • • • ry for tbta r •• ult, oth. r ... i • • tb. TIlecit,. 

dt'trlbutlol1 r.pidly b. o on.1 noo_II."v.lll .n, "ith a drift \,.leeity. 

lI . a un g or tbt. t,.p. ecourr.d in botb the ullifora .nd 'lE, \ \ field 

e o ufigu.ra tiona, 1I lonr •• th . oolli. iona l ef'f e eta a l'. inciud.d. 

Wh.n tb. pl .... n fr . q"lnay vae iller •••• e . th e · v . lecity diBtri _ 

bution bee.11II nOIl_lIa:I:IIOlli.n . ... d the io08 va r. he.hd al "all. 

.. rUTth.r iner ..... 111 d'neity r ' lIulted in to.. pl . a • • beeoll ing un_ 

. tabl,. Und.r tb.l . condltlo .... , tb. oollieion.l .ft.ote ha .. . b e _ 

gull te do aieate 2 .nd . r. oT.r-• • pb • • i,ed f'ro . r •• lity , by .bout 

th. Ta tio o f t l: . nUllb.r of 1'. 1. 1 p.rticl •• p.r aup.r_p.rt i cla. III 

or4 1 r to o b •• rTI b'ating .t higb. r pla .lI, fr. qu,"oi.a, it il 11. ­

c . 8J~ry to incr.a a , the nUllb.r of auper_p.rtial •• , tb.r.by 10Y' Tin g 

t b . nnOlbeT of r e.l pa r tiola. p.r .up.r_partioIe tor. given .. a 1us 

cf plU lII1 rraquello)'. Tb. in.tlbility oan tb.n b. oontroUad in 

tbil! IlIIun.r . 

By eli.iD .. t1ng tb. d.e • ., . gnetie thld, .. nil. uling th e TE'l1 

lIod •• th e th eo r ltie.l .,od.l of r .t . OO.llf'ill • •• ut' of • pl. e • • Ca n 

b. oba.r .. . d . It preduo.a •• triking cOllltrlctlon .ed ee:prell e ien 

of (h. pI ...... in .cco rd . noe ... itb the tbaor,. . It ••• r ound t ha t 

ooofin ••• nt did ooour ie . hort tt.a. yb .u the ion • • a. yaa 10.­

.r.d te .bout 5 .laetren 11 ••••• • OtbeT ... ill e , If' the cerr.e t v .lu~ 

i l u •• d. tbe h •• TY iO Il "'1 alo". dovlI the rat e ot e Ollflo e m.nt 

due to th .. iODl0 apae. eh"rg .. f'J..ld .. "tJ."" uti ~], .. " 1I1'1<11y .. .. viu!; 

el.ctroo • • :rh. lov.r •••• pe rllltt.d coutine •• n t . to ba ob." r\"ld 

witbic 20 r.f . perio da. (40 .1nutaa et CDC 66 0 0 tin) Th e fo l_ 

lowiu« .otion piotu r a .bo". the r."ul t a of th e Donri n • • • o t , 10:­

uletioo. 'lh •• lactronll a r e re pT.eent e d by a t>4 . nd t h e Ion a 

b y a *" . Tb. tb.or.tieal rlgiou of cOllflner;:.Dt i l • r. ~ t ~n s­

ul. r r.gion in the oont.r of the pleallla . The partlel'l ar f e,e::l 

'0 Iffectively eo.l".c. in thi • • r ... ae till' progr •• • ••• 

·Pe rll.n.nt addT".: 'fh. IJniv.reit)' ef Wieoo o. in. r. .d iaon,ili a . ( USA) 

" 2 , , , 
R.W . Hockll . ,. . !.Il..t.;.. lli.U.1 1. 1826 (!96S ) 

R.W . Hockn.y. Pr o e. Cenf . of' Computa ti on .. l PhY~ic a , Cu l h' III(1 9 69 ) 

G. Schdd-,; , l!hI.I.i..!I.I..21.l!J..!tb. Telllp.rlltun ~ ( Ac a dellic 
PrulI , ' ID"i, N." Yorll:, 1966) 
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INHlUCTIOll' 01 PLAS&l BUl'fCH13 nm CQnIlfD VH!' - IUGNlTOSTATIC 

IIIllROR IN THE lWlGB 01 KLBCftON CTCLOT!.Olf USOlUICB. 

X.S. GolovaniTSky, V.D. Dougar-Jabon 

Plaama Physic Laboratory, Patrioe Lumumba Un iversi ty, 
Moscow ' -)02 , USSR. 

Abstraot : I t is shown e~perimentally the possibility of setting 
aside the cone-loss leakage in a mirror confined plasma using a 
VHF field near eleotron - cyclotron r esonance. 

1. Def1c1ency or prlncil'ill or the rIght IIIIrrur tr;,ol''' 11:1 ;,on inevI­
table particles leakage thro~cone-loss. The object of this paper 
is to limit this losses by creating in the mir ror an electrosta­
tic barrier for the icns . This barrier is formed by giv1ng a 
transversal snergy to the slectronS with a veloc~ty vector inside 
the cone- loss range from stand1n6 VIIF wave neOlr elect~on cyclotron 
resonance. In this c ass electrons leaves the cone - loss OInd are 
holded by the mirror-trap. Space chargs of this electrons creates 
an electrostatic barrier whi ch reflects the ions leaving the cone­
loss. Eesentially this meohanism is opposite with relation to 
plaslQa accelerating mechanism in the Ple ade system ( 11 ' 
2. Block schl~1 inetallation is shown on fig.l. Plasma generating 
by a coaxial gun bas the shape of t wo bunches propogOlting with 01 
r ssidual pressure of 10- 5 - 10-0 torr-within a gla •• tube with a 
~ JO .. end 1.~ lo~. Energy and density of the particles passed 
thro.pthe mirror ar. reg i s trated bl an electr,oetatic analyser of 
en'ray. In the aone of the mirror where field ma!nitude beccmos 
848 oerst ed and ita gradient 5J oersted/cm a cylindrical c av ity 
waa si tuat~ being excited on a ~ode TE111 by a magnetron oscil ­
lator with a regulatina power from :tero to 2.5 k;V ( A .12.5cm). 
Cyclotron e1eotron resonancs takes place in the middls pl an e of 
the cavity . TranSTersal pressure before cavity was appreai ated 

by the mean of a 'diqagnlltlc signal. Plas~a density determined 
by outt ing off the microwave signal ( J. = )cm). 

Parameters of the plasma bunches reaching magnetio mirror are tha 
following : (pot .ntial of a capaoitor is ~ kV) 

1st bunch 
2d bunch 

Z· 10'clll. eeo-1 

0.7 · 1070~ · sec- 1 

Th. velocity of plaema and longitudinal ion .nergy are found ed 
independently by a transit time and by the analyser data. 
J. rhe resultrof the 1nitial experll11ents are given. Deorease of 
longitudinal leakage of the plasma in a transition from lIIagneto­
static mirror to oombined fields in the ranse of eleotron oyclo­
trcn resonance is demonstrat ed . The essence of the ex periments ie 
reduo ed to investigate tha plasma paramet er modifications befo re 
and aftar VHF power faad to the cavity . For registration of 
paseing plasma through the mirror the alactrostati o analysar 
of energy is ua .d , a signal from whioh is shown on an oscil­
loscope. The s econdary eleotron . miasion is suppress. d by means 
of giTing -1 00,( on an earthad grid, fbe currant of the collec­
tor without u::temal fi d ds ( lIIagnet ol>tatic and '(HP ) is shown 
on fig 2. fba sh ape of this signal whlch doa sn ' t . hange whan 
a ma~imum tranSTersal magnatic fiald of 1000 oerst ed is creatad 
near the analys er and it is independent of sign and value of th e 
grid analysin! potential (to 2.5 k,( ) . So pl asma gun gen.rat.s 
tog ether with a plasma tha rapid neutrals which is tha c aus e 
of th e sacondary e ~ission from earthad grid . Wlthout external 
magn etic fiald the plasm Ol SCOlttars by amhipclar diffusion on 
the tube wall s l'I i thout raaching t he analysar, I1bllil r apid 
nautra1s incident on tha coll actor . !men tha r..a£netic mirr or 
is "orki ng a radial pl asma diffusion is 1il:1ited by Ita"natic 
fl al d . In t~ls c as e the collector sicn al assent ia}ly is chang ad 
by pl asoa pasnlng through cO!l.e-loss as it's S!lOIfD on o i dd la 
f ig . 2 , Loner oscillo£r;lnrn li correspondinr to combined nirror is 

Identical to the upper oscillograpml. Thus tha collector signll in 
the c aSI of co~b1nld mirror is conditionld ~ainly by tha ra pid naut­
rals. Oscil logr ammls on fig . 2 arl cbtainld as tha potantial f aad 
"era about 2 . 8 kV and VHF powar 700 ~ . Simultanaously with plasma 
laakaga el imination throush the mirror a plasma density incraasa is 
obsarv ad in front of nirror when thli VHF f lald is put tn . ',fa c OIn 
sae it on oscillo£ramne ot cutting of~ tha ~icrow ave siGn~l 
( )... = Jc~ ) prasentad on !ig. ). If thli P.laximum density of pla sma 
In 27cm from thli midd le pl;lDe c avity in c aSI or thli ordinary J:lagna­
tic mirror le lOl7er than full cut otf laval, then while putting 
In the conl:inad mirror , tha ac cumulate pl asm~ density lixaads 1012 cm-) , 
1. T. Consoli , VIII Inhrn. ccnferanca, 'Henna , 1967 . 
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G. E. Guest and D. J. Slgmar 

OAK RIIXlE NATIOtlAL IABORATORY 

Oak Ridge , TennnB .. e , U. S.A. 

m&gIletie fields nHor t.he el...ct ron gyrofrl!'queney, elln 8"'PpOrt lIeveral 

modes of inutab1l1ty driven by inherent t"'"pe ..... ture ILn1lotropy Or POI_ 

slble Iou-eone effecta . If T,« TJ.' both el.e<!troatat1e and e l..ctro-

Ilt the hybrid frequency can be driven unstable by the l08.~on" effect. 

Here ve re"i!!!" the r e l. .. ""nt known criteria and develop severel new 

criteria t o describe the stablltution o f the temperature -anisotropy 

modes aa T. - Tl We 8,180 r eport. the ""Bulb of a detailed ana~sl. 

of the .. lec:tro.taUe loss-<:".,,, ..ooe, f o r which teaporal. growth ratea 

greater than anticipated el ectron boWlCI!! f'requenete8 are obt.aln&d on4' 

fo r eleetron dens Uies near lIicrowave cut-off. 

Micro ..... ve.-heated plalltm8 confined In III!lgnetic mirror t ..... ps have 

been observed to s upport. ""rlou8 .ode. or inatability which Ullit: the 

charged -particle Ufetimea. 'I'tlese includ .. IntercMnaIt llIOdu in st.ple 

IIlrror tl'1lpa and electrostatic and ele<:tr'Ollftgnetic a icrolnatabUitt .. s. 

Und .. r &""' .. conditiona , howave r, it haa b .... n poaaible to atabUhe 0.11 

InstB.biUU .. & 1n d .. na .. , .. ne rgetic m!cro ... o.ve -h .... ted pla."n • . ( l] In 

~Re ..... rch IpotIlor ed by the U.S. Ato..1c &nerlD' Coaa1 .. 10n under con-

tl'1lct ... Uh the UnJon Carbide COrpOl'1ltton. 

thts report lie revi ..... the knolln ltabtlit)' criteria applicable to these 

plaSInlLS IU>d develop o.ddltional criteria fo r t he occurrence of t"o 

ele.:troatatic lIIOde6, one driven by t~pe""ture an160tropy of th .. heated 

ele<:trons, the oth .. r by the lo .. -con .... ffect inherent in mirror con1'ine-

a:ent. Ife re "e l_r1,. .. bri .. flJr th .. lIIOd .. s considered and the a.lIOCuted 

ltabUity criteria. 

A. Ele.:troltattc temp .. ratur .. -e.n1aotropy lDOdes[2) tn the frequency 

range 0.5 .. win .. 1 , wh .. re n la the .. lectron gyrofrequency, can oc~1u' 

if T • T, lT ..... 1/6 and w: ~ fil/~ , "here "'P ia the pIas. frequency cOr­

responding to the total e1e<:tron dena ity. 

8. Electroatattc 106s",""one lIOde. O) In th .. frequency range 

n < ID < {w;" + fil}! , where "'pe t. the COld -electron pIa •• frequ .. ncy 

can OCCur in anhotropic pa • ..."s if ~/rf .. TIlT .... AI T ...... T ... this 

crIt .. rion b .. comes inapplicable and detaUed stabUity boundaries M\I&t 

be obtained by numerical solution of the cOIIIPlete ele<:troatatic diaper-

lion relation. For denaities bdow II1crowave cut-oN' 1nstabUity grmtth 

rates (in time) a re v .. ry &10", a nd the mod .. mILl' be .tabUiled by effe<:t. 

neglected in the ZIlOdel used for the present cOlllputatlorlB: Infinite , 

homogeneoUII, co111s10nles& pl&sma ... lth Mirror conrtne!llent a imulated 

by "loas"'""on .. ft distribution functiona. 

C. Electromagnetic _ves propagating tn the ftvhhtler ft lIOde[II) can 

gro" raptdly in time U·(5) TIITl .. (S 1I.J27J' , "here Bl 11 the perpen-

dicular plasma prellure relative t o the magnetic field pruaure. IT 

the ani&otl"Opy t . less .. xtreme, the g rowth is conve<:tlve and decr ..... s .. & 

raptdly "1th rurther Incr ..... & ... 1n TI lT ... 

D. Mirror Inatabllitiea(6) ar .. expected to OCCur under dllll.ar 

circumstances, l1II. .... ly, T.ITl .. 11 (1 - T.ITl) 
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E. Interchange ..:>d .. a In dlllPle mirror trap& are apparently . tabi­

lhed only by line - tying, througlt cold electrona, to the condllCttng 

cavity "all. Althov,gh relatl:"ely 'mlLll deneltie& of cold ele<:tron. 

are .. xpected to provide adequate line-tying, it 111 difflcult in practice 

to utiliz .. thh atabll1ution technique at low ambient gaa preuurn 

bKauae of the t .. ndency of the pIa.".. to charge negatively and expel 

a ll cold electrons. 

Other slmlly P'O"lng 1II1croinstabiUties a uch aa negatiV"_1II mod"a 

aeem likely to be atab1l1zed by the ele<:tron-m1crOliave inte ractlon. 

IIhlch occur at twic .. tlte ele.:tron bounce fr~uenc:y. 

I(e note that for typlcal .ler0'4.ve-l'teated pl&&lIfta the crittcal 

val",e. 01' tMlPeratUl'e anbotl"Opy predicted tor ele.:tros tatic , electro­

lrIIl6Oetic, a nd oUrror mod ... are Similar 1n that if TltrJ. ... 1/6 , (the 

c r itical value for electroatat1c model), ... hlltl .. r .. are stable up to 

cut-off for v.Jc ... 0., and lIIirror lIOde. are .table up to Il" 0.2 . 

Since II1rror confinaent 1n a trap of II1rror ratio R pe..ula equJ.l.1brla 

slleh the.t TI/TJ. .. R - 1 , telllp .. r&tUl'e-e.nlsotropy!lOd .... need not occur 

if R > 7/6 lIo" ever, IIl1crowave-h .... tlng can caWl" heated electron. to 

turn near the ~re6onant aurface" (on whtch the local gyrofreqlloency 

eql.Bl .. the applied micro ... ave rreq", .. ncy), giving rbe to equllibru. 1n 

"hlch denaity and anisotropy a r e Ill!U1aUII n .... r the r .. 60nant lurfaela. 

SUeh conflgurationa, >IIlich are likely to exhibit the instabil1ttaa dl.­

C"'lSed above, can be avoided in simple idITOl' trapo by applying amall 

alllcnlOtl 01' orr -rl!lonant po"er at rr"quenciea lIell above the gyrotrequen:y 

to ""coth the dhtriblJtion of electron turning points . (l]. Ml.gnattc-

lieU configuration. require special ea ..... In d .. atgn to IIl1n1ll1za regiona 

in "htch th .. neld linea ar .. tangential to the r .. sonant surtac ... 

(1] R. A. Dlndl, Bull, M1. !'hys. Soc. !1,. 60 {1970} , 

(2] A. V. TIl11Oreev, Sew. Phy •• _ .TErP g, 281 {1961}. 

['] L. S. Hall, ;,t, Heekrotte, and T. Ifamaslt, Ph)'3. Rev. !l2. Alll7 

(1965) . 

(11] R.l" SJdan, l'hY8. nutda ~ 15' (1965). 

( 5] c, L. Hedrick, privat .. e<mmlunlcatton. 

[6) 6. Chandnl.llekhar, A. N. Kauflran, and K. M. """laon, Proc, Boy. Soc. 

(London) ~ ~'5 (1958). 
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PLAS IIA TRAPPING AND VICRODfSTABILI'I'l!:S IH 'I'HR 

PttlEN11 U U?ERDIi1tt 

b, 

E. TlIollpaon . n.R. S" &IIt .. n, B.G. Kurph,y.nd II. J . Church. 

U.K. A. ! .A • • Cu.l.hUl Laboratory. Abint;don . Barb . !n&l.and. 

Abatract : The e xia tence oC plaama trappins in • hi~ e nergy neutral injection 

e:r;peri.ment b.e been delDOnatratad. An eatimate oC the nbseMed ion liret :t. 

egainat 1081 due to Ilicroinat.bUit1es hu abo been made and f'ound to be 

indBpenilent of ion density. 

I ntroduotion: TIie pl.,,_ "<>ntainolont "'61on in \;boo P ba ,,,d.r. I I _ADOU" 

lIirrcor lu:perillent ia • ".uu.u. B· or M t;net1c well oon1'il!:lll'atio D~ A pl ....... 

nth ion el'lllroV or several QV end denaity of up to 5 I 109 iO"" 0 .. - 3 ia 

produoed by tounh ioniu.tion or • be .. oC neut N..l. .to.... By iapro .. int; the 

ion SOUl"Oe used On the Phatlld.I injector ..... han btlen .ble to douhl e the 

W .cted ourrent or QOutral .tolD to It.O -.\ equi .. alent ahil.t noduc~ the 

enerla' tro. 20 to 8 keV. The lIOat aisnll'ica.nt fe.tu.no or thll p .... u .. ~ 

reau.l.ta obtaiJ'led uains thi. iaprond injector is the . t=nt; eddenc:e !"or the 

contained pl._ Mld..n, .. contribution to t be t nppiJl& or the injfK:ted be_. 

'l'hII equation &OnMlina the ion dens ity Din. neutral . toll injection 

eIperI.ent b she n by 

whem r i a t be r raotioD or t he to tal be.. 10 .hiob 18 torenh i oni18d , 

V h the pla ... .. 01 ..... , at ia t he cr on - section f or t rappin, ot the i .. j e o­

ted b .... by the pla_, L i. the t""'P~ la-"€th . Dd 't ox the i08 li.te t iM 

. 6'lilult c bLrse eI.o banse whiob is . ..... d to he the oDly lo u _ ohani.. . Tbe 

equilibriu.a de""ity 11 ainn hy 
r I ' 't 

o CI ... (1) 

TIM pouibll1ty ot pla_ tnppi.n,t; dno to collilional ioai-

atio .. or eI oited atate. haa been kno wn to r 80 .. t !.e aDd aa r l ier .&lure_nh 

on PboerdI II l lIo ... d enhanced trappins~ However the obae .... ed trappins ... e 

rather e_U . nd oonfined to • ~ n:osion so that e ffech due t o pl .. .. 

redistributio .. oould not be ent1.nolJ' ruled out. 

Ie.v.l.ta tro. the prflHnt eIpen-nta &nI ...... in t he tit;IiMI l 1Ihioh ~bow 

tbe lIll!aaured denaity plotted a!&inat t be product 10 't
c x

' The goopb on 

the lett n:o l .. tu to the central a.dal denl i ty d.etfl ra\. ... d tra .. t.be oold un 

ourrent throup t he Ilirrora wh.llst the other ourt'e waa obtained U5~ a rut 

... utr..l eu nio n deteotor aen.ait he t o the .mol e p1.&e_ vol_. It ton:ont . 

ioniatien lIllS tbe only t rappins _ ollania. t ho. denat ty sbould rouow the 

daabed lino , but aa o .. n be aeen the ettect ot p1.&pa t rappin, i. quite pro-

.". 
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By tittina a ourve ot the tOI"lll gben by equation (1) to the meaaurelllCnta ot 

t he pial de""ity ..... oalculete at" 2.8 I to-15 0.2 
whicb i. conaht e nt 

rlth a theoretical u ti1M.te by Ber knar and Rhiue: The theor e tical .00.&1 

conaider . co111.-ional eI(litation and upwa.rd " .. cede or uc1ted stat u , u 

"ell .e the t;round etate , into le .. al_ -.hich .re Lorenb iOnised. The 

unuaual.ly high value of the cross-~eotion la primarily due to the oontribution 

or the eIci t ed stato • • 

The deviation or the me &aure d density t'rom that predioted 15 due to 

plea ... lane s a ssocia t ed with t be mioroilultebility which is atUl observed 

to be preaent. Although detailed lIIeUUrflments ha ve nClt yet been IlIade , t he 

RP ellliu ion i a in ge nei-al ai.J.llar to thet reported e.rlie; in that it .ppears 

&t Mr..onica of' the ion cyclotron rrequency - tbe hisner ha.,.,nics cocurrins 

u the density i s incn:o .. sed. 

By takint!; the. predic ted density ... ri.a.tio .. with 10 'tOI ore can n tt.te 

the uerase ion l1reti.lle (in the repoD bdn, oi. ..... ed) .pinst 10 .. due to 

the -.icroin..otehility. This litettaou ie t ound to be 01' the or de r oC 200 .sec -

co.partlble to that tound ror 2Q QV iJIjection - and .. ppeus to aatunte at 

thh value and. does DDt dec rea. se .. the de nai ty la incnoaeed. 

Becaul e or the aendthity or the equllibriWl pla.e .. denaity to the 

dolliD&tor of equation (t) evad t hese relatively lon, 1 081 tiaaa have .. signi­

l'ic. nt etrect e n the don. i ty. Ho ....... r the density ia ,till riain, With 

increa.eint; 10 't
CI 

due to the eff ec t at pI .... trappin,. Then result s 

&1'1'1 w ch IIIOno encouraging than thnse obtd~d With l ower cur rant 20 I<eV 

i n ject ion wh ioh sho .... d a satura.tion in ion denai ty Wi t h increaaing 10 't OI' 

Reterences 

1. Bern.te in et al . Pldu Ph,ysic!& . nd.. Controlled Nuolear ruSiOD 

2. Berkner and R.ivier e . Pri .... t e Co-...a.io. tion. 
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I1!VESTIGA'r!ON Olf PLASIU DECAY IN THE PR-6 DEVICE 

Yu . T.Baiborodov ,Yu.V.Gott,M .S.Ioffe , 

H. I .Sobolev, E. E.lusluaanov. 

I.V.Kurchatov Institute of Atomic Energy,Moscow,USSR 

~. Disappearance of ions of various energies was 

measured during the decay of plasma with the initial density 

of' 10'12cm- 3. The results obtained indicate that non-classical 

mechanism of 10ss8s should exist in the initial stage of the 

dece.;y. 

In the experiments on the magnetic well mirror trap plas­

ma confinement cOnducted in the PR-5 device/1/ it was found 

that the dece.;y of plssma occured anomalously. During the first 

100-200~sec after the injection the density of plasma quicly 

dropped from its initial value n _ 1011cm-3 down to a l evel of 

5.109cm- 3, after which a stage of significantly slower dacay 

sst in . At that sscond stage the plasma confinement was stable 

during many milliseconds. and the decay timea were close to 

the charge-exchange. 

The foregoing experiments in the PR-6 device/2/ ehowed 

that the anomalous plasma loss at the initial stage of decay 

could not be at tributed to the drift-loss oone instability 

though its presence could be expected in those experiments. 

Investigations of other possible sources responsible for 

anomalous plasma l oss led to an assumption that during plasma 

decay there should appear an ambipolar elect ric field, which 

could greatly decrease the mirror confinement of the main 

fraction of ions. The basis of this assumption is as follows. 

Measurements of the ion energy distribution carried out earlier 

could be performed with sufficient accuracy only beginning witn 

400-500 ev, and it ie not excluded that the energy of most 

ions is lower than the above values. In tbis case the positive 

plasma potential set at the initial stage of the decay due to 

Coulomb electron scattering may be sufficient for puehing out 

low energy ions . The six-bar magnetic field configuration may 

cause the ions to disappear mainly through relatively week 

radial mirrors. 

The pattern of plas~ decay observed as a function of 

perpendicular-mirror ratio ~~ supports this point of view.Upon 

increase cX1 the initial drop of density is reduced, and the 

density of stable plasma increases correspondingly. 

The above considerations can be directly checked by mea­

suring the disappearance of various energy iollS. If the plasma 

potential is positive in the centre region of the trap (with 

respect to the mirrors) the minimum energy of the ions confined 

" Ei min 18 related with 4p through Ei m1.n-= ~ where 0<. 18 

the mirror ratio along the considered tube of the magnetic 

lines of force. Such a potential should not influence the con­

finement ot bigher energy ions. Thus. observing the variation 

of ion life-time BS a function of energy it is, in principle . 

possible to determine the potential and its variation with 

tiJlle. 

An analyzer with threshold of energies measured reliably 

reduced to 200 ev has been used in such messurements. The 

analyzer wae pl aced in the central cross section of the trap. 

A charge-exchange neutral flux entering the analyzer was 
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collimated at an angle ± 2.50 with respect to the trap radius. 

Therefore, the perpendicular energy component was eesentially 

messured. 

To make the analyzer Signals 

sufficiently large the initial plasma 

density was increased up to 1012cm- 3 due 

to forcing the injection regime. The 

ions were heated by r.f. pulses as in 

Rsf./1/ . The plasma decay pattern re­

corded by the radiointerferometer was 

of the previous character. The only exeption was that the den­

sity of the stable plssma increased up to 1011cm-3• Fig.1 

(the upper curve) shows the energy distr ibuti on of ions at the 

moment when the injection was ceased. Fig,2 illustrates 08cil­

lograms of the analyzer signala for four energy values during 

injection and subsequent decay uf the plasma. 

We can see that the plasaa decays in s more 

complicated way than according to our idea­

lized model. The most unexpected is the peak 

appearing in the oscillogrswe during the 

decay. When considering such oscil lograms 

for a large number of descrete energy valu­

es, we may see a lot of other characteris_ 

tic features, namely, a) the most f raction 

of low energy ions (up to O.8kev)disappears 

during 4OOf1sec atter injection; b)for the 

ions of intermediate energies (0. 8- 2 kev) 

the initial phaS9 of the decay is covered 

appearance of the peak. After this the decay occurs with two 

time constants due to two diffrent mechanis.s of loss of such 

ions ; c)s.fter the peak , the high energy ions (> 2 kev) suffer 8l) 

exponential decay with time oloee to charge- eXChange. At present 

we a~e not able to interpret all these features unambiguoely. 

However, if we do not enter into details one may reeume as fol­

lows. The behavior of ions of various energies doee not contra­

dict roughly the idea of the ions being pusbed out by an elec­

tric fie ld. Indeed, at the initial stage, when the deneity shar­

ply drope,low enertY ions constituting the main fr8ction of the 

ent ire ion density escape from the trap. (Soe Fig.1) . The high 

energy fraction of the ion distribution exhibits rather ~omp­

licated evolution at thie period of time. It , however, remains 

within the trap and continues being confined during a long pe­

riod of time. 

It is, however " important to emphasize that the totality 

of the phenomena occuring in the ini tial phase of dece.;y cannot 

be attributed only to pair Coulomb Collisions . It concerns , in 

particular, the nature of the electric field as well as the 

peaks mentioned above. The latter are, most probable , associa­

ted witb certain collective phenomena which exist for an appre­

ciable period of time after the etage of fast decay and cauae 

deformation of the high-energy tail in the ion distribution. 
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PLASMA CONT,AINEMENT IN A CIRCULARIZEO 

QUADRU POLAR MAGNETIC WELL : DECA 11 B. 

D. Launois, P. lecousle y, M. Nicolas, J. Tachan . 

ASSOCIATION EURATOM-CEA 
D~part"m~nl d~ la Physique du Plasma el de la Fusion Contr6ltkt 

Cenlre d'Eludes Nucl~ai,e9 
Bolte Pos t.1e n" 6 . 92 Fonlenay-eu x· Roses (F"tlCe) 

~ : The facalization of magnetic lines ou t of 0 quodrupolar well redu­

ces the woll plasma interaction. Such a trap confines a 500 eV hydrogen plasma 

with an inilial density of 1012 cm - 3 . The decay lime is 400 ~sec. 

The confinement of the camp ressed plasma in DECA II was limited by 

charge exchange with the desorbed gas f,om the woll.flJ • In order to reduee 

Ihe plasma wall in.eractlon the magnetie w • .!1 e" .. rill",,,ti,,,, ;. dl'culor;.< .. d so 

that the magnetie line is bended towards the axis out of Ihe mirro .. (Fig. I). 

PRINCIPLE OF THE EXPE RIMENT . A. the previous experiment {"2J , the plas­

ma i. injected along a langiludino l magnetic field by a thelotran gun .After a 

five melers poll., the plasma goes into the confinement sloge. The magnetic 

quodrupolar tr (Jp is c re ated by e i reu lo r coi I, and rectang ular w indings . This sta l ic 

Irop is opened during a .horl lime by a pul sed coil which cancels one a f th e mir-

rors. 

REALIZAT ION OF A ·CIRCU LARIZED QUADRUPOLAR WelL" , The configuro -

tion wo. optimized to adjust two conflieling properties of the mognelic lines : 

1) Good curvature to suppress Ihe fl" le instabi lily. 

2) Weok cone ovity 10 minimize the radial ex ten. ion of the circularized 

flux tube. 

The quodrupolor fi e ld distribution along the magneti c bottle was adjus­

ted to obtain th e SOme energy wel l for 011 the particles . If E is the particle eroer­

gy, J (r,E) the second ad iabati c inva;;:lnt, we define the dep l h of t he energy well 

I 31(r,E) 
J( O,E ) ' ar 

. BO'I-B .. 
B. 

where BM is the mognel i c field modulu. where the portieie is reflect ed , 8
0 

th e 

in tens it y o f the field at Ihe well cente •. 

Fig. 2 shows the cloculoted d;lIributOon "1(") of the quodrupalor field 

between the mirrOr! 10 ver ify the slobiliz otion crit.rion. 

To perform such 0 distribution, we hove divided the quodrupulor win­

ding I in five groups of four coils each , 01 shown on fig.3 . 

The fi .. t Ihree g roups, one cen lrol winding and two reinforcing coils, 

creote the quodrupolar well. The focolizalion of Ihe mog,e tic li nes is ensured 

by fou r circul'Jrizing coit. on eoeh si!!e of Ihe well . The curront flows in Ihis 

ccils in the oPPolite dire ction of the stabilizing current . The effeclive quodrupolor 

fi.ld distrib",tion 'll.(u) ob tained is shown fig.2. We hove also plotted the deplh 

of the energy well for 0 5 cm rodiul. 

The main choracteristies o f the magnetic configuration ore 

- Intensi t y a l the w e ll cente r , 3500 goulS 

- Axial Mirro r Ratio 1.84. Distonce betwee n Mirrors 130 cm. 

- Tronsve .. e depth of the wel.!: r • • .( Cm 

r •• 20 cm 

To maintain the qual ity of the circularization during the plasma inje c ti on, the 

pulsed coil h::lv. to simultaneously reduce t;'e longitudinal ::Ind the rodiol fi.ld . A 

double bo.e ball eo il around 0 nlon chamber corries oul this purpose . Fed by 

0 .(3 F - 15 kV condenser bonk, it produce s 3.5IcG. on the aXil with 0 10 I"sec 

rise time . 

In the firool Italic eonfigurot ion th e f lux t",be wi lhout ony wall contact 

is 7 cm in diemeter, measured in Ihe medion plone . 

EXPERIMENTAL RESULTS. 

The plosma gun operates to produce on hydrogen plasma wi th 1013 cm-3 

density and 200 eV of mean longitudinal energy. The ule ful flux tube i. defined 

by 0 6 x 4 Cm diaphragm, plaeed at 1 .5 m from the med ian plane. 

The confined plasma is investigOled by microwave interferomete r 

(A '" 4 mm) and two fait atoms detectors . One of them is 0 secondary emi .. ion 

type one , the olher u.e. 0 reion izotion gal cel l {Ai r pre'lura " 5 . 10 43 10", 

lerog th" 10 cm} ond on el ectrostOlic ona lyzer /1 J . 
Fig. 4 ~ow : the s ignals withoul and with quadrupolor field . In the la lle r, 

Ihe plasma lifetime is much longer. Th e neu tral signal suggells on increosing of 

the pre'.",e during the confinement . 
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Wo can generally adjust two exponential decoys: from 500 flsec 10 900 psec 

?;;.o;:: 400 fsec and from 900 psec to 1600 ".sec i:; ~ 300 ).Isec. 

The e lectron den.ily is maximum during Ihe in je ction . AI t '" 1 00 Fee 

the dens ity is ii .. 2 ,. 10' 3 cm - 2 and decreases w ith on e-folding time of 

400 fsec. If tha characterist ic length".t" is tok en os the diame ter cf the 1011 

fl"x tube iie e:.11012 cm - 3 . 

A fosl otom 'pe ct,um WaS measured olong a direction which is incl ino te d 

10 ~ with the normorto the magnet ic oxi •. The neu troh ore counled du ring 2 msee . 

Fig.5 .hows this spect rum, taking into accountlhe reion izotion e fficiency f3j . 
The mean energy is 500 ev whi ch is compatibl e with the ene rgy of the injected 

plasma . We hove also measured the angular dependence of the neutral flux 

(for E - 600 .. v). Th. f lux pr ••• nt. 0 minimum for Ihe norn",1 Ai ... e t inn nnd in _ 

creases by a factor of 5 fro m 0: to 10~. That indicates on onisotropy El. 0( 10. E, 
CONC LUS ION . 

The circularization of 0 quodrupolor well allows to eo nnne 0500 ev 

plasma with 0 300 1llec de coy lime. The 101 01 density of Ihe plasma ot t he beginning 

of the confinement is about 10 12 cm- 3 . How e ver, the plasma lifelime is proba-

b ly li mi te d by cha rge exchange. To im prove th e vacuum , we ore going 10 place 

o liquid nitroge n - cool ed wa ll with titan ium evaporation. 

R'f'rences , 

(1J Etude de I'imporlonce du ph'nomime d'Echonge de chorg. dOni DECA 11. 

Lecoustey.P, Renoud . C . 

Plasma PhYlicl 2 (1967) 527. 

I'll Chouffoge e t Corofinement de plasma dons le puill mogn"ique de DECA 11. 
9iguet A et 01 

Prec . Conr. Culhom 1965) I, !AEA, Vienna {I 966)69 

/'JJ Method of investigation of the f lux of ot oml Em itt eJ by 0 plolmc V _V.Afrosimov 

et 01 

Sovi. 1 PhYlics, Technical Physics Vol 5, N ': 12 June 61 
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BOUNCE EFFE CTS IN THE NEGA liVE MASS INSTABiliTY. 

O. Launais, G.Laval , R. Pellat, J . Tochan. 

ASSOC I ATION EURATOM·CEA 
Deparlemen! dEI la PlIySoqve du Plasma e\ de la FUSJOn Cont,OIM 

Centre d'Etudes Nucl"'aires 
Bo~~ Postate n' 6 . 92 Fonlenay·a ux·Rolla s (F' .... ce) 

ABSTRACT: Unstable mode. at bounce ha rmonic satellites of the ion cyc lotronic 

frequency exist for any density. Th. thermal spr .. ading redUCe! slightly th .. uns­

table damain. Th .. decreasing of ion bounce frequ .. ncy does notltabifize dilut .. 

plasma . 

In diff .. rent mogn l! li c mirror traps flJ , Orle con observl! a soml! kind of 

''Flute Iypl!" instability, a t ion cyclo tronic frequ .. ncy (w"-'S'!:;l; the perturba­

tion , mainly .. I .. clrostatic, is constOrll along th .. line of force (k.jl ~ 0) and has 

. 0 Iona ,nni,, 1 w"v .. I" "oth compared with th .. mean ion larmo, ,odi ... s (k~o;«1). 

A recent th .. o ry proposed independen t ly by Kodomhev and Pogutse /'2./ and 

Clarke and Kell .. y {3.1 seemS 10 fit with Ihe obse rvations. These oulhors hove sup­

posed that Ih .. ion bounce fr"querl cy (Wll ism ... ch larg~r thon Ihe spread of ion 

cyclot ronic frequ .. ncy . In that case, with no spread in the pitch angle distribu­

tion funct ion, the instability has 0 rathe r low d .. nsity c ... t-off . More recently 

Callen and Horton f4.1 hav ... hown Ihot thl!.mal effects inlrod..,ce 0 dens ity thres­

hold. Our paper pre,ents the effect of 0 finit e bounce frequ ency. We find new 

..,nslob le modes and on unstable dl!n. i ty domain la'9 .. r than the previo..,s one. 

1) Wi lh 0 monOl!nl!rget ic d istrib lllion fllndion, pecked at some va lue of the 

p;~,~ O;'i' 2]:';::,;'~O;:O'~:=:? J,(7) J~(?)l (I) 

wh.re \.; = 4.0.", Wt J cu ' _ W-<n:> . ",n > is Ihe bounce 
w 'l· '1c.J t ' 2. 

averaged cyclotroni~' f"'quency, oS given by <.n>= .n,; (1 t 2~1) whe.e l is the 

axia l characteristic length fa r the magne tic field; tJ t • ~ ;). il Ih .. axial 
n · ~1 L 

excurs ion of the ion. ?_ 4C:;
t

L.1 is th e o.g ... ment of Senel function s. 

Unstable raoh a,e fo..,nd near each vol ... e of n. With n a O,the re .... 1t i. 

Kadomtsev's on" : 

With n:> Oi hereis ins lability if ( Wp~)2?:....!2.... 71: ; with n < 0 • t),., un.-
n ", 7L :3 

loble domain exten d1to ony densit y. Th" maximum g.owlh .ote is ..... "1'" ,W t 

for n . ~ 1. 

2 ) To demonstrate that the instabilitY;1 not due 10 o..,r firsl choice o f distri­

bution, we consider two Cales: 0 Gallui.., distribution function Inpi!ch angl e 

cente ted aro ... nd 1\. , Ih en 0 ce nteA/cl porobolic distrib ... tlon funClion which va ­

nishes for ). ~ A .. , wh ich il of coune m ... ch re levant of ~xperimentol situoli ons. 

A- Go ..... ion d ist . ib ... tion function: '1 . 

Let t -4X~~' lJ, Ol'IJ~-<o\,) "~I'-{.a.t-),the clispen ian re lation, derived for 

n_O , in the limit?«, and 0 weak di spersion l _ } »' , is lIiven by : 

) + -¥-\ z(,)[,-l, -rJ, z<,)[. -l , ' -~"J) - 0 

" [r 1]'" withl( _..!... a.~ _,_ ·1Es~·~' __ a+"-·a_ L 2 c..l-J'l!:i 
k'} ..I2 ~c.i i\! '/ A '/ A' .n .. , 

and Z ( ., ) i. the plasma dispenion function. 

We find ogo in Ih e 6 f..,n ct ion relu It s in th e caSe of, > I and I, ' I ::> 1 . 

There is instability if W - <:.n > <7. Now, with ~ <:, I ~ '1 ;:> \ , we find .tabi li-
2(,) t / ,I' 

20t ion hr K ~ 4/~ 'l 

That correspond. to th~ very low denl i ty range and this result is simi lar to 

Callen ond Horton', ane f6.1. 

8 - Centered parabolic distribution function, 

Expand ing the B ...... I functions we ob ta in the equation, by picking up the 

n " 0 ;!' 1 terms: 

1+K! (.-4X) L""I'-+1-4+ Of [;'( 1 -2Y) ( '-~y) 
Loq 11- fl + 2,'1 -11+ -f (\ -22 ) ( , T #Z)L~ll- +1- ;Z_z 2-~ll= 0 

Wh X a'l X ' X 1 Cl2"'2L-~W-..nc.i e re: =; ).DZ; y- -T; Z- +T; .n,,~ 

The figure 1 shows t he unstable roolle. lor th .. d""sily and the 6 function 

limits. The ma in " Hech we find ore th al the 'hermo l spreoding' : I ) d isp loc .. s 

the (; function limits (cut-off for n " O, threshold for n .. 1); 2) int roduces 

o density thresho ld for n = 0 and 0 densi ty c ... t-off for n " 1 . 3) The unstable 

domain disappears for '1=- 1. The graw lh rote is alwoy. of the some o rder: '1", O.4?"\ 

3) The physica l situation where ?»'\ ha. be .. n .olved only for 0 rolher 

dilule plasma . 88 

l et uS con.ider thlt following d is t ribu t ion f ... nction : 

wi th 

the dispersion re lation is , 

0- ('12 J..n..~ )'. , 
Lw .. ; 

wi lh 
n ' },? 

,.= ~ 

When w' « I j th .. n ,,0 lecond term belwee" brackets gives the main cOn­

tribution in com puting the real port of w ' . On ~ gets, 

W'::::'-~ [,-+(.'2;1.,$2,;),]-, 
~<y2:> Lc.Jpi. 

O..,r allumplion is .va l id i f ~ < '{'}}.,. The main contribU li on 10 the 
.n" L 

imog inory port comes from th ~ relonon t term o f the fin l integrol betwean 

brodcets ; 

OW '"" ..L- W·1L/y'tdy 
<y !>.> n 

J' (2< - , ) ~ 
... y.. ay 

wi th 0'" n <!l;.. ,which showl Ihat 
y 

of 7- . 
o<./ ........ w ~.~ 0 resu lt incl.,pendont 

For tha t va lue of the density (.n
W p

; < Vi..2!...) , we gel on imtabillty if 
" , !; < O. Tho t result shows tho l increminll ? to va l ue~ larger than one does 

nol stobilize dil ... le plasmoo. When density incr .. oseo (~:'>V2-f:r-) il is likely 

tha t Ih e plo$mo r .. main1 unstable with R", c.",' ..... J .... w',,-, 

o a.- (U Q5506 ~n? 

.FI!'. 1. z~ ~STi~~_oe:~~E~ ";o1f9JS? 
- . - . - 'I'me.: 

PAAABOUC fl.U:T1()oo.1_1 ~ 0 
--'(me.: 
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LOSS CONE MODES IN IN HOMOGENEOUS MEDiA 

by 

H L Bcrk· L . D. Pei\r lstein~ J . G. Cordey •• 

Lawrence Radiation Laborator y , Llvermore, CaBf., USA . 

Abstract: A general trea tment of standing waVe loss cone modes is p"(lSe nt ­

ed in a spMially inhomogeno.lous medium . Critical scale lengthS for stabil­

ity arC found . 

As is now well known, thc Intrinsic nature of the loss cone d istribution in a 

mirror machint! is 11 strong ins tability SO Ul ' cc even for a collllllona l mir ,·o,· 

distribution. Pos t IInd Rose nbluth 1),2) showed t hat a rapidly gl'owing con ­

vective inatl>bili t y "lw "y~ o xiUs ~I high deniily. ~nrl ' h,-.y .. "timated th" pe r­

missible alliallength that could IX' tole r ated. T hey also found that limita ­

tions on the permissible cross - sectional length exist due to a drift cone 

mode . Subse que n tly , it WIlS fou nd tha t unstable standing waves e xiSI In a 

suffiCiently long system 3), 4 ). These waves can be classifit'd as e i ther an 

absolule ins tabiJity3) Or as nllga t ive energy wa ves t hat a re desta bJllted 

in a spatially varying system due 10 a r adiatlve - like dissipation me chanism 4) . 

Recently we have d(lvl'lopcd a mooel that follows these loss cone mod"s as 

a functio., of 3xial scale length to the stable r e gime 5). W{> fi nd tha t alllhe 

:lbovc mod,'s aN': r l" latcd 10 e ach other and,at th~ scale I"ngths need .. d fo r 

slllbility, none of the above classifications is particula r ly "niq" .. . 

The equalion we use toa t descri beS 11 wave , 

4>1':")~ ~(,) «,( '! 9) Jilk.'f'J e xp( - ,w t ) 
along a fie ld line in an axially symmetl'ic system is: 

llil L Wp~ (~) L f 
t"'~eL> A,> t,. ( q <i i. 

~- k:, 

. '" " k ." " '(0) mOl . 0 , 

J ,'mpnrllr}' IIddrCBS : ICTP, T r icstc , 1131y . 

P"I·mnncnt address: Culham Laool'atory, Ablngdon, lkrks., t::ngland. 

H. I ') ~-[ F. I h ('i) 

b= 
k~vt\.,. ~ {!.l 
t vZ, . Do 

, " I') ' 

l<J~!. { ~) k~<<-' \!>I ... ) 
t...~ (. ~ t!:I l :.j .. ~;.t .) e (o ) 

, , 0 

-, 

( 'I 

(2) 

In Eq . (I) the {>I{>ctrons a re t t'{>ated in a fluid approximll t ion and I ..... integt'a l 

Operato r describes ions w hose guidi~" .... "I ..... S have constanl speed . This 

approximation can bt: justifie d when (", - l\"'CW)6T
e

» I , where 6 Te Is the 

"pr"a d in Ill{> ion hounce fl' ('quenc.\,. We h3VC also included elcctl'omllgllctic 

e"{>cts due to electron motion along a field line. The boundary conditions 

for these equations arll outwllrdly prouag3ting waves . 

Under mllny conditions the Integra l operator 15 aCCUrately approximaled by 

11 I' lllatively simple exp"esslon; name ly when 

N·. [ I :: :'~. I 
where k ,, ~ ~' / o "nd the pZ'Imes indicate the spatia l derivative. 

case we find 
H Is) ~ . . -'-­

N ",-N"l:d") 

In t his 

(') 
I 
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and Eq. (1) becomes a relath'cly simple second- O)'der diffe r entia l e q uation. 

The simple for m for liN /S) a lso bre a ks down if two reSOnanC!! points hmd 

10 co.,lesc{> at the c entre (O r ends) of the machine. T he a dditiona l r eSOna n C\! 

cond ition t hat must be lratisfied Is: 

I 
1\,1 w Nw,. 

W, " 
) /S) 

When the simplest d iffe r ent ial equallon can be used, we enn usually sol"" th" 

problem th r ough a WKB ana lysis whe r e wc study how \\'a""s can p" opagale 

through regions where kIl ls ) -+ N , wl,, ' n N"'c i{sl ... "' . In Slabl" positi",~ 

enel'gy systems th is Singular hchavlour in k it leads to wave atten ulltion, 

suc h that (o r 1"'1"31 f"cquenctes 

1 •. 1' > 1 •• 1'. l Oci' 
w here - I ' - t and Or aZ'e the amplitudes o r the Incid"nl , I ransmltted and 

reflected waves, res pe ctively . Howe""r , In 11 n('gatlve encz'lIY s)'sli"" W l' 

fi nd tha t the slngula rili.'s induce wa"e a mplifica tion , and IIl1'refo"e 

Since Ihe Inciden t signal Is amplif ied at lhe singular poin lS, Slandin g WaVeS 

can a rise even thouf:h till! signal con" "c!" a way f rom the ce nl,'a l r egions . 

T~ rough critical seal,' length crtlenion Ihat arises as a result of Ihe W KB 

analys is is 

L (f.) 

where L is the ma gnetic scale lengt h in Ion g,v "o!'ltd H and N t tw ha r moni c 

number , as long as 

N ~ 
which reSults from viol3tinf: Eq.(3). This ... ·s,,1t is mOre pcsfiimlsl ic Ihan 

pl'cvious "slimah's I) , 2) • 

In a ddition, w(' find.~ mod,' that t,-nds 10 I·,·sonill,· III Ih .. · cl' m r "l c.\'clol!·o!! 

fr<'quenc), "'hich Is never stahi\ ized in Ihe simpl" differentia l "<J'~'lion 

IIPi' I·ox lmat ion. How"~,,r , 11 ... c ,·itit>al length foz· Ih ls CaS.' OCCUI'S " 'Olll 

Ion transit ea('cls Ihat are impol'l lInl whcn Ell. (5) is viobt<:d. Unrorlunah.: l}, 

the dependence of till.': f r <'q llency shift to density and scal<· le ngth Is VUI','" 

mo<lel sensi tive so loat It Is di fficult to 3scertain tht' proper scaling of t!,.. 

resonant mode in a r ea listic m il'ror machim •. 

1) 

2) 

3) 

') 
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PlJ\.S~1A CONTAINMENl' IN THE MAGNETIC WELL M. T . S. E. II 

by 

D.E . T.F. Ashby, E . L. Bydder, J.W. Hill, M.H. Hughes & O.W" Mason 
U.K.A.E.A •• Culham Laboratory, Abingdon. Berkshire. Eng l and 

~ M.T.S.E. II is a large pulsed magnetic ""ell. filled by 

injection from a plasma gun . Experiments show that ion scatter­

ing is not caused by Coulomb collisions although the energy 

transfer between ions and electrons does appear to be c l assical. 

Electric fields of _ lv/cm are observed at frequencies up to wci' 

INTRODUCTION The results to be described hnve been obtained 

since the Novosibirsk Conference (1) . several extra diagnostics 

are now employed including a diamagnetic loop. an B mm inter­

ferometer. an atomic beam using Kr or Xe for detennining Te (2) 

and double electric probes for measuring fluctuating electric 

fields. In addition titanium getters have reduced the back­

ground pressure in the vacuum system a nd desorption from the 

""aIls of the vacuum chamber; as a resul t the duration of fast 

atom emission has increased by a factor of 3 - 4. Final l y a new 

divertor system has reduced consi~erably the amount of cold 

plasma which ~rifts along the injection l ine a nd into the trap 

after the initial filling stage; in the past the presence of 

this cold plasma (2) confused the measurements of [ ndL and Te ' 

EXPERIMEIfl'AL RESULTS Typical parameters are as follows : 

B .. 1. BkG. mirror ratio Ra!. 7, well depth .. 1. 3 - 1.1. ion , . 
energy W

i 
~ 1.5 kev. 

n .... 4 x lol~ an-!l . 
o 

Te ~ 15 eV and the initial plasma density 

The conta ined plasma shows a rapid initial 

decay for _ 200~sec. when 70% of the plasma is lost, followed 

by a steady loss lasting for _ 1 . 5 msec . This rapid loss is 

associated with the initial velocity space distribution which 

peaks near the loss cone angle Bc: hence small angle scatter­

ing causes ions to move into the loss cone and escape . The 

distribut ion has heen estimated experimen tally by comparing 

the initial trapped diamagnet i sm at dif f erent mirror ratios 

and hence at different value s of Bc' 

The measured values of J nd.t and diamagnetism have been 

used to deduce W
i 

and n . The behaviour of W
i 

shows that the 

ions are cooled by the trapped electrons . The electron 

temperature deduced from dWi/dt compares with Te measured by 

the at tenuation of the Kr and Xe beams as follows : 

Te(Kr)!Te(cooHngJ - 1.9! 0.7 (standard deviation of 23 obs . ): 

Te (xe)!Te (cooling) ~ 2 . B! 0.9 (standa r d deviation of 13 obs.). 

From this result it is concluded that the energy transfer 

rate between ions and e l ectrons is essentially c lassical. 

The measured p l asma loss rate has been compared with theory 

using the equation (T/n) (dn/dt)al. where 'I' is the time for an 

ion to be scattered into the loss cone . Classical behaviour 

predicts that T~TiilOq\OR. Where Tii is t he ion- ion col lision 

time given by Spitzer. When the va l ues of W
i 

and n, deduced 

from diamagnetism and SndL measured at 200~sec. are 

substituted into the above equations 

(,./n) (dn/dt) .. 32 ! 22 (standard deviation of 26 ebs. J: 

this result shows that 'I' is an order of magnitude smaller than 

the classica l value and does not have the wi~~/n dependence 

characteristic of Coulomb collisions . (The l atter fact is 

demonstrated by the larqe standard deviation). The behaviour 

of density with time suggests that the ion-scattering time T 

is constant: this is shown by evalua ting (l/n) (dn/dt) for the 

previous data, i.e . 

(1/n) (dn/dt) ., T-1 _ (4 .71 ! 0 .95) x Id' sec-I. 

The behaviour of (T/n) (dn/dt) is shown more completely in 

the two figures. The curves show t he expected behaviour as the 

initial angular distributions A, Band C. assume steady profiles: 

they were obtained by numerically sol ving the diffusion equation 

on the assumption that the ions are monoenergetic . 
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(,./n) (dn/dt) against 
n/no for T-250~sec . 
The solid curves show 
the effect of the three 
initial angular 
distributions A, B, C. 

lli.:..l 
h/n) (dn/dt) against 
n/no for T- TiilogloR 
where T ii is the 
Spitzer ion- ion 
co llision time . If 
the plasma l oss were 
classica l the 
experimen tal points 
would behave like the 
sol id curves in 
Fig . 1. 

The behaviour of fast atom emission from the con fined 

plasma also suggests that Coulomb co llisions are not 

responsible for the ion s cattering . The signa l s from three 

dete ctors. viewing the plasma from different angles (+ 6B
o , 

90
0

, - 6B
o 

with respect to horizontal axis) differ i nitial l y, 

while the ve l ocity space distribution is changing, and then 

decay smoothl y . The time at which the smooth decay COtMnences 

(-400~sec) is the same for both lJteV and 4keV emission; if 

Cou lomb colli s ions caused the ion s cattering the 4keV ions 

would take six times longer to reach a steady distribution . 

Doubl e electric probe measurements show the existen ce of 

fluctuating electric fie lds of _ lv/cm at frequen cies up to 

wci ' Measurements across the p l a sma diameter show potential 

fluctuations of -5OV between r .. ! 15 cm . Together these two 

measurement$ ~how there is prob~ly no mOre than one compleLe 

wavelength around the plasma circumference . Simple ca l culation 

shows that f l uctuations of lv/cm a re capable of caulling the 

plasma to escape with the observed e - folding time of 250~sec: 

however it ha s not been possible to identify the instability 

responsible f or t he fluctuations and plasma loss. 

(1) G. Francis, J.W. Hill. B. McNamara and D.W. Mason 
Proc. 3rd Conf . Plasma Phys . and Controlled Fusion. 
Novosibirsk (196B) CN- 24/H3 .!! 239 , Pub . lAEA Vienna 
(1969) . 

(2) M.H. Hughes. J.W . Hill and B.O. Cooper, 3rd Eur. Conf. 
Controlled Fusion & Plasma Phys. Utrecht (1969) . 
Gromingen, Wolters -Noordhoff 13, (1969) . 
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HOT IONS AND DIFrtR£NTIAL ROTATION IN A NON-HAXWELLIAN 
Pt.ASIiA Wlni A STATIC PARALLI:L ELECTRIC FIELD 

by 

Hopfgartan, N., JOhVU'Bon , R.B., Nilsson, B.H, 
.nd Paraaon, H. 

Division of Plaama Physics, 
ROYAL INSTITUTE or TECHNOLOGY , 

Stockholm 70, SwedBn . 

~t: Energetic ionl of a Pennin" di . charge in a atrongly inhomogene _ 

OUI magnet ic mirror Held are inve.tlgated. The meaBur .. ment . etrongly 

a ugge _t a f; .. t rotUlonal drUt wltb violati on of tbe ilOJ'otation law, .nd 

non -Maxwellllln ve loci ty dla trlbutlonl . An explanation involving both p l r_ 

allel and tranaver.e e lectJ'lc field. I . propoled. In oDe of the mirr or re_ 

gione a I hock_like .truchll'e i. oba erved. 

We b l ve Itudied a Penning dilcha rge in a atrongly inhomoge neoul 

m . gnetic m i rror H e ld. with two c.thodea in the mirJ'oJ'l • • nd a ring_ 

_a hapod . node In the midpl.ne. [ I]. The . Im il to inve.b,ate a) wheth.r 

a l i,nificant .Ieetric fi.ld Component ~I •• tahllabed alon! the ma!netl~ 

field . b) whether e ner!e t lc ion. a re produced in ... ch a diach.rge, c ) the 

e nergy diatrlbutlo n of 'uch ion. , and d) the role pLayed by the parallel 

electric field for the Ion heating. 

Th.oretical inve.ti!.dOllI .how that e1ectdc field. _ of otheJ' ori,ln 

than v I B pol.ris.tion. Or cla'licat reliativity • c.n be! produced by.) 

a longitudinal maanetlc lIudlent . [I+raf. cil •• 2.3] . b) Ih.ath (Ihock) 

. nuctur ... . (4+ ref. c it •• SJ. or c) turbulent reli.Uvity, [6 . 7l None of 

the.e po •• ibiliti.a c an be • prlol:'1 ruled out in lh. pre.ent eIJ>6l:'iment. 

Among the con.equencea .nd appllc ationl oJ.. • parallel electric field 

we wilh to mention the [oUowi"a: 

I. The frozen-In condition, (with the apeclal c.ae the i.orotation law). 

will no lonler be v~lId. Thu •• ay heurhtic ducription in term. of m.S­

netic field linea movlnll wilh the plalma will be doubtful. 

Z. In nuclear lu.lon re .... rch E" h.1 been l ugge.led a. a me",li.a nilm for 

ion h"atinS, [8 . 11 a t a natural conltltuent of the loa._produ",tion·bai.nce 

in mirror deVicel . (3), .nd 'Ill an important leature of pl:'acticaUy any 

pl •• ma undel:' fUlion ·c o ndltlonl. 

3. E" ia believed to be ell.ntlal in !eophYlicl and cDlmoronlc th.ory. 

Hydl:'osen SU or (I. 5 _50)'10-
4 

Ton p","ure i. u,led in the d!lcharle, 

fl]. Th. mil:'ror r a t io of the m.taetic field c.n be varied bel_en 20 and ' 

100. The blll'nlng voltage ..... fOWld to be 0.5-15 ItV, and tbe current 1_10 

A/catbod • . 

T ... o mod". of tha diaelll.r.a ... era r-.d to a:d.t, wtth the pertin. nt 

mode detarmined b y the m.&loetic Held atreollth in tha anode plane . In the 

high magnetic field mode energetic iOnl .re mOYing perpeodicular to the 

~lInetie neld. and the dla",harl" I. burnin« UII..,I'nrIHttic.Uy. i •• . -the 

cathode voltlge. ar. d1f!el:'ant ... n with equal ",athode ·r"llltor •• Th" hil_ 

magnetic Cleld mode appe.,.. when the gyro radii 01. ion. wi th lufiicienU.,. 

large m.,netlc moment. to be azlaJly c onfined .re .manel' than the radi.l 

dimeolion" 

The clalllcai me a n free path for energetic lonl, determined hy char,,, 

''''chan,e, (2 m at the lo ... e.t pr"uure) , t. lal:'gel:' than th" dimen.ion •• 

E leenon gyro radii and Dabye l"agth are negli,lbly amall. From meuur._ 

ment. of th" cathode h".tina the deneity and en"rl)' 01. the current_caJ'ryina 

IOD. ue eltlmlted to 1010 _1011 cm-
l

• and 1_5 keV. l:' e'pe"'tively. The d". 

gree of lonh.tlon beco maa 10-3 _10- 2 . 

The pre.ent report concern. the high m.gnetic fi"ld .mode . In parUcv_ 

l&r the properUeI of the emillion of lilt n"vtral p.rtlclea. The;r v e locity 

di.tribution fa ithfully r"ned. th.t of the ionl . Two inltrume ntl h.ve been 

u.ed; one la •• c intill.tor with. pholomultiplieJ', in the other th .. perttde.­

are .trlpped in a ga. c ell . nd then elec troltatically analysed. Both in.~u_ 

menU accept p.r t lcle. from a line . egment through the pl.lma. A deteJ'_ 

mination of the iocal vel ocity dl . tributlon la n ot pOlll ible in thi l e ll e , 

l ince the angul . r dependence of tbe emilaion i. not a prioJ' i kno ..... n. The 

meuurementl d llcrlmlnate between diffel:'enl modeh of the pl • • ma. a nd 

• ..,ge l t a unifying interpretation of aU type l of m"asurementl . T he .na_ 

ly.er pJ'ovide . e nerlY 'p"ctr., but i l c o mplex to u . e. Often detailed iniol:'_ 

m.tion from e nergy ' pectl:'a la not needed, a nd tbe l cintillator d e t e ctor 

can be u a ed. The .Igna! bom thla d .. tector i , propOl:'tlonal to' the exce. a 

ene l:'gy above the three hold 2 keY. 

M""l urementl with diU<'!!rent pOl ition and orient.Uon of the inltr umentl 

reveal a remark.bly high l:'opJ'oducibility. a nd _ concel:'ning meaaur e menh 

perpendlcul. r l a the m ag netic field _ a high azimutbal .ymmetry .;0 . well. 

Th .. reluH . c.n be l ummlri r. ed a . follows: 

A. Energetic ; onl . (3 -8 keV), moving perpendiculu to the magnetic field , 
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ar .. f o und m ainly i n f r ont of the low - v o ltage c.thode, while nO . uch ionl 

.r!! obae rved in th;' oppoait .. half of t he app.;oratu • • 

B . The det .. ctor I Ign.l . with 

tb .. d.tector o riented perpen _ 

dicular to the m . gnetic field·, 

11 I hown In F ig. I a B a func­

tion ofaxi.1 d istance z and 

tb. diltance r (with s ign) bet_ 

Ween the line of Bight and the 

axi •• In the 10we.r part of the 

figure the c.thod e i . indic a ted . 

Cle u ly. the l ignal i . highly 

W1.ymmetric with re l pect to 

the axi •• (Qu. lita tively the 

lame pheDomenon il oh-

~erv .. d ..... ith the a nalyser . ) 

Th. '.DI. of the •• ymm<'!!t,.,. 

la ·ch.nled with the direction 

cl tbe millln~tic n"ld. The 

low_.lgnal . ide ;. oppaalte to 

whIt one would expect On the 

ba.la .d. ill pla. m a without ro_ 

t ation. or a rot.tion mucb 

dow"r than the gyration.1 
F I , . l 

moUon. Tb.i. IURge"U the .... pl.nUion that th. pl.lma i . ' l:'ot.ting with. 

velocity of th" Ol:'der of th .. totai veloci ty . Thil cdnclullon hold t . even il 

v.r y lpectal dhtributionl of &YI'o c .. ntl:' a . re c on.ldered. 

C. Fig. I, taken at 3 ' 10-4 Torr, .xhihlta olcillUlng .tructurel both in 

th .. J' and " dil:'octiona. Wl.th incr"a.ing pre •• ure the atructur e b e comel 

le'l pl:'onounced; the radial .truct ure di'''ppea l:' ', . n d the cur ve S becom .. 

Iymmetl'ic with re s p"ct to l' .t 9'10-4 T o rr . The axi.1 v . riatlon per . Ish 

.1 rar a. 4'10-
3 

Torr. Tbu., nO rota tion. ( Item B above). t . ke . place at 

high pre •• ure • • which may be due to ne"tr.l ga . dr ag . Incident. lly . a 

Itructure limllar to the &xial v.J'lation la found, when the detecto r i l 

filc .. d. and the m.lnetlc !illd i . v.ried. 

D . Analyl"r m ... .. r e ment. reveal a n e l.entlaUy monoe nerget ic ion ·d i. _ 

nibutlon fol:' a line "'gment with r .. O. FoJ' 10me valuel of z. the pe . k of 

the .pactr~m il Iplit into two for 1',0. It i l rem. rk.ble that luch pro_ 

nOWlced devi.tlonl bom Maxwellian di.tributlonl neeur in • gal dl t ch.rge 

without .ny eIternal injection, and tb.il may b e • r .. ault at a n .cc .. ler . tion 

ID!Icball1lm that _involve. E". 

U.1ng the picture ofioD' with given e nerllY of rot.tional drift In th .. 

oathCMI" re. Ion (in our c ••• 5 keV), and d iU .. rent •• aumptlon l On the tran. _ 

far 01. -aular momentum .Ion! the Inhomoaen"O\l' m.gn. tic lield, we can 

calculate the l:'ot.Uohal enerl)' in tbe anode reiion. With the .ngular velo_ 

oity eon.t.nt _ I.orotation _ the .nerllY wQuld (In the pr ... ent geometry) be 

incr .... d by a factor equal to the mirror ratio (40) , ruulting in .n enerRY 

ol 200 keV. With the mechanical angul." momentum con.ta nt . the enel:'gy 

would inlt ... d be decreued by the a ama rac tor , giving 125 eV ion. in the 

anod .. r .. aion. All me •• urem .. nu favour the latter picture. 

ThuI, wheD the ionl mOve into the f"nnel_.h.ped p.rt d. the ma gnetic 

mirror Held . the v .. locity of l:'ot.Uon i . not dec rea.ed ll.ke In an Ilor otal _ 

inA: medium. but in . tead incl:' ...... d lik .. in a he .. whil'l . 

From the en .. rlY of l:' o t.tion the r ldl. l e1ectdc Held c an be e.tima ted, 

Ilnd. it i. found that the. m.gnetic field linea are not equipatenti.h. 

Tbe complic.ted Itrucrure in F il. 1 m.y be due to .ome interCerence 

or .bock phenomenon. The .. :d.l IIructure wo .. ld then be aa .OC lated with 

the line a r m o mentum of tbe iOnl , and the radial v a ria tio n with th • • nRu­

lar mom .. ntum. 

Rarerence . 

1. N. Hopiguten e t a l •• Phys . Flvid . lL 227Z (1968); 2. F . L. Hinto n and 

C. Obe r man. Report MATT_686, P la. m l Phy lic. L . bor.to r y . Prlnceton 

Unlv •• Ne w J e raey (1969); 3 . D.J. B enDaniel. PI.'m . P hy. lc l l. 235 

(1961); 4. H. P e r u on. Report 69_05, D ivi lion of Plu m . Phy . ica . Royal 

Inst. ol TecM .• Stockholm (1969); 5. S. T o r vin, Report 6 9 -1 8 . Divi .lon 

of Electron Phy.ica . RayalIna t. 0{ TecM .• Stockho lm (1969); 6 . J. Adlam 

.nd L.S. Holme ~ . in PlaBma Ph.,.a lcl a nd Controlled Nucle a r Fu. lon Re_ 

.... rch (IAEA. Viennl 1962). Part 3 . p. 1121 ; 7. M. V. n.bykin c t d .• in 

PI •• ma PhY l ic s and Controlled Nucle u F"s lon Re. ear c h (IAEA, Vie nna 

1962). Put 3, p. 1073; 8. T. Conl oli. i n Pl u m . Phy.iel and Cont-rolled 

Nucl"ar Fu eion R e ",.rch (IAEA, Vie n na 1961» . Vol. n. p. 48 3. 



MIRRORS 

PLASMA INJECTION AND ADIABATIC CO~IPRESSION EXPERINENT 

PlACE) BY FAST RISING ~IAGNETIC FIELD by 
K. Hirano, H. Kishimoto, ~1. Ushio and H. Ito 

Plasma Physics Laboratory , Faculty of Engineering, 05 aka 

University. Yamada-Kami, Suita , Osaka , Japan . 

Abstract : High S plasmas from two conical theta-pinch guns 

are injected and collided with each other in the mir r or field 

produced by fOllr single turn coils. Observation by S . T.L . 

framing photographs shows that t wo plasma puffs seem to meet 

just at the center of the apparatus and stay about 16 usec or 

longer . The main compression field, which rises to 3 . 0 Wb/m1 

within 1 . 4 usec , is powered by 60 kV and lZ6 kJ fast condenser 

banks with crowbar circuit . 

The aim of our experiment is to study fast co11isionless adi­

abatic compression which seems one of the most efficient meth -

ads for heating high density plasmas . To realize such a c0ll!.-

p r ess ion, the temperature of the plasma to be compressed must 

be so high that the mean free path of ion-ion collision is 

much longer than the radius of the discharge tube. The fast 

rise of the compression field is also required, since the com­

pression phase must be finished before considerable amount of 

energy ·is lost from the plasma. Tak in g account of these condi­

tions, we have cons t ructed the appara tus called "PlACE" 

(~lasma !njection and ~diabatic fompression ~xperiment). 

Since t he detailed construction and performance of our apparatus 

will be reported in the coming symposium on fusion technology 

held at Aachen, Io.'e shall describe it only briefly here. Its 

schematic drawing is given in fig.l . As shown in this f i gure, 

it has a bisymmet r ic construction. It consists of a pair of 

conical theta-pinch guns on each end, plasma guiding parts and 

the main compression part equipped with four single turn coils . 

Each high fI plasma pr.oduced by the .gun is introduced into the 

main compression part through t.he guiding field which mak:e s the 

plasma f ree from touching the wall of the discharge tube . Each 

compression coil is connected to its own condenser bank , 

. so that compression field can be excited at any time with 

chosen polarit i es . 

Fig . 1. Schematic drawing of the apparatus. G) Gas Reservoir 

1) Gas Valve Bank PI) Pre-roni~ation R.F . Power Sou;ce Z) The­

ta-Gun Main Bank 3) Pre - Heating Bank 4) 'Theta - Gun Bias Bank 

5) Plasma Guide Bank 6) 1st Coil Main Bank 7) 1st Coil Bias 

Bank 8) 2nd Coil Main Bank 9) 2nd Coil Bias Bank 

As a result, several field patterns are realized. I t is noted 

that the f irst compression coils can he used as a gate coils to 

prevent the inflow of low temperature plasmas to the compres-

sion region . Characteristic parameters of our device are sum-

mari~ed in the table below. 

Charging Stored Field Max. Mag. Nax. ~Iag . 

Voltage Energy Rise Time Field Rise Speed 

(kV) (kJ) (u sec ) (\'orb/ml) (Wb/mlsec) 

Goo 60 18><2 1.1 3 3 4 . S~10' 

1" Coil 60 15><2 1.1 1 .7 3 . 5 ~ 10 · 

'0' Coil 60 48><2 I.' 3 . 0 3.4~10· 

Table 1 . CharacterlstIc Parameters of the fast dIscharge 

system of the device. 

IUS It't1J Fig . 2 . Crowbared current 

wave form through the coil. 
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A typical current wave form through the compression coil is 

seen in £1g . 2 . As the first st a ge of our experiment, we have 

studied the operating conditions of the gun using He gas. We 

have found some suitable conditions under which the guide field 

is completely excluded by streaming plasma along the axis of 

the discharge tube. A typical magnetic probe sign.al in the 

guiding part is seen in fig.3. The flight velocity of t he 

plasma puff is about 2><10' cm/sec . We could make no big di f -

ference bet,","een the operating characteristics of the both 

guns. For the preliminary experiments, we tr i ed to let two 

plasma puffs from the guns encounter in the central pa rt of the 

device initially appling the mirror field. Field distribu ti on 

along the axis is shown in fig 4 . 

_'",!c,L_ -

FJ '---

Magnetic Field Distribut i ons. 

(Fast Bank Discharge) 

(a) Bz 

rnn[ 
Fig. 3 . A magnetic probe signal 2(CmJ 100 50 
in the plasma guiding part. 

E, 

'b/YJ:XJ"/b';,:) 
2nd . Coil lst.Coil Gun Coil 

(60kV) (6 0kV) (60kV) 

Fig . ~ . ~Iagnetic field distri ­

bution along the axis . (a) : 

main compression field . (b): 

bias and guide field. 2(Cm) 100 50 

We have succeeded in encountering that two plasma pu ff s just at the 

central plane of the apparatus . Such a process can be seen 

from t he S. T. L. framing photographs shown in fig. S . 

Fig. 5. T.L. framing photographs; plasma puffs are seen to 

encounter just at the center of the apparatus. 

- --" 

, , 
S\Jsec/div - Fi g . 6 . ~Iagnetic probe 

signal at . the center of 

the apparatus . 

The mirror rat i o of our f ield is 1.7 , but the plasma seems to 

be very stable al l th e time before it fades out. On the mag­

netic probe signal sho,. .. n in fig.6, hi g h frequency o5cill;;ltion 

does not appear, ;;Ilthough t he S value is greatly reduced from 

that in the guide fi e ld. This was due to the dip of the guide 

field formed by the pumping port. The exclusion o f this dip 

was furnished by insertion of some correcti o n coils into the 

vacuum t ube. Consequently, wc could obtain S ~ l plasma at the 

central region of the apparatus . Experiments are nolo.' going on 

to reali:e the fast adiabatic compressi o n of the hi gh density 

plasma·s. 
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Particle loss frctll the Polytron 

J.D. Kilk~ am A.i:. Da..""EPl' 

I't\i:dcs Dept ., rn,x-rial t:ollege, 

Lofdon, Er1gland. 

Abstract; Sinolc particle calculatiors of the ion motion in the polytron 

configu.'-ation show that particles sit ulltecl ir.llide 11 vollnE! close to the 

minor..:..i& are contained inderinitcly. Particl .. !'I situated QUtside this 

volw.e are lost. Er,lerin':ental confir.ls~.ion of this loss rP.giQfl is presentl!(!. 

The polytron eXpel'irnent attefl1lts to contain a high te.nperatW"'e plasrra 

in a series of ~tic cusps arrar;gE<!. in the fom of 11 torus. Leakage from 

the rill!; cusp should be prevrnte;! by acceleratirl;!j t~e p~ in the to!"Oidal 

direction by the application of a tomidal dectric field E.. III previOl.lll 

expe!"':iJrents 0,2) :t was focnd that a rapid leakage occUITed about 1 ~sec 

after the application of the electric field. Doppler shift r.!!!-'alIW"'eIJIeflts and 

IIpe::trosc~ic ~.er.:pcrature estiJr.:!;:es indicate that the con:!iti:Jf! vd<VH where 

Vd is t·ne ior, drift v~locity in the to;'Oidal direction ar,j VH is t he thermal 

velocity of t h!! ion 15 only margir.all;l satisfi~ . 'Il-..is conditioo is thought 

to be necess!l.l""J to avoid tl"'e romal ther.ral losses thTOl.l&" the ring cusp. 

" ..... ever e sill>!e !JO.T":;i~!e :lllculation shoI>:s t!1at y~ forces on the particle 

can ,;ive rise tJ addit ional l eakage , ·.mic:-. is found to da:d.nate e:.cperi'!1entally . 

'llle equation of rootion ~f a particle is S.:llved runerically, tald.rl;!j the 

actual vaCUUII IMl;nCtic rie~d pz'O':luce-! "YJ the Jf t.oroiMllY ~lacoo cusp coils, 

an! sta..-'"-'tfl"'.a; the pa...,...,;icles at rest. :>-,~ ::-..;,tic. ... 0;;;' ic.r.s ::111 ir.to three cate­

gories . FL~st.ly thE>re are those p2I'ti-:~es Icc3teti r.ear the magnetic m s 

Fig.l. Trajectory in R-, !'lan!!. R rnea:\ured relative t o minor axis . 

cusps . Secon:1.ly, further away fra:I the lUis, the particles are reflected by 

the ~tic field towards the minor axis, whereupon reaching a regioo of 

ruraller radial magnetic fielcl they are accelerated and behaVe as particle!! in 

the first category . The t.hird category of particles are still further off 

the magretic rolS. These particles are lost straipjlt through the rirg cusp. 

In all caselS the instantaneous Lannor radiu.3 of the ions i8 cazparable with 

or larger than the dimensions of the cusp field., an::! eacll coil act s as ... 

focussing magnetic lens to the ions which are accelerated throogh . 

In the tOl'oid.al Ct:lI1fipation all of the ions which are accelerated 

initially at'e eventuall,y l ost , because of the Gcmi.nance at hiftl velocities 

of the centrifugal fl'rce . However when collision>l ~ inclllded we would expect 

a limit~ ion veloci>.;y '1d~oEtlne. This is simJ.lateO in the pel by making 

the toroic!al electric field E.:EoO- v.lvd) . With tt"-'.is rrOOificat.ioo the ions 

can be CQntained in:lefinitely as lor.g as 5,0 106..,cZlA > vd. > 2.110
4 

VcZlA!IlIs 

for this g-:~tt""J . }'ig. 1 ~!"1c>t;s su~h 111"'. ien tr3,j~ctor./ in the R-, plane . n-.e 

field strength is ~pecified by Vc ' the clw"gir-i voltage of the cusp hank in 

kV 1 kV is equi,,."lent to an ;;.vera.ge rac!.ial field of .3tesla . Z. and A are the: 

icmic char~ arr.l atcr.-.i.c "" e i,;r.t !'I!specti\{el>· . l'hi~ can be C(;f,.pared with a Busch 

fornu1a, fig . 2 , fO":' a !l'Bgl"'lCtic lens 

<I 1 ~ 2 
dt :'f ; 0 (-m) 1.6 

'd 
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r-- ------, We . - L 2 .. 
~j l . I rl!qUl.re doll = ~ = 3C whe:"-'e Ro is the nnjor _ ~ 0 radius. So a particle with a large' undergoe:; a 

G-- _~~ -. -.- .I.arse deflexion . There is also a rotation of the 
• '. es-

• particle about the minor axis of de • .I(..=!r.:& 
L,-,--C-- -"-- -'-- m 'd 
Fig.~ . F'ocussirlg o~ whicll alternates in si.wl through 5uccessive cus 
partl.cle by cusp fl.eld . pa. 

In oroer that particles do not acclflUlate a large 

a..'"I@;le beb:een their trajectories and the m:'ne:- axis we require.,M < 1 am as 

"6 ( a (the tube radiw;) both corditiOl"lS can be satisfied if 1: ~ ,en;..".,.. 2 m < Vd<iJii'"<a."o· 

N!.tn?rical agreement is reasonable. 

(.) 

,-, 
, ' 

- - "'experlnEntal 

1 '" 

1 ~sec ca::p..lted ~ 
Ey.=.210vl 

Pig . } . EXperiIrental and carpited cu!-rent 
wavefonns in (a) argon E:O.5 lC}vl 
Vc=lkV , Z:} , (b) hydrogen E:O.5 10W~/m , 
Vc=3kV. ~=O. 

T."Ie m.mber of electrons which belor"@; to the fir.;t and 3ecan:! categor./ i s very 

small and original.e Ye!')' close to t~ mlII;7letic a.:il:l. The radial loss of these 

electrons will be prevented by ele<;trostatic field:s am to .. llew for this a 

radial fie ld is included in the calculat ion. To c~ t he particle rntion and 

10tlscs in tp.is cOO1lutational amlysis with experi .. nental !"'elll:1tS a n:illIonalJle 

TUlber of particles (256) , distributed ;00 

...u.ro~ thro.JU!rut the region of r-----,,f;:,,-----~ 
the discharge vessel are taken . As 2C1!1 

particles reach the wall in the cal ­

culation they are removed . It b 

found that l osscs are limited to the 

.... -r ing cusp regi on , and shift i n the 

direction of the applied e l ectric 

field. Experimental evidence for 

this exists in f'r~ CIlInera photo-

/-/-----j 

graph!! of the discharge which shoW that a t the time losses are predicted I.he 

wall at the rirs cusp becanea 1001"0.15 . A shiIt in t he E. direction is also 

observed . 101. probes measl.ll""il1g .the flux of particles al:io give an apprec.iable 

signal at this tlme-. Fig . J shoWs t he calculated arx\ experimental toroidal 

currents . 'n1e fall off in the current is caUBed by particle loss. Good expe­

rimental agreeneot is obtained by including a radial e l ectrostatic fie ld equi­

valent to a ~rature of 70 eV. 

The volumes fran which lost and acceler»ted plaSlra originate:: are :;Ilown 

in rig. 11. The dependence of the cont.ein!'cI vollm!: 0:.."1 9 , Et ClFld e'm can be 

obtaired all f ol lows. Assu:ting c::ylin1rical symnetry il.-T.I using the const:lncy of 

c::anonical angular r.IO:rentUl~ and. energ,r Jr2coskz - r~c05kzol 4' 1f-(~) 1 1 
where (ro ' zc) specify the initial position of the particle. The°rield is taken 

as Bz=90co:;kz. Br'!lC"l;iPkz . Since r<;;;., the tube: radiU1l, particles ~ lost if 

a .r.'£,zJ J 
ro ~{Bo[ CQS~ ( k ~ ) ) 

1ms dept'nr!ence is i. ..... ~nt · ... ith the calcuia .. .:.ons ar.d the exper~n~. 

Ref .' (1) D&!"€cr o;t .lil., 1968, Ilovosibi.!:k . Vol.I, ;:.255 (IhfA). 
(2) tangor et.aL, 1969, Utrecht , p.83 (lo'olters-HoorOhoff), 
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MIRRORS 

THE BUILD UP OF A PLASMA IN A MAGNETIC WELL WITH 

A MUL 11 ~ ENERG Y AND MULTI ~ ANG LE NEUTRAL A TOM 

INJECT IO N SYSTi'M 

b, 

R.Dei~<;a., F.Hennion 
ASSOCIATION EURATOM·CEA 

Dellan<)menl de la Pnys,que du Plasma el de la Fu~oon OmtrM"" 
C~r.ue a 'Eludes Nuclealfes 

BGrhl' P"'I~ 1o "' 6 92 Fonu,ney· .. u){·Roees (F,anoel 

A.b.lra<;t: N u",.,i co l c"kuloti"nl of the pla,m" build up, a"i."t,,,py "nd 

""a'gy <ii",ibution n'~ I', ... anted fo, 0 " " utr"l mult;~inie<;tion .y.rem (10 in~ 

ie<;ta? ) i" ° ~ u od r ipalo, coi l. With an eq uivolenl curr .. nl of 0,72 A; p .. ~ 

3.10.8'0"; Ba . 10 KGI ; we ll d .. pth R . 2 , ..... con obta in 0 plo.mo hovin\l 

the follow!n" cllor"cr .. iuic. : " t> 1013 cm· 3 , Ti ':! 5-10 KeV; tJ.Ej E) I ; 

~~/ TJ. ' ::::.0," in ° volume of 30 lit .. ". 

Tile prelln' up .. ';man h on faIt neulrol inia"ion in a ma~nellc .... 11 

(ALICE,OGRA 2,PHOENIX 2) ora limited in dan.ily by Ih. inllabililial ... ul· 

ling fro'" ",,1.ol,opy of Ihe di.lribUllan function due 10 Ihe injacl ion malhad. 

Th, .. i".labllllie! cau .. 0 Ion of parll" .. and prevenl Ihe build up of Iha 

pICl'l"'·o. In order 'a luppra" thi. kind of lnllabHilla. wl hov .. la . preod Ih. In -

jacrlon angle,. AI hi"her dln.III .. , wh"n the Ion pla.mo fre~uency i. of Iha 

,order of or a,,<;aad. the cyclolron Ire-quen<;y, Ihe dd/! 1011 Cone Inslablllly <;an 

d .. valop; on ,nU\lY .prled and 0 ,maolh den . ily gradianl ... ill IIabiliu Ihi. 

inorabllity . To .alidy Ihe . e liability condition., 0 mu l ti - angle naulral inia,-

lion a~parim.'" in a ~uod,;polor conHgurotion ha. be .. n propo • .,d {lJ. The 

..... gy di.tribulion ""d 11.. ilolropy of Inj.crion .hould b. obtainad by Ih.,h.lp 

of t.n Inj.clon 01 d iffeun! pOl.ntial and locot"d in 0 50· • .,<;tar in .uch a 

i. optimum (fig . I ) .ln Ihe 

ALIC{ dav;c .. ,h. brood.n ing 

o f Ih. diltribulion funcrlon 

Ihould be obtained byeolli-

.ionol aHecll ['2J. The obi.ct 

:. of Ihi l work i. 10 .Iudy Iha ~: .. / 

d.ntily build ... p and Ih, .~o· 

IUlion ,of the dlurlbullon fun 

D 
Fill'.1 - Inj"clian linu and <;oplur" 3'One 

lion a. a funclian of ti ... e ond (h"rchuled) 

'pClca in .. olillic condilio'" 
The injaclion plan il the xl plan in the fill"I 

j"3.l.Each inj"clion lin., i. 

divided in to le" I<)U"8 .I.m,nh, Ihu, 

w(lh '"n Ini lC IOII WI have 10 follow Ih., 

evol ulion of lOO portiol den.iliel ; 01 

each ioni larion poinl we kno .... the flfll 

adlabOlk inve.onl ( j.I. ) of Ihe particl., 

~o ... ., con attribute 0 volume far each 

:ourc~ el .... .,nr , lhOI 11 10 lay we IUP­

po,., thllt Ih. parricl. filii uniformly . ,'" 
t~ 

Ihe ~olu ... e defined by Ih."co",.,rvotion. 

By differenl sa"'mationl of th.,,., por-

.. 1" 
I 

liol den.iliu w, <;an obtoinlhe 10<;01 

~enli l y, the ani.ol,opy and Ih., en e, -

9Y d;.lriburion . 

Fig.2 - Plo.ma build up .Cu,".s 1,2,3 
plalma d.,n.ily and .,5,6 n.,u­
trol d.,nlily in,id. Iha plo.ma. 
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In Out model wa lok., ;nla oc<;ounl Ih. Lorentl 

I,apping coeffic ient , Ihe ca"oding eHact , th., 

"O,ialion of Ihe .... iduol p,.uure in . ide and oul-
., ' 

. ida Iha pla.ma, the wall d"""pli"" .Hach . Wa 

dan'l tak ., into account Ih .. ane'g y ."chonge 

bet ... een rh .. hund .. d porliol popul ation., whi <;h or 1'" 

i. a valuable app,aximotion in OUt ca.e fa, -1 
d.,,.,,itiel up 10 1012 to 1013 c",-3 _ Tha den.ily 

b",Hd up depend. an a numb .. , of poromue" ; 
Fig.3 EH"I of rhe ~elo'~liOf1 

,h e figure 2 .ho ..... fa. a typical COIe, Iha .v~ coe ffi ci ent "" the pl ... ",a 

IUI;On of 11>. plOlmo d.n . ily and Ih, re,id",al 
build up.Curv .. 1, 2:pIClma 
daMi ty; 3,5 : prenure in.ld. 
Ihe plo.""o ; .,6 ,ptauure 

pr.,,,u • ., 01 the c.nter ,far dlffetanl initial pre!- o ... t,;de the p lalmo. 

• un .. Th, mai n parame,. n ore tha following: 
( .. I fa. curv .. 1,3,5 and 
i ~ 1,5 for curVel 2,.,6 • 

equivolenl Gun,'" and .n .. gy ore dl.· tlElt 

"Ib_df, •• '" .A, m.v r., ••• 11 £21-' .-
'nl acIO' nOI 1020 ",A, 2 k,V for Ihe 

,nl.<;la, nOlO, dllorpllon ca.ff"lanl 

'f . 0,2. Tha Iota I injeell'd cumont i. 
aJ' •• IOQ"' •• ..., , 

0,72 A .,~ . for a mean plasma .. alume FI" •• , Olllrlbutl ...... fun cri on (11 dffh· 
rani "diu,. 

of 30 lilen and wilh On inllial pre .. ure 

in rhe ranga of 10- 8 la 3 . 10- 8 m",Hg. Thai i. <;omparabl, to the nlc.nary 

condition. for a raoclor , injecred cU,"nl of Ih. ord .. of 1 A fo r 25 lit. of 

plOlmO. In Flg.3 il .hown Ih. Inll .. nee of tha wall'''no.ptlon caaffidel'l l 

under pO.llc1. bombordmanl.ln fig •• I. 0+.0'1'1'1 a" .... '"pl . of the .""gy 'P"c~ 

01 diff .. enl ,adiul . fig.5 giVe! Ih., d.no iry 

Il'.odienl and Iha m.,On oni.otropy 't..T.i./TJ.\ a. ! 

o funClion of ,he .odiu. ; w., ... e thal we <;on ab-

'ain 0 mean oni.at.opy o f ..... order of 't;",0,"·0,5.' 

Abov., o denlily a! 1012cm -3 <he plolma 

ou tsid., the capture zOn~ ... ilt b. opaque 'a Iha 

e~ c it.d Olom. and ,h., Loranlz trapoling bacam~ 

in.ffective , Ih., inj "clion .hould be don. along 

o lin .... herl' Ihl' non trapping· region i. min imum 

fat .xe"'pl e along the l in., n" II (fig. I}, for 

Ihe .. d.nliti .. m., eolli.ionol eH.,ell will 

braad.,n 'he dill r ibution funclio n. 

In conclu. ion w" can .o y Ih"r : 

Fig.5 - Ma"" ani ~OltOpy 
?; . T"L / TJ.~ and 
d .. n.iry ptof i l. 

- rh i. mulli-inie<;tion 'y" .. m .hou ld "ltow 10 conllol ,he dillribulion function. 

.... hich;. impor tanl to und .. " tand Iheir efreet on the mic,olnllob;tlll .. , 

- wilh Ihe ani.olfOpy (fi ... 5) and Ihe .,nergy dillrib ... ,ian obtained (fill"o4 ) Ihil 

plo.ma .haul'! be liable up 10 10
12 

10 1013 c m- 3 Iha. i, 10 .oy in the rang. of 

Ih"monucleo, inlUUI : W P' / t..> c.i ~ 10 10 30, maon ana rgy 10 K~ V, Ba " 10 KG; 

life time 0, 1100,2 •. The.e poromet .. n 0 .. Ihole of 0 Illo,mo "",od.l" fo r c 

Ihermonucl .. or 1'10',,"0. If Ih~, .. valu.,. <; an b. oblainad, Ihil .. il! d~"'''''''ro la Ih., 

poui bili'y 10 con fin e 0 Ih~rmonucl .. a, pla.mo in an open ended Iylle", . 

~"i"'nc .. : 

I' IJ Rapport annUl'I EUR-CEA - FC "20 (1966) , R. DEI-CAS EUR.CfA FC 

.54 (1967) 

11.l 

O.l 

R.F. POST, C.C.OAMM, J.H. FOOTE.UCIOI5181 (1967) 

R. Of I-CAS, F. HENNION.NI '057 ( '969)~BAPS vo l.ll ('969) 



MIRRORS 

PLASMA FORMATION BY DISSOCIAT ION OF AN ACCELERATED 

HYDROGEN CLUSTER B~AM 

F. Botliglioni , J. Coulo~t, M . Fa'. 

A SSO C IA T ION E U RATOM-CEA 
Dl!par1ement de la Phystque du Plasma et de la Fusion Contr61ee 

Centre d'E tudes NuC!"'a"es 
Boite Po.t~ l. n' 6 - 92 Fontenay-8u x -Roses (France) 

ABSTRACT: The di'5Ociolion rote of on hydrogen cluster beam cro"ing on elec ­

Iron torgel i. calculated wilh 0 mode l involving 'ponlon eolls breaking of mu 1-

lichorged clu.ler •. 

INTRODUCTION Dissociation of occelero led conden~ed porlicle. (clu.ler.) 

oppeors 10 be on ottrocliv e woy for ho t ion plasma formolion . 

Since Be cker ond hi. co-worke rs hove produced the fin t occel e ro ted beom of 

conden.ed hydrogen [1 j, severol sim ilar clu5t e rs SOurce. hove been built in 

different plo.mo loborotories_ The expected advantage; of t his method ore : 

- high occeleroted flux with lower space charge problems 

- veloc ity spreod of protons produced by di ssoc iation, du e to initial moss dis -

penion of the clu.ler. 

- e05Y pe netrotion in mogne ti c fiel ds due 10 high mos< - to - chorge ratio 

In Fonle noy-Dux- Roses, Ihe ING RA de vice , rec enlly achieved, con provide 

o beDm of nitrogen or hydrog en c lu.ler. Dcceleroted up 10 600kV. The first pu r­

pose of thi. e xperiment is to ,tudy Ihe proce ss of c luster dissociation in 0 plosmo 

target, oS 0 funclion of initial cluster moss . Inte rpretotion of experimental results 

requires Ihe working aut of a dis5Oc;ation model; some preliminary colculo tion, 

mode with such a simplified model are pre<enled in thi5 paper. 

2. DESCRIPTION OF THE MODEL. Th is mode l must take into occount the fol lo -

wing experimental facts: 

- the cros<-section for ion;sotion by ele ct ron impact increa,e. with cluster moss[2j 

- Ihe mean ma,s of a du.le r beam pa .. ing through on electron ta rget dec rease, 

with inc reas ing of electron density [3J. Thi. i. generally o!tributed 10 mul ­

tip le ionisolion : 0 multichorged cluster being insloble breaks, giving ri . e. to 

two lighter frogmen ts . 

The 'ossumpti ons ,this mode l is based on, ore 

1) Ihe reoction 0 cc urin g w hen ion iso lion bye leclron i c impact takes p loce i. 

the follow ing ; 

f.<+oz - H:++Z"'""'----\-\;,,+H~\_f)N+Z '" 
- The same reoclion con be written for ionic ;mpoct. 

If Ihe double-chorged duster is slobl e or if one of the fragment. remains 

neUlral, Ihe reoclion .hould be written in two sleps 

"' 

Anyw oy, f;nol result •• hould not be opprec;obly offecte d be couse these proce"e. 

could be expected only for heovier clusters whose meon free polh i, ve ry .hort . 

2) Ihe e lectronic ionhallon cros5-section of 0 cluster conto ining N otoms 

is loken a. 

(f'(N,W",)- A No/a [1_ oZ,>\l'(_ kN '/s)] We is the electron ene rgy 

In this formula, Ihe lerm inlo brockels i. Ihe probob ility of ioni.otion for on 

e le chon passing through Ihe cluster. th e density of wh i ch i. o"umed to 

be Ihe sol id hydrog en one's ; the N
2

/3 term repre ... nh Ihe clus ter geometr ic ol 

crou-section. 

The foc tor A, which depends, like k, upon the electron energy, i, de termine d 

for eoc h v"lue of e lectron energy, by equoling Ihe formula fo r N:2 with the 

corre.ponding experim enlol c ro.s-se ct ion of H2 • 

Thi' formulo does no t take into occounl ony recombinotion effe ct of Jecondary 

electrons in.ide the clu.ter; therefore one could ex pect over evaluate d volue< 

for heovy cluslen. 

3) The ve loc it y of the fragmen h remoir,. olwoys e"luol to Ihe initial clu.ter 

velocity. 

4) AI a fra ction ro tio f is associoted 0 probability densil y {,(:f), which is 

on e ... entiol porome te, of Ihe model; up to nowf' ( f) ha, be en considered o. 

independant of the cluster ma~s . 

5) A f.ogment i. con.idered ful ly di"ocioted when it'. lo,mor diameter 

becomes smoller than the vocuum ve",,1 rodiUI "-~ since il will then cro,< , e verol 

time. the plo.mo torgel; Ih" defin es 0 cri t ical moss numb er Ne which i. 0 Fun c ­

tion of magn e tic field S, vessel rodiu! "-~ and frogment velocily . Ne is Ihe Se­

cond imp:lrtonl porome ter of Ih e model . 

CALCULATION RESULTS· For eo ch .et of poromele" ond" given moS> number 

No of the initiol c lu,ters, the ma,S di,lr ibution function F{N,N o )') is c"icuIote d 

os 0 Function of t by solv ing 0 system of N ~ in tegro - differentiols ""Iuot ion •. The 

compu ler gives olso the cap ture ratio I< (t) de fined oS 
I N,N, 1I • • Nc. 

K(t) =- L F(N,N., "() ( ,, ~ 
Nc,.N. N" NIl Ao 

x ; troversed length in Ihe target;}.. initi al N. duster mean free - poth 

o ~ ; 10- 1 
~l"" 
~l"'" 

u~1 

ID 3 

~ . 

ID 

cur.e N. ". ID~ 1 ~:.: ; 10000 Sfi 
1 5000 39 
3 2500 27 

1000 17 ID~3 
500 11 
1SO 8 
;00 • 

ID~' N.-lOOO N . \7 

ID ID " 0 0; 01 03 " 05 

~ : Capture ,otio K ror 600 ke Y 
clusten, oS 0 function of 1, for Seve ­

ra l initial mo"esN" , Wele ctron! " 100eV . 

~; Capture '." "0 K fo r 600keV clus­
te r. <>s 0 funct ion of f., for ."verol VD­
lue. of 1 . Welectron. = 100 eV _ 

Fig _ 1 ,how. for example the copture rotio K for 600keV clu,lers ond 100 eV 

e lectrons. The crilicol number Ne corresponds 10 B = ID kG nnd le = 12,5 cm. 

In this ca.e F (~) is uniform i . e . Ihe probobility den' i ty i. the .o me For 011 possibl e 

volues of f . 

F ig. 2 show., fo r No = 1000, the capture rolio K oS 0 funclion of f . for 

r (f ) = bl~ -.f.\ ,ond severo l val ue, of 'I . 

f. ~0. 20 

N. _mO 

~:Coplurerotio K for 600KeV 
clu,lers oS 0 function of " for severol 
vo iuesofN c ' p(O = 6\f -0.20\ 

Welectrons = 100 eV . 

"~'---~>-4---.---1 . " . ". 
~ ; Coplure ro li o K fo r 600 keY 
ClUite rs oS 0 fun et ion of N G for .everal 
v"lues of f. 

Fig. J shows K versus '( curves fo r se veral values of N c ; 

Fig. d giv • • the fi nal captu r. retie K on " typic,, ' p la<ma '"1'9 '' ' o. a f"n et,o" 

of ini t ial clu,ter moo;s. It .how, Ihot K increDse S steoply with N" . For N,,;> 103, 

K isweekly dependent on the fraction ro te except for .r. = + co .re'pon­

ding to Ihe ca,e whe re the electronic collision would pull oul only one proton . 

This co.e gives on Ihe o lher hand 0 highe r value of K for smoll cluslers. 
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H.F PLASMAS 

HlGH 1:\ I !::-';SI T Y 10:": rlF: .'>'''' FOR P L , \ S" tA I~JECTION 

E. Si"d l.;ni and H. r. S~hank 
PR!:';C E:TO:'\ P L.-'.S ). L'>' P HYSICS LABORATORY 

Abstract \l'e pre ~ent a n ""pe r im"" ,,, ! i " \I " 5tiga1-ion of " l e<;: ITol1 c yclo n o n :::= .. p la ~Ill" ac",dc ral o es a s a s e","c" o f hl).\h i nte nsit y . lo w e ne rgy 

(k<' V ) i"n ~ i n ...... hich io n c u.r<cm a n d e le ctr on ""cl ;un .. n"r(,i ", s are r e bled 

t o rf p C'w" r and ~a' p ,.., 5 5U,C . 

Cnn "d~ rab!t. in t ~ TeS l ha s d",-.-[" ped in {,BW" re ~ O!''' r ch t " wa rd achie \-i n~ 

h i g h " urrenl , 10" en"r~y , ~n he an-, 5nU ~ ces {co ,. ;n :ec t i nn, ll ~ual!y as neU_ 

tral bca lll5. Into c un fi " "n,,"nt rh '· '~e s. T he' d .. " r e fo r h ijl h cu rre nl S al 

lo w (ke':' .. ner~\- ,_. r p , pa rt : c ularly cu mp'l\ib l ~ with th., ~pace c har~e 

e q"allo n . it i. app". " n!, 11 .,"' ....... r . t ha t t h e p l .. "ma il c c e ie ralu rs s tud:e: 

e ",ten.in>! y Iln th Ihe 'H e lic"U y a nd e.",pe l'i m e n tall,· b y Con soli's !,!-rmlp . 

embod)' man y anracl i ve fealure s a; a n ,n n ~ource ;n this r e ganl. We 

r e fer t o Iha l f!e"" r a l cla s s o f pla sm" a cccl ,, ~a\o~ r s ,,-hich transfer rf 

cm,rcy ' " plasm .. " Iec tr "" , t h""u~h {'bed r .>" cyc lo t ron r eso nance i n " 

ma~n{' '' c (i<!ld ~ radie nl. E(fic,,,n C!e ~ c a " hc h l)( h in terms o f pla s ma 

kinetic: "" e r !,y and input rf PO "' '' ' bul m n Sl Impo rtant , inn s can be ac:e e , ­

erated 10 k e V ene rgie" via an inte rnal "Iectrostatie sheath , 

E"perin",nt T h e " "pe rome"to;1 

app~ ra t ll s i s s h ewn s c hem" t - O(ClU''''O' ~oo O~~~~~~~~~~~~ ~ ... i call)' in Fi !'! . I wi l h t h .. plo t "r e==:=!:..~~' 
axia l m a g ne tI c fie le. The mii ~ _ 

netic f , e l l'! ~rad le n \ i~ j ,,,ed .. r.d 

('<"! llal to 130 ~ alls< /.: '" a l Ih" 

r " .(manc " plan e , T he m;cn>­

"'ave s Ollree i ~ a n X band ~en _ 

erato r al LO. 5 G H". 
fi ~ . I 

Thre e ba s icall y d iffere nl a ecele ratln~ s lrllctllreS ha ve been tri e d ' 

la ) slott e d lines u r "Lis;, ano" c oi l s
3 

..... "ally and radiall)' fed from X fland 

rectan !(lIlar J< u i de and flavi n !! I and 2 c m ID ,,"nd n .. len g lh, (b) a r e etan­

g lllar " "c r o wa" e cavity " p" " alecl in t he 7 F. 1Q m o d e ",itl! a I cm diaTTlet e r 

pla s ma ape r l "Te . an t! (c l s landard X band r('c t ans " lar ~uide with a I Cm 

diameter apert"re. In the fi r st approximati on all perform similarity in 

regard 10 variat io n in power and ~as pressllre and prOVIded they have 

insulating tiners to buund the dischar~ e fr n m the TTl" l aL "'alts 4 .... ·ill pro­

dllC e ions - I keV at abo llt I ampe r e . In terTTlS o f ease of fabrication 

and a bse nce o f any re sonant <uninj[ reqllire ment s Ihe ",,,"v .. guide has much 

10 be said fo r i t, 

The radial pro fi le o f th" pla sma ""as made wilh <1 d o " bl" probe by ass"m ­

in l/. con slant temp"r"llIr e , L i ne den sil ), was o b tain e d fr o m an B ·mm 

micrO"'ave i nt e rfe r ome ter , a 100 ll1rn d i,,"ma~netic loop served to ind;": a te 

Ihe e leclro n pre.slIr e T e1 s ince Ihe lO n s s ho u ld have ne gli~ ib l e veloci lY 

p e rpe ndi c ular t o B , and " ",ullle rid r e tard in g p " ten ti a l p r n be yie lded 

"fe lt ro r t h ~ .. le e!r "" m o\i"n p ~ r"ll" l t o B . T h" "perture ~ ;z p fn r .h; ~ 

pro b .. i s le 05 than Ihe lc>c al Deb ';e <i i SI<1nce , Ion distr i buti o n s ,,"ere a lso 

made " 'il h t hl ~ p r o be a nd wi lh a '100 ,.a di a l e lecl r (1. t " ti c ana l yzer located 

d <>wnslre am nf Ihe m a \l neti c fidd , The ~ ri dded pr o l>e yields absolu t .. 

current den silie s altho u gh wi th SO TTle llnc ertaint)' due t o the facl thal the 

g rid tran sparency i s a fu n ction of Ihe " elo ei t y d i nriblltion v
ll

/ v
1

, 

~:~,~ 
Go ' 0 :tit .. "" ~ '" 

.. ,,""', 'GAe" 'c', ... 

Fig , 2 . Te ll Ve l" $ ll S P I" e 5 SlIr e . 

A l l acc e l"ralin ~ s trl1ClUre S s h o w 

m e a n i o n and electron ene r g ies 

", hl ch dec r e a se with i nc reas ing pre s _ 

sure as sho v;n in Fi gs , 2 and 3. 

T he t Gt,,1 curre n~ increa.es slowly 

wi lh pr"ssu,e in Ihis ra"ge, how ­

e " '-"T. a s d o es the eleClrOn density 

so t hat it b ecom" s a TTlatter o f 

eontpro m isin g ~omeVo"hal belwe" n 

to ta l ellrre nt a nd m e an ion energ y. 

AND 
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At 1 0 - ~ T o r T (p ,.., ~"u res ,n t he 

ac cp le ,;<llng strllctul· ., ;;.re a bo ut 

2 50 ti m es the !lage ",due . ) TTl e an 

ion ene r g;"" 0 1- ~ I \c e V at t o tal 

Cllr ,. .,nts of'" I a m pere can be 

""chi ,, ,'ed w ith a be ii'" ~ad i lls of 

I c m . 

Bot h ",e an parllcLe er.erg)' "nO 

t otal currenl i ncrease wilh in -

,~~~----=====:-, ~ _. 1"KtO WAn !'Wo PWR 

.00 

.00 

'00 ~ 
5tO U,,20U 

PJEUUU (GAG ~11O '0" 

pll t rf po",erul'to~ poinl, "e_ F i g . 1 , Meanlo"Ener~y V5, Pres s ure . 

yond a ce rt" ;~' i apllt po".-e r l " vel. li,e e x act vaio .. e var ie ~ with the accel_ 

era t ing sl"uc l l1re . a b rllpl d e crease in beaTTl o ulput occur, which for the 

a x taLl y -fe d " L " coi l e OllLd be trac ed 10 a rcin g acr o ss the slots and fo r 

the cavi t y and wavq:uide u ' lIalLy reSlILled fro m breakdo wn olll~ide the 

Pyrex or qllarl>: liner s , The waveg llide appear s capable of handling the 

la r ges t inpllI power which for our ca5e WaS abolll 4 kW . Nornlallyal1 

high power results are laken with Z msec pll\se ~ al about 3 pulses/sec, 

buI "' '"' have varied Ihe plllse width fr o m 0 .1 to 8 msec . AI the higher 

po w e rs o f 2: L kW, plasma is pllmped from the accelerating region a t a 

rale in e",ce S S o f Ihe neutral gas feed , which in long pulse operation pro_ 

duces considerable chan~e in ion energ y o ver the pulse width becaus e of 

Ihe pn,5s11re depend .. nce, This re s ult s in, for c e rtain applications in 

plasma confin"",,, nl experime nl ."~ a ni cely s m e a red e ner g y distribution 

" 
== 10 

j 

'. 

who s .. haLfwi dt h i s c <>mpa r able 

w i th t he m"all ener gy(Fig . .f~ 

One o f the m o st interesting 

r es lI l lS o f ·the experime n t is 

the meaSl1reme nls of T e ll for 

the eleC l rOn s (Fi g . 5} In the 

simplifie<J one -dimensional 

flow TTlndel, eleel ron motion 

Fig. 4 , Inn Ener gy Dislribution . along Ihe field is tightly 

COli pLed t o the ion s ~uch Ihat 

T el l « Ti ll ' In reality "'e find 

a ~rollp of eleclrons for whieh 

Te ll "; Ti ll ' Although the 

density of this g rollp mllsl be 

down from the total ele Clron 

' / l densi t y by r<>ughly (M/me ) 

these e lectrons constitute 

essentially Ihe tOlal e lectron 

current. 

=. 10 , 
.: 5 

"'" 
_ ... 2100 WAIT f'W0 I'WI 
---0- 2200 •• 

~ 2 - ,,- 1600 • 
:;: -0- 1000 • , 

• , ... 
" 

1100 IN 

~., 

Fig , 5 . EleelronEnergyDistributions . 

Co"lo",b <" ~a 5 scatterong lIf the ~riTTlary la'!;e Vi /V I! elec~rcns canno t 

account for an}' large VII gro"p which r.o n s til·; le of t he o r l'!c r o f 2 '). Clr the 

density. We ar" led Iherefo .. ~ 10 the .. o nelusi o n t hat tlus 2 ~. g r",up o f 

• ele ctrons mu. I aris .. from a shealh render ed le"k, ' by vi n lle of secondary 

Or reflecte d c o ld ele drons w hi c h flow back into Ihe sheath region and 

provide partial nell tr a liz"t i on. True adiabatic e"'pansio n o f electron s 

[co.,--, the ~yc\otr"n .~g i on ","ould yield T ,, 11"" 0.7 the initid T el' .. value 

eomparable with the di"ma gnetic loo p estimates of Te l ' To separate tbe 

presslIre effe cts of shealh leakiness from the e ffect on the prim ary pro_ 

duction;s be yond our dal" at this time . We are purslling this fllrther as 

it may be er llci al in any attempt to neutra lize Ihe ion beam. 

This work was performe d under the a u s pices of the U, S. Atomic Energy 

C o m mi ssion. 

On le ave from I~tituto d. F i. ica. Unive rsi ta di Milano . 

I) T . C o nso l i and R. B . Hall, Nue\. FlIsion l , Z37 (196}) . 

2) E , Cano bbio . Nue\. Fusio n 1 . 27 (1969) . 

3 ) G. Lisilano. P . Caldirola, N. Baras s i , M, F ontanesi, and E. Sindoni , 

Pla s ma Physic s and Contro lled Nucle ar F usi o n Re s earch (Interna­

lio nal AtOTTlic Ener~y Agency, Vienna. 1969). Vol. H . p. ~1 5 , 

4) R, G e ller, B, J acquo t, and C. J ac q llo l, EUR_CEA _FC _ 511 (L9(,9 ). 

5 ) R , F. P o st and M. N . Ro senblll t h. Phys . Flui d s 2,,730 (1 9 66) . 



H.F PLASMAS 

"KICROBE", MicrOW<lve Ionization in a Cro",sed Beam Experiment 

G. Cattanei. and J.-G. Wegrowe. In~titut fllr Plasmaphyaik GmhB, 

8046 G"'':ching near "unich, Federal Republic of Germany 

Abstract, A new pla_a sourc. ueinq .icrow",~ ~r focused on 

a neutral beam has been de~loped. Sa.e results are presented . 

Introduction: An adequate plll_a sou re,", for various co~nt 

a nd heating experiments in atel1arators should possess the 

following character.: 

- Small spatial e~en.ion ca-pared to the d~ension8 of the 

vacuum vessel . 

- Absence of electrodes, antennas. liaiters etc . in the sou rce 

region . 

- Hea.ur~le intensity. 

Abill.ty to produce continooualy a quiescent pla_a of h i gh 

density with respect to the backgroWld 9ilS deosity. 

por this purpose a 1I0\U:'C8 vas d8viced oainq ~ic:row.Ye power at 

the electroo gyro fre quency focn.ed on a colliaated neutral-gas 

beaa. The neutral iUld the IIIl.Crovave beams are perpendicular to 

e.ch other and to the static ~gnetic field Ba. 

The minia ... neutral tll1)1: neceSSAry for break~ is 

iDversel,. proportionill to the lifet:1.e of the plasma particles 

and to the ioniZAtion cross section. Even with the poor 

confine.ent of a straiqht device this fluI is ~alizabls by 

using alkali metAls. 

We present preliJllinary restllts obtained in such an 

eIperimental set-up. 

Experimental set-up: Fiqure 1 show. a b lockdiagram ot the 

machine. The stainless steel vacuu. vessel has a diameter of 

17 CII and a length of about 1 Ill . 

The magnet ic field .ay be varied up to 6 kG and i s homo­

geneou a to within S . 10-3 in the inter;oction reg ion . The l'I l.c ro­

w." powar (up to 20 watts at 13 . 3GB", ) is fed through ho",s 

and ceraaic lenses (12 ca in di ... eterl wh ich .. re also uaed ilS 

pArts of an S _ interfercaeter. 

~rther diagnostic ta:llJI 

are. a Langmuir probe, a 

di~aqnetic coil and a 

contact ionization probe 

for neutrlll flux 

Ilesults: The pla_a was 

pro6uced using a colli..a­

ted be. of Cs.The o,""n 

could be moved to vary the 

.... idth of the 00_ on the 

axi a of the device between 

lan42 c. . 

Fig. 2 shows the dependence 

at the ion saturat ion 

current of the La.n9l"uir 

probe on the .agnt!tic 

tield for three different 

rad llll positions: on axis 

and 3 c. apart on each 

side. 

For ca-pa r iaoo. Fig. 3 shows t he corre sponding re aults obtained 

.... it:l\out Cs be_ and filling the .. achine with Argon. 

As may he seen a good apatial li..itation of the plas-Il is 

ootained .... ith the Cs heillEl . ( a radial pro ii l e is shoo.m i n Fig . 41. 

Hal f-.... i dth down to about 2 cm could he mea sure1. Th is correa~, 

aa expected. to the dimensions of the interact l.on region 

hetween the microvave and neutral be_a. 

The denaity was evaluated from Lan~uir probes and checked 

by the lIIicro .... ave interfe:':ometer. Peak densities up to ao,",e 

t.imes lo12C11!-3 have been obtalr.ed. 

The results obtained up to now indicate the feasibility of 

a Bource possess ing the required properties. MOre quantitative 

measurements e . g . particles and pover balance, are in progress. 

This work _s performed as part of the agre<'llDent between the 

Institut fUr Pla.,.aphy.ik GI:o.bH. Munich-Garching, and Eu .. tc.. 

AND 

98 

HEATING 

Beam 
P:HO -~ Tofr 

" unsm,l1 r ' 

"'" 1100 

Cmlr' 

"00 "00 

"o,,[~m.'l£ 
s RH. ,n , 

su lA] 

1200 1100 

probe 
cur re nt 

a 

Argon 

- 6 -4 - 2 2 ·4 6c m 
Fl g . 11: R/ldlal Pr ofIles 

5) ('s Aean-. 

~ , "2 I p .. I. . ,) Jt 10 - 5 1'orr 

p.BJ · 10 · ' Torr 



a 
H.F PLASMAS 

DESCRIPTION OF WAVES TO ALL ORDERS IN ELECTRON AND I ON 

TE.'l.PERATURES IN A NO,~WlroRH I1AGNEIlZED PLASMA • 

J-l i'tO~roRT· and P . E .VANDENPLAS 

Loboratc iro dB PhyBique des Placmau-, !OO16 I'oy alli Militairc, 1040 Bm:.:etlcB, Bll lgi,,,,,, 

Laboratoril6l! 1J(XU' PZ aB"'I1[YIU:"(l""', KO"l." lcli,i/ce ~.· ditQ {. ,'e S"hooL, I040 Bmuse l, 8111g1.W!. 

Abstract.A glmera l d"""riptwn of IoIQUes (liIltl: the differentia l equation f o/' the 

~J7"Bt iO lieU ) in a >larIw.ifo ,,,,, III/lg'leti~",d plasma i8 giv"" to aH DIode I'., 

in tM Te .Zflctf'OJ'l and Ti i "", t""'P"1'atlU'tl (VIa p"""i ta the r!OIItp fB~e t~'Iatllle'H of 

a boundRd pWBIM . The i>lfluence of 're ald T i 0" tha ..,PeS OCCW'N>l1i' 1.11 eh, .-agne t u­

ion ~in ({.noi.udinU t he regwn <.11 '0"" .1 ths lallH!r Irlibrid [rcqw""r!y) iu inIle8t~t/lJ. 

N~ .. re . on.nees in the .. " gneto-Ion dOCl,,\n o f hot bounded pl u mas have been 

pudlCled on the ba sis o f the standa r d fluid .,.,de l of a hot electron ph Na In 

which the ~quatlons a..-" .c1os"d by all\Glng p~ ·, (/ '!'o"" (n=e or i) for th .. I'ertu ..-­

b~d ezp ( - ;'..,tJ preuur e s [11 an d upe<lmcn<1 hav~ confirmed their ex1sten~. [2J. 

The badc cha racte r and the possibl .. thCnaQnuc lcar !.mponanc~ of thele r "onance ' 

render D cOllll'let~ de.c r lpllon of lhe plaStiD In the .. agneto-[on do,nin neCe lu.ry. 

We uu an op~rato r ,.Hhod to ,iv~ a ,enllral delc riptlon of vav U In 8 non-uniform 

,."ne-th .. d plal1la t o all orders In the ehctron and Ion te"pe r a ture and obtain 

the. corre'pond1l" dispe r sion r elation. 

condd .. r • non-unlfo .... phs. , I .. uued In a unHo ..... .... 'netic inductloo 

i
o

" 8" iz. The rather ,eneral theory ..... delle l o p conc .. rning the vave . I n s uch a 

pta .. _ 'I nonrelatlvis t ic an d Ilnear , l . e. ,t he product o f two pe rturbed quantit ies 

It nea lecud . The Hudy electri c fhld E" is nelll ected;thh It ",,,rranted either 

whe n "IA «L or ",hen )"'~u 1 . «!. ( )"'/.o. and r[Ju are res pectively th .. Lal"QO r .nd the 

Debye r ad ius of particles, L the c hur3cterl Hlc length of the density aradlent 

and ~ lhe l oca l wav~lcngth;n=B.i. •.•. I .The linear!!ed 801titlllann ~quatlon for the 

fllp(- ;...t) perturb~d d l.s trlbutlon funetton '0 Can be written as l a/a++p,,( . )J/,,=Q,,(+) 

In which pur .) Is a linear operato r contal nlna ~/a.:r. _a/ay and ~/a:;the v .. locit , ;; 

• I II,.LaDe +.~ein ~ . v UI and.!. .. ean_ pupendicula r to 8
0

, Th~ collision un. h 

npreuoted by -"" fQ ' n... use o f D tina;le "0. dthoua;h rather crude can be usef"l, 

-.'" other thin&' , in a praetlcally coll h ionl,," ph"'''' to reoaave the Infinit ies 

that !IOu l d o therv l ' " appear in $<>10~ In te&rals . Th~ above operator equation can be 

In te rpreted ~nd furn l~hu f" under the fo". o f 8n operator represenu ,d_by • pro-

duct of ID InflnlU . er \e5 .."d ac tl0 8 on tha pe rturbed el!!ctrl c fie l d E and on the 

nonunlform equll1brll ... distribution fun c tion <"n , .This el<preu lon for <f,, ' e n.bl!! . 

one t o cu l culate all the .. acro scoplc qu.ntltles that are n"cenary to l olve Ma"",,,ll', 

• Ch.,rcheur DIITe" de l'lnst i cut Inu runlverl l tal re de . Sciences NucU!alrfll .Pnuntly 

at IBM 8"1 a; 1l .. . Br ussels . 

-AnoclatlOn Euut<_ -Etat beige . 

equatlonl and to lU te the bounda r y condit ion, p.,rtalnin& to , bounded pi ... . 

In p_rtlc~lar . If ~F .... > ~. lUxvell lan a nd ceatred on zero and if ~/~ • .;O (tha 

v.ve lIec tnr k I1 thusl.to Bo),the Hrlt of t he J equa tion. for the COlllponenu of 

the elect ric fh ld,ta all orders In Te . nd Ti.l , of t he fon. 13J[41 : 

c l a2E a ~ E 
~(V-~I 

!i 2P E ~iZP E + U 1I.2Pt-1 El?.,~ = 0 
1,,, z 2, 0 11 a J , o • a po 

wh.,re 7'0' ablolute t emp .. r a t ure , "'po.' ph_a f r equency "a ' pru.oDlll!IIoloateal colU­

a loa treq"enc1 . "=e Or ;. ( o r electraoa and I ons . lie . hall 5e~ later that thlt leads 

t o a conv e r sent des cription when the cyclotron frequencies "00;0. i 2P 11 a liaear 

d1fferenthl o perator of o r der 2P In z and 11. "'11 me thod is particularly Intere l ­

tlng to un .. hen one coadder. a nanunHo nl pla.lI .. vllh different specie, of partl­

cl .. , I lnee It furni , he. a temperature-ordered description. 

The three equa tions of type (I) lead."'hen Vi l a replace d by (_1<. 2 ). to the leneral 

e\ectrOlllagnaeic dispe r sioa equation ... hlch 1I t("l!Oper.ture-ordered,of .n ualtono plas­

ma unde r the not too reotrictive a l8U1O ptlonl made. If,furtheTIIDre,the quad-s t atic 

appr oxl .. at lon Is . ade (E=- II; ; note carefully that ibiS lsst1l1mon, a;eneral than conS i­

d.,rinl purely 10n&ltOOin.o1 .. av ... . ue e.lI.pag,", 8- 10 of [ 5 1),the .bove dl lpe ril"" 

equa tion l ead. to a . imp l er one, 

It'll ~ ~ I .. o (_ki }N N~~ZN+J)!! 
n ( e~' -1) 

l=1 " 

,. N 
( 'I 
"ii7 

(2) 

.. hich Is equivalent to Se rns teln'l di ' pe r l lon relulon. Eq(2) haa ,ho",evcr,att r uc tive 

feature . : it consists of t",o InHnite se r ies (0"';' und e) ",hlch are abl olute ly conver­

.lI!.!!l .. hen w (.'<] and "'c~.:Io . A sufficient condition fo r Interruptiol the le rle . by r e­

t _ining the te.,.1 up to order N In T I s thet (N+ ,,2 .. 2 ~ ",1 IUld th. t 

I (ZN~J)k 2 KT I", 1 « j(N+ 2)l .. 1 - .. 2 1~ The .. condttion~Sh"" that the power of N of 
o 0 ~ 

the t e ... · whlch m" l{ be retained cannOt be a prio ri decided but depead' on the values 

o f "<l'Q' " . TII• "'a' k 1 in th" d.,.. in in which th., vave is beinS invu tl&ated. for 

la lCance , when t h., .aa;n.,tlc fie ld II t o", ( .. col .. « 1J. " e .. ust use a r ather hl,h Nand 

introduce th .. UrIC (11+1) cyclotroa h.TllDIIICI for a detail.,d description of the pheno­

IW'na. ",,, do .. . not nec ...... rUy . ean.however. that a satisfactory d •• erlptlon cannot 

be obtained "hen th~ above s ufficient conditionl are no t .. e t. 

A I y. te .... tlc eo""parhon between the kl alven by the above gene ral desc r iption 

[electrOllllsnetlc and quasi-s t a tic ("E;-9+) [ and the Olandard hydrod)'ll"",lc.1 k 2 obtained 

vith the c l osur e Po = KTa.',,,V,, has been c. rr led out . Beca us e n( i ack of space, ve only 

'''''''''arh .. the [e. ults In the magnetO-ion d .... ln. I n this dDlllaln we IIOlt ly h.ve 

Ikic~/ .. 21»1. FIB.I lives the dhpenlon reletlon for diff.,rent valulI o f 
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f'ig.2.Dispe1"sio .. nlatl.oPIII of tn. u;tro­
ordi=ry wave .. i th a tli.pti.ollt polarua­
tion with respect t<I 8 ( .. 2 .»..,2). The 
parar>rt!ter it! klK'r/"';. O.,2 .p~ 

1<.2KTil"'i.w~ In the reBlon .,~? .. ~ 1n "'hich the w.vu are. quatl-Ionsltudtnal 

(qu .. l-l tatlc appr01J.mation fully ".rrante d); three approd_Ulons are consi­

dered: (a) 7'- . L e . an order- in Ti and 7'. (b) ri , t, ., . o rde r I 1n l' .nd 

(cl p=ynKT. The e l .. ctrons havlI 00 10flUl nca a •• oon IS "'ci1oP>?i' WIle" 

II1-K1'i/ .... 21<1 . the 1'1 and '1'- deacrlptionl aBue except around tha cyclotron 

hanDOnic! ; the .""'" i . true of the .c.lar preslure des cription "hen 1"0;.1..,1<1/2 • 

11s,2 Slvu the d iapers ion rel_tlon of the "avu havh'B .. lllptlcal polari­

zation around 8". Le . ID the r eaion "';i. n .,2 . Thh region can be v.ry l.apor­

tant for thermonuclear pt ......... Exce pt , of courn . around the cyclotron hArmonic • • 

the three descriptions "re in IItll f .ctor1 ijBree .. ent elpeci. lly whea 

I k ZA:T;./mi"~I«l. The qu.d-Itulic approxl.lo>atlon i s 8enerally "an.nud "'hen 

11<.2L~IH I. 

I. P.E.VANDEm'L\S , A.M . K£SSlAEN, J-L HDNFDRT and J.J.PAPIElI.. Ph,I,\tav . Letter l 

22 (1969) un; Pta Da Pbydcs 12 (1910) 391. 

2. A.M.KESSlADI , P.E .... AlIDENPLAS. J-L MONFORT 4th Eur opean ConL on Controlled 

Fualou IIIId Plesaa Phys . tw.e (1970). 

3. J - I. HflNI'OR T, n.Sr. nl u "rurlnn, a"pa r t n · 4], L.ob.Ph., • • Pla ... al,tcol e R.o,oale 

Mllltdre . Bru5le1a (1970). Complete refe r encea are Itv"", 

4. J-L HON'FORT. P .E.VANDENPUS, Phy,. Le ttera llA (1910) U . 

5. P.E.VANDENPLAS Hf;tectron Wavea and Rellonancee ;'n Bounded P/.a/1l1liJll u 1I11"y 

Intersctenc .. , London. N ..... York. Sydll"y (196B). 

99 



H.F. PLASMAS AND 

HICH FREQUENCY tOIl-fLECTllOII RESONANCES AND ABSORPTION 

IN A STROIICLY MAGNETIZED PlASK!\. COLUMN 

... . M. MESSIAEN .. , I'.E.VANDEilPLAS and J-L HONFORT"" 

LaboNtoire de Physique dss PLa8rrlu6**-LaboratoriUIII v001' Pta8lllafl!ei~ 
Ecole Royale Hllltaira-Kontnklljkl! IUl1uir ... School; 1040 8russels,Belghm 

~. lie give the _ill l'6tlUU. of Q fluid description of Q bounded hot 

w... -d.otron pl4sunt:l I>thich inoLa.dee oolliBion effect. and 0 J'II.tt .tectl'O­

.oragnetic trootml!l1t. The ~r~ [01' rot alnrorption of the bou;rdgdIWBB 

and of ths hot character of tl", pLaBma is <lfJoVt ~haBiud. L'~BrtirtentQL 

J'6tlwLh agree satisfactorily uith tileo'1l. 

I.Il/TRODUCTION AND THEORETICAL ANALYSIS. The possibility of rf energy 

Iblorptlon fo r .. « "CIiI ("c,' alectron cyclotron fnqueno;.y) and more p re­

dlely at the 10lle r hybrid freqllen<;y "'LH has been invu tillated by levent 

aull,uu rl](2j[3]. I" p.r~l"ul.r, ~he '--pun. nee ot canl1d.r lng rh . ho .. n­

dedne .. of .ct .. al pi ...... h •• hun d ...... n . trated[2][3]. In [2J .. e theore-

t1c.lly invntig. ted • hot (T • • nd Tt..I0 ) .. nifo ... lI.gne.th.ad ph .... cot..., 

(Bo m.~"t1~ field 11 u i .) ... bllitte.d to • rf i-field Ct: . od v.Cu ..... wav,,-

vector 1<.0. BoJ. The hydrodynaaic.1 e" .. ationl for iou IUld ehctrons wi­

thout collisionl 're clo.ed ...... ing • pert .. rbed Ic.l. r pre •• ur" .nd the 

"u.Il- ,U tic 'pprndm.tlon (E ~ - ".J 11 .. ade . Tht. theory predict. th" 

e>tlltence o f new r uonanC" (.nd partIc .. larly of ,uln re,onancu) i n the 

magneto-lon domaio which .re due to the boundedne .. and to the hot cha­

r .e t . r of the pi ..... . We .ho . how that a thcoretical ttalltllent with 

Ti:o b .. t T./o gives a good flnt approdmation of th" re.On.neU exil­

ting when both r i and T /0. 
W. now condder the ...... ...del with Tlo and TeO but u l& the full 

el.ctrOlOagftetic tre. t ment and introduc. collision fre"uencie' Y. alld Vi 

fllt _nU" transfer. Tbe pia .... colU.lllfl of radius a 11 exclte.d by • 

re wav .. (cylindrical coordin.tu r, e,z " J th a/~Z = 0) with ... gnetit 

field H,. = F J
I 

I (I<. r) . i(ne ...... tJ. The ratlo':!! = D Hr"l (k aJ /"1 I(k a) 
"nnO nnn o n ll O 

bet ... een .cattered and intom1ng H
Z 

fh,ld at =a is computcd. Onc c.n 

• Cherclu!u r .gr ii d" l ' I n.titut In t a r .. niv .. rait. i re de. Scienc •• Nucl6Iiu • • 

- ..... oci.tlon "Eur .to.-Et.t be\ge" - A •• oct.tle "Eur .to.-Be'ghch. Sta.t". 

d P
aba 

k a 21,,1 
euny .how t h.t ~ =!\ [,,[tln-1P (T) IF"F [1113)" 

o . 
when koa« 1. (Paba = ab.orbed powe r 1n the pIa_ . '0 = pel"1litti­

vity o f v.c ....... ). 

The c.lc .. I.t1on l lud to the following cooclusiona: (I) The v.li­

dity of the '1uuiltatic .pproxim.tion u di5cuued 10 [2] ls rull)· 

canftr.ed. A typlc.l curve of 12>1 veraus ., 1s sho wn tn Flg L. (,,=-1). 

Th" p,,1lk on t he righ t hand Ild. is the Low f re" uency cantia .. atioo of 

One of the t w<> well-bo,," 118i"eUe main dipol.r r""onanc" . wht, h exiles 

for .. ~ "ee . The pe-k an the Left h.nd l ide 11 one of th" n • ., 1181n r e ­

IOn.oce, • . The ... two r"lOn.nea ••• ti . fy th" falla.,ing ."u.tlon, 

.. Z _ K (ttrn",ce)(- .. ai)r .... " "'t) 

pe - "'...... J.. • n = !: 1 (1) 
, " 

"i~h .. : "lectran pi ..... {r"'1uency, ... i on cyclotron frequency, 
pe 1/ ct. 

"t=(Y. ~a) Z la. K g .. guttic.l hctgr dep~ndlng an the outer .. e H ... , 

Y
a 

: p r e .... r e la ... cgnlt.nt. In the cePt~r of the figure, near "'w' the 

da.hed region corresponds to 8 fine .tructure o f narrOw reson.nce. (lee 

(l». (2) Fig Ib and l c . ho .. the Influenc" of tbe collll i gn h""uenci ... 

gn tbe .bsorbed pgwe r. At high 11 the .. to res gOadce gn the I.ft ,preads out 

.nd dhlpp ... tI whil" • n.rrow .b.orpUon pe.ak r ..... in . near "ur (l) Fig 

2 •• how •• t)'plc.1 fin •• t r \Lctur" of .blorption pe.k. n •• r "[,/I (du" to 

reil etgenvdues of the ret.vant k). The d"cJlhe Influence of tncru-. 

I1nl t .... pe ~ature On P ab8 "ven when v » .. is apparent On Fig 2b and 2c. 

1I.EXl'ERDfENTAL 5ETUr.A rf relon"ncly .u.c .. inc:d pb-.a I") h u ... t,,~ 

in • g l .BI t .. b" pl 'c"d .erOIl . .... veg .. ide (Fig l) by ... ic r gw.ve dgnal 

of fre"uency OI
m 

(-..JGH::). The density gf the pluma can ha IIslly ajusr"d 

by a .... ll change of Bo when "'o/"'m ~ 1 and the pIa""," 11 then puce1cuUy 

'1 .. 1"'c"nt . The plasma 11 (urth" ... ore exci t ed a t • fre" .. e"cy ., « OIm' (1) 

dth .. r directly by ... ailnal applied to a plane el"etode A indde the 

... avelutde and r "ceived by prgbu B (11) or by n_linta, .blng.Th" IJ .. 

.icrowav" 8lgnal is .... pl1tude _dul.ted .t fre"",,"cy ., and the ngnlieear 

beh.viour nf tbe pi ..... provld ..... c"""ponent which t. pick.d up by A or 

B. The I . ner excH. tion la lI"ch ••• ier a t tn .. 01. E>;pe rl_nt, were per-

fo ..... ed ln Hg (p ... 10-
3 

2'orr, T. "'20000 oK. Ti ... 300°", Bo'" 1 I<. GJ . 

1l1.!XPERlKENTAL RESULTS FOR "Uf « 01 « "ce . Us ing . continuity . naly.1s 

f r om .. "f '"Cf!"' we foLlo".d the n=-1 main electrnn re . on.nce doW"ll tg th .. do­

msin "' « "'c". E" (1) la plgtted on Fi8 4 (with YfI ~ 2, r.=2 fl Y, 1(=.1 . 1, 

.,=-1) and compar ed to tha eXperimental potnt s . We flnd good 'Iu"ment .,.­

p,ci. lly concerning the e>thtenc. ot • cut-off valulI W="t fo r .. hich the 

re.onance "anishe~ . Th .. e>tiltence of thit re.Onance .. hen "c /+IJ»l 11 ahn 

t..portant In connection ... ith th" obt"ntinn of ~ rf pluu • • Hare 
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., ·015_ • 
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'.'»«'-
... 1 •• •• "0"'11 

" 'iI'I_' ... ,.", 
.'»«'-

~,'" . .. 0· ... ... ~.,15 ... . 
", 

'------
~., O!!' 

1114'Iand ''''I''''ali~"d pDI<''' '. u!ls"l'p tic', 

..pt;, .... , 

l' ab. "'''·S''S 01. !"f~~fmc. of ~. on P abl/ 

(N"t0 10"",,- l ,·1 =S,T = :: " ,"".>-0 . 38""" 
Hg , II{=3k H:t. • ..!:-l,ii::::9200J . 

2)T!I1'i",,1 i"fl .. ",,~a co! 'fI " • ..1 v ",", !'Qb 

ill thfl viciniCI: Of "'ft"I .'I=I,) I I"",-3, 
le"2. a=O. 380!: , H<J, ~=8a.' Gl . 

14)Coapari80" of F:q (I) ",itit che czp. ri­
...v lIIB"tat data for n=1 and ""~"ai· 

~{I(tJ_J 
In{W ' f4..J 

,­
{" , ' h>; f.·': 

~':l l} ... . toOloOl.<5oS .·11 .... 

. / 

~(_J 

'" 
• 

details will be given in (5). 

• 
= 
~ 

5)Theor fltical rel/o"ana • ., (mai" mid 

:.~:!!::/~~;~;;:~:; "'['H) (e;:;;: 
de"eity) . Si,wfI <N~=f(B ), the val 
of 6

0 
;"0 al .. " -bldiuo te,f. 

IV.E.XrERlMENTAL RESULTS WHEN OI<OILH AND "':"'LH .Experlm" ntal data 1IIOscly 

obta ined by non linea r .~c1t.tlon . r e presented in I'1g 5 and compared 

to th" t heoretical loe.tion of the .,ain relonance and of the relOnance 

region nea r "'w (polit tve I<.Z between the solid line eorrupondlng to 

""Uf and the thin dashed 11n.) . TIle atrongest "Hett obaerved 11 th .. 

relOnanee 'i~ .... t ed in the dom.in at the rigbt of "LiI. Since the expe­

riaeDt.l ~e 0= 25 HIlI< ~> _ , theory h.d. ua t o expect that th" lIain 

u.onance (left of Fig lc) .hell be atrnngly d ..... ped.ln fact .. " obaer­

V" in th" vicinity of the th"gr.t1cs! IIIC.tioD o f thh ruo .... nc • • a 

.erie. of .mall oneS. A p.rt of thia 5"riel ha . already b"en obler­

ved by an indi r ect m"thod [~}. It has Dot yet bUD pOlllb le to deler­

min. the exsct n.t .. r e of thia . ariu ; it may be re.hted to m.in re­

.onsnce l (po u ibly .. ith v.I .... of 1"111, pa r "",etrlc ,,!fectl, e tc)or 

to IIon-unifn ... ity phanom.n • • 

CONCLUSIONS. lie h. ve. oburved molt of the dfectJ wh ich n e , in our 

pr .... nt exp" r l..-entat eonditlon • • predict"d an the b •• h of hgt unifo ..... 

ph ... theory. Howeve r, .... re expert..enu au. needed with quielcent 

ph .... s h.a1l1ng lower v _nd .. ith a It r onger coupling of th" rf " n .. fgy. 

Th" in"lucion in th" theory o r nDnunif ...... itJ h al. .. dGairablG. 
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H.F. PLASMAS 

NON LIN::AR £mcr5 :1'1 TRANSIT r Jo!£ ~AGtlETIC PUMPI NG 

" E. Canobb lo 

ASSOCIATlON EURATOM -CEA 
Oipart~mcnl dr la p"Y"Q\I~ du FI~lmo ~ I d. III Fu~,"n Ccntro\qe 

5~r.;t~ I .G n. Cenlrc cI·Elu~.~ ~lud"olrR 

Ctdu 95 . .a 6ronobl, Gor. [Frcnc~) 

':'!'le conditions for the validity o f the cOllision-Inde penden t 

!':~ powe r ~b~"rl>t1 o rl by 'transit T ime ~goetl c Pumping a.s derived by the li­

near th'!ory .1''' In"esUs.ted. I n the ease o f very low collUlon fl'l!queney, 

non l lne~r erfeel~ r esult In 1'0"' 1' absorption that 1.'1 pro portiOnAl t o the 

\on- Ion coll i sion frequency. 

;ly ~!Iltht!y ,,,.,'Iul.UnA the lor-old .. } component of .. elD~ed .... gnetle confi­

guration u a low freque ncy (W .... Wc ,. t he Ion I!;yrof'requeney ) with a pMlIe 

n~"" l t.Y of 'IT'~ ~'l)"9;:;(.2.kTi/"'l}~ wh l eh 15 the Ion tru. ....... l s peed, d irect 

eonverslon of F,'" ~n~rgy Into 0. ....... 1 energ)' of o.~ pIli""'" Ions appears . This 

~,.ult5 !n ~ unlfoml helltlng ..".,Ich is lod.pend.nt of the d ens 1t.y . "I thout 

ne"d for "bellch" IIIOdlrtutlons of the Ba rield Ill . '1111 5 IIod1fled v.rston o f 

o.~ orlgl .... l conc.pt of 'l't'andt 1'1 .... ""'~Uc ?unplng (TI'MP ) I. e. 11 atrong 

field lIIOduhtlon ov~r • short uctlon of o.e torold 12/ . I" s pnt.nth.l llethod 

for o~"...,o,lI1ng th~ It_itatlons of ohnolc heati ng In t oroldal traps both f or 

pres ent dllY . "perlllen U .. nd f or the"""nuchll r ...... ctor. I}/ . 

\/e consld. r the f oll owing altUlltlon. Exte,."... l IIdnruthal currents t.hIIt flow 

through IIn II rray (I f co l la ( ndlulI R) lIurroundlng 11 unlfo .... pb" .... cylinder 

( rad ius r <.< R) produc •• lIodulll tion of !.he s tatic rteld .. 11: . 

p S(l.r')2' e"tBo (l • b cOS (K .. - GUt ») . ( I) 

.. he .... the conatant b .. Ut be tnd~pend.nt of the p .... . ~nce of pla ... l .. provided 

that vl{«v A I rven · H vI{ ;e. ve. thl a Int condH Ion will Imply that fli. 4C I. 

(3i. I" the r lltlo o f Ionic to .... gn.Uc p .... ll llure. We asslnl! mIIgrlatlc ,"OI!I!In t 

Inv .. rillnce. hence cons.rvatIon of the .... gneUc nUl< within the p1ll " .... I.e. 

9r: . con~t. and also negl ect Ion <:0111s lons (lJ. ~1O ) . The oppos ite "aae 

()J,>W ) hu been coneld.red In ref. 111.1. Ion d;rn.amlcs c.n be desc ribed by 

the f ollowing linea r lt.d VI.sov eqllAUOn ( b<<.I) for fI(t ••• v •• v.l.. ). for 

s"",l~ (\ep.r tur~ ~ r r om the ~qul llbrlu," dhtrlbutlon funfltlon f : 

<lWt • .-.'f. r'z +(~E.-~ilJ~)'fo/a"'+M~+1>i~~IJtl:;"O, (2) 
(v.l.. Is the p;yrlltlon veIOfl l ty). Sf th~ elec tron collis i on frequency I II hr_ 

,_r thlln UJ . the el ectron rluld can be conll lde .... d In "",ch&nIclll and the,-l 

~qull lbrlum : -eneF", • k1'e .()"'w.l1z- o . B]r .... sWllng pla~ charge .... u trallty 

_nd udng the Ion contlnult)' eQuation with Eq . (2) . It can be shown thIIt 

eE/I "" _ ~aB/'3e·afJ~fC'811if-r.:) ~ - ~ ~B/az (3) 
'n>e func t i on g" 11 ghen In N! f. /11 .. lIlnlng a Muwelllan dhtrlbutlon 

runctlon Co' 1be approx I .... ·.ed exp~ .. lon (..:h1ch we shall u~e In the f o lIo· 

wing ) holdll 11" IOnA n 1'.~Tl' so that Ion sound Wllve ~xclta.tlon IInd elec ­

tron helltt",; clln be dlaN!prded 11 •• _I. TI'!'IP both pute energ)' pN!f.rentllll· 

Iy In t o tl\e pa r llllel cOllOponent of Ion velOfl lty unlfonllI)' wltl\ln the colUlll'> 

Il1Id lIeeps th~ ~ l n .... as close 118 ponlble to Ule~lc equll Ibrt ~. Aa· 

lIwnlng fo to b~ an l ao troplc Mu_lllan dhtrlbutlon. "'" _y Integraw Eq. (}) 

ov.r "..L. IInd u.e Eqa . (1) and (:!) t" obUln an e QUlltlon Cor Ft (t.l.VI ). This le "",t ."-. <IF,j,Z. K,,".'(b/.X-r.ITi+'Il'~I'i»*-Wl)dF.~"-=O, (4) 
where Fo(V) • ex p(-v

2
/vg)/v.ff We notice thIIt unde r the auUllOtd condl­

lions no suppl emenUry entulnc.d 001l1s10nal IIndlor turbulent crolls _fiel d 

dlffudon shou l d 5ublUntllllly shorten tl\e pili""'" conrtnement U .... In 11 

t oroldal conrtgur.Uon du ring the heating ph!Ise. Eq. (11) Is identiclII to 

th .. equati on ulled to der ive LIIOO"u dlllllplng. after the substituti on 

- ~E _ Kv;,"(T./l; +oJielor.) b/2 (S) 
h iliad ... No tice. Incidentally . that thI s lIubll tltution Is written Inco r .... cUy 

on P. ;>,~ of re f. 15/. I n ord.r to obtain the exp .... s sIon for +.he _r absor p . 

tion pe r unit " oIunoe . we un ~ 11 .... proc~du~ a s when c"'"putlng powoer ab­

sorption by L&niau dlllllP Ing. 'IlIat 111. In WI'"OIlI of 11 (IIlv~n [}It Held and a gi ­

ven Set or to and K vAlues. "Ithou t using POluon' s equation. By USIng sub-

stitutlon (5) we obtain In our Cue 1. :2. (Babf ( ) 
P =Vf'UJ('llit/'Il'e)('lJT'/1l +~/ll9) "'~(-"-~I%};j6ii . 6 

We wil l le t:1tbe the .bsor ,tlon raW . Then. I nvoking conservation of energy 

" e ..... y wrHe P • <' t'" whe~ w. the energy density of the _ve . is CB b)~ 
{1+0('P':luJluJ:..))/"'bTr. In our ca .... we obtain fort " 

o 0 tolii'W(","«/",".)(T'/l1+"-~ /ve)'(3, ~-o>t/,.,j. (1) 
For orde r-o~.lII!Igrlltud" e at I_tell we Bha!:. use the ... xI."... aVBlue f o r the 

hothe ,.",... , cue (Te .. 1'\ ) . 010'1 ::t: -1.3W(3.: o:K CO. It occurs (o r '\.let =118. 
The Ilnellr colllslon less theory used to derl"" the IIbove r" lIults holds 

u.mer the following cond i tion. The nOn I ln .. a r dI s tortion o f the Mll.xw"l l llln 

distributi on ororl uced by ITMP In the reaonance region ",,-,st be destroyed b), 

I on_Io n coll l ~ 10nll ~urflcl(!ntly rapidly. The e ffects of like parttcle co11l ­

. Ions on the d1at rlbul1on func tion In tl\e resonsnc"' ~glon clln be dellcrlbed 

by the ?okker-Plllnck le"" If I aho,," belo.. oD (S) 
,,( ~'t',CU-.l)~ ~ C_f/i>Oi.r./HVic .,.) , 

- ">,, -. >..> •• 
"n ... ~'1Illlil lS the Spl tze r deflect I on t ime ~ "llf"lfe>t{+-q)t.tA). E:xprell5ion (8) 

I " eXIICl in the IIl11lt of • suff i c i ently "",.row one.d tmo.n"lo .... l N!Sona nc e .... _ 

AND HEATING 
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lI ' on In velOfllty llpace wh ich Is fllr {I'OIII the the."..l velocitY. It la COrnoct 

t ,. within an order- of-lMg\'l lt!lde for all poss l bl. valuea of v .. . 

In dll1cus'ing non lIne .. r e ffects . all In the electrostatic CIIS. 16/. we .. Ul 

dh t ingu lllh between na rrooo a nd brolld WIlVe packet aodulaUons , dependlng on 

the ph .... e veiOfllty ~pread AV-~ . Ife cocnpare A'iTce .. Ith the velOfl lty inter_ 

VIII k v - v()\ .. t1 v .. ve (b(Tt.{"T;: +'I1i(f!Te»~ A rnOJUlnt pllrUch will be 

t,.,.pped In the EM Wllve und e r cona I dera tlon when IU velocity raUa In this 

Inte rv a l. I ft!.'\l'q4..6'1)- (m.rrow packet) str ong co r relll tIons IImOrlI! trllpp.d 

pllrtlcies occu r and the s plIU .. l periodicity oC "0 I n the r."onanc .. zone I II 

II'II()ortllnt 171. I n tI'1e opposite ease A'IJ(f>.£l'\l"; no pllrUcle can be conll ldered 

t o be t rllpped In 1In)' o ne w .. ve IInd Fo 1& hOlllOg .. neoua In a pllc". I.e. the ba lllc 

a nwnptlon or the qUlIsl_linMr IIpproach. In both cau. a non linear tr.atment 

whi ch Ukell IIC COunt of the co1111110n te .... (8). g lvea the followIng modlnclI ­

t10n of the powe r IIbllorptJon 161 PNL~ plO "~l/1J.2 ). .. h.raL1 ts the ohllrllc­

terhtlc tlme for r e lMXWell h"Uon 1n the r.sonanc ... one andL2.111 the Charac­

tertltlc U "", fo r the non linellr distortion of the dIatrlbuUon runctlon In 

the ... s onllnee zone. The r ........ ""'e llI!IIItton concl1Uon w11 1 be I lIt ilf1ed If 'Z;4' 
<..::Zi , This inequ/lllty ... hen IIpplled t o the t .. o caa ••• produce. two dUC ...... nt 

threshold valuea fOrV~/W. In the _nnochromatlc ( narrow-band) CUe with laauf­

(td .. nt .... lIIIUWellUlltlon'2:24~1. we _ y us. the results o f N!C . nl. and 

sublltltutton (51 to obt.aln the followin& ""pre l a1on for U. non-linear power 

",."",," p., =(3ffl/4't')("'<f/'Ji;f~ I{k(,.tr; +1lie/118)">I¥"'V ... ,. (~) 
B]r equatln,g the r.h. s . of eQuationa (6) and (9). we obtaIn . c r lt1cal v.l ... 

oC)).: below which (6) and (7) hold and &00". which (9) holdll 3/: 
)},</W "("',<wy<=(""'/3"'Il''IlCH(,.rr.·+'-~f1r'))''~ 6 ,.". . (~O) 

In the brolld-band c&~e. but IItlll COMldarJ.ng InllUUillient Mlu<well1zatlon. 

.... can uSe the N!sult~ of ref. /81 In 11 sl1ll1111r WilY to obtain 

PNL =('3!A6>1if}yd3, ('Il"q>fvi,)' B~ ""f(~-tj'll1!') . (,,~) 
ThIS eqUllUIIIl holds below the follOWIng crlUc&! value of Vi 

)},<jw o(",.f1J"'i')·(b(T</T,+ilif""'~,!3 '" 41l'/3 (~'l.) 
~ conrpa rl llon between Eq~ . (10) and (12) .aho,,~ that the crltloal V.: v.lue for 

the broad_band cIISe Is lowe r thgn thllt in the narr o .. -b9nd cgse If b~(4rr):2 

It l a Interutlng to noticc 191.U1&t the behaviou r of the abaorptlon r9te l1li 

... runction of collisIon frequency as given by Eq". (6 ), (9) . and (11) la qui-

te Ilna10gous to th~ correlll>OOOlng behllviClur of the equilIbrium dlfruslon coef . 

fIclent In 11 t oro ldll l plllll"'" lit very low and Intenned iate col l1alon rrequencl.11 

"(';1 . It Is also Instructlee to C"'"pll .... the co11 lalon te"" (8 ) to tile rorclng 

~.~ In Eq. C-) f or the perturbed dlstribuUon Cor the ca .. whan Vi> )l.:e' Col· 

hlo ns d .... ll\llte wheMver the .. elOClt)' la In the ranae ~-'Vit I~il1o(..e;'Il9(}1.~)~I.~ 
· i .. now COllO~~ 6'U. "lth the width o f the resona.nca · IOM In the Ca ... of coui-

alonless ab!lorpUon (6rrzj'jI( ~(((?>i. ) . W .... e thIIt the velOflIty distrIbu-

tion o f .... onane. partlel"", Is not coll Ision d .... lnated """,n -'I.'tl-" >a1..l 1 •• . 

j3c:. > (Vi!wYB. "",""lIber thlltYi>V,c. When ~h condItion 111 Irn:l\1d.ed @oi 
OIUllt utls l)' the follow Ing ,@~ > b . Even in the coll1l11onfodOllllnatad caM 

(6'l,)-<ilC6'U.) It la e.s)' to show 191 that the POWer .b.orption la still gtv.n 

by the co11ll1lool ... a fOl'lllUllI (6) ! 

Equ!Uons (6), C9) and (11) gl .. e the power .b!lorbed by SN .... IIOlllLflt pIIrtlalea. 

';Nc:!'I\.14Fo/d1rlvJ~""f/2. <-t\.(4I1Ne)'l.«"", . Substitution (5) can no lon ­

ser be us"d to cAlcul.te the collls10nhu powoer tranaf.r to the _in body 

of the Ion distribution . ulling t he el .. ctro~tatlc analo~. bec. us" _ve dll1-

per~ lon h involved i., thl l1 process. hllumll'l6 IIqu1partltlon "f .. nergy bet..., ,,n 

I on , ftnd electrons so that ?~.3l\o\..kd.T/d..t; _ find fl"Oll Eq. (6) thIIt dT/dt~ 
uJ~T. Hence • .....:Ier th~ concUtlony!?v«(,d1f.lt<v(r. SG thllth hMtlnl of the 

.... In body l onll 15 mdnly collls10",,1. When (9 \ and (Ill li re v.lId • then 

non lInellr processe s would hllve to be consider.d t.o ~how c Ollpl.te ther . 

..... l l ... Uon. 

~ 
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H.F. PLASMAS 

HIGH FREQUENCY HI:ATING OF A DDlSE roLL'!' I ONIZED PLASHA 

by 

B.Lehnert,J.Berg8tr6m.H.Bure~,and E.Tennfors 

ROYAL INSTITtrn: or TECHNOLOGY 

5 _1001l 1j Stockholm 70 , Sweden 

~. A dense fully i onized plasma with a neutral ga s blan­

ket is confin ed in an internal ring device . High-frequency power 

of about 0 . 5 MW i s absorbed by t h e plasma <I t the ma gneto­

acoustic r e sonance. The p l asma can be sustained when the power 

input exceeds a certain minimum level . The losses along the mag­
netic field affect the plasm.! balance at smal l fluid velocities , 

as expected from theory.There are indicatio ns that the plasma 

can be stabilized against flute disturban ces by line-tying 

ef fec:"t s which are controlled by ,",xt e rnal means. 

I . Experimental Aim and Arrangement . A dense fu lly ioni~ed plasma 

with a ne utral gas b lanket can only be sustaine d when the hea­

ting powe r e xceeds a certa in minimll!ll level Pmin (I,2 , 3) . For mag­

netic confinemen t in an internal ring device with magnetically 

screened supports , it is a l so necessary that the fluid motions 

are slow compared to t he thermal part i cle velocities(4). 

As a firs t ste p along these lines experiments have been per­

for med with d svice r IIA in which an inte r nal ring- shaped coil 

is suspended by un screened su pports .On ly the fraction ~w:0.06l 

of t;he confinement volume consists of field lines ending on a 

wall surface , i.e. on the s urports .A rotating plasma of density 
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3 is created by a discharge across a magnetic field of 

mean strength 0 . 44 Ys e c/ m2 in the mid_pla ne of the device.High­

frequency heatin'g is i mpos .. d at the magneto- acousti c resonance 

of radia l oscillations , at ahout 1 . 3 MHz . To study the effect of 

losses a long the magnetic [leld , a glass plate can be made to 

cut the field l ines passing through the a rea inside the internal 

coil . This corresponds to a c hange of ~ w fI"OII'I 0 . 061 to 1. 

2 . Large Rotational YelocitH!s.The behaviour of the voltage 412 

between the electrodes of tl'- ! I"Otating plasma and the correspon­

di ng current J
r 

are shown in fig.l for two superimposed shots. 

When the plasma i s s ustained ~y s hear heating from the rotation 

only , t he minimum power input is reached at time t
m

CO):0.8 rnaec . , 

a fter which a t ransi tion takes place t o a lowly ioni~ed mode of 

high impedance '12/Jr. If high_ frequency hea ting is superimposed 

by applying 80; lSkV on the power supply of the high-frequenc y 

generator,the trans i t i on is di a placed to t m( l S):3.4 msec. The 

t ime tm changes abruptly from about 1 . 2 to 2.4 msec. when 80 
passes about 11 . 5 kY . That the plasma state makes a sharp tran­

sit i on is also seen frolll the a;:;i.llluthal h i gh- frequency current 

J
1 

i nduced in the plasma (rigs . 2a , b). Thus the required minimum 

pow~r i nput has at least been paesed at t he obs e r ved t r ansition , 

the heating being mainly due to an a bso rbed high-frequency 

power wh ich can be e s timated 

to about 0 . 5 MW.The decrease 

i n J " at t~t ll in rig . 2b is 
due to the decay of the power 

supply vol tage 8 0 , 

3 . Small Rotational Velocities 

The duration of the main rotatina 

plasma mode has been s ho rtened in 

the experiments of rigs . 3a-e . The 

s hear heating power f r om the 

rotation becomes l ess thanO .3 KW 

for time s t~tr . O.7 msec . and de· 

creases t o a val u~ below 0.1 KW 

at t=I.3 msec . These levels are 

much lower than Pmin . I n the in­

terva l tr~t <tJ a slowly rotating 
holding mode is susta ined by a 

small current J r whi ch drops to 

ze ro at t=tJ . During this mode 
part of t h e voltage 812 arises 

fI"Om sheet pot e ntials ,and not 

f rom induced volt ages d ue to 

the rotation. With "'w=0 . 061 and 

' I 
FIg.l 

,: 

j I I 

~ I 
, , 
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a small h i gh-freque ncy power input (80~ 7 . S kV ) , J; de_ 

creases rapidly to a low l evel at times t>tr , i .e . when ~h ~ 

shear hea ting becomes small a nd 

the plasma c ools o ff and decays 

(Fig . 3bL When 80 is incrcased 

to 15 kV ,however , high-frequency 

heating is provided by a large 

current J<p which sustains 

(I fully ionized plasma a l so 

after the time t
r

, all the way 

to t=t f wh ere the plasma ba­

lance breaks down (rig.3c ). 

With the plate position 

corre sponding to ~w= 1 in f ig . 

3d there is no change as com­

pared to fig . 3c in the behaviour 

for t<0 . 5 msec.where there is a 

strongly developed rotation . At 

later times,however,the current 

J p becOlnes smaller and the 

plas!lla break-down at t f occurs 

earlier . This is explai ned by 

the incr ease i n longi tudinal 

l osses which occurs in a slow­

ly r o tating plasma when KW i s 

being i ncreased (11 . 

It is likely that the 

breakdOwn a t t f i s not due to 

a sudden decrease in the avai­

lable power input ,but to a flute 

instabilit y which arises when 

the current J r has dropped be ­

Iowa certain level. This is 

s upported by fig. 3e where the 

c urrent J r o f the holding mode 

nt '':1 ~k 
.~ 

'. Ir' 
,\.. 
, , 

• 

, I 

I f I I I I 

IT: ... , I 

I ~ E -, I I I , , , 

LL' 
I 

iljilj ' ri;; 

has been cut off instantan eously by a short-circuit at t=t
J 

A poss ible e xplanation of these result s is that the plasma 

is stabilized by t he joint effects of line_tyinl!: a nd the 

finite Larmor radius ( 5 ), and that line-tying between the 

plasma boundary region and the electrOdes is weakened when t'le 

electrode current J r becomes s mall . 

The authors are indebted to Hr. S.Rolmberg , Hr. R. ~kman. 

Hr . D. Has l brunne r , Dr . B. Wilner , Hr. A. Brah~.f! , Mr. P.H"tt ­

son , Mr . G. H~gel:.'strOm, Hr. G • . Kindberg, and Hr. 1... As brink 

for val uable help with the ~ea surements and the development 

o f the e xp erimenta l equipment . The work has been supported 
financially by the SwediSh Atomic Resea r ch Counci l amI t he 

Bank o f Sweden Tc rcentary Fund . 
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H, F. PLASMAS AND HEATING 

Ion Cyclotron £xcitdt ior. and E"ie"ded Conta,nm<'nt b)' RF" F ,elds 

M . L. P ool and P au l Ar~ndl 

Oh,o Stale Ur,, 'e r~;ll' Columbu •. Ohio USA 

AbtU""I: By me"' ,,' of t .... o . pha • ., cydotr o n <'''o:n;0110n ions c«" be dd"e" 

10 arbitrarily c ho~ e n energy ,·alll .. " in I h" thermonude ... range and 

m a; nt;);ned ,n energy:n p''' 5cribeci ;>arklng 3 ~ e,u . The o rbllal guidi ng 

cenler~ walk t o ward Ihe central a.><u of the magne tic bottle. S mall 

angle 5cr.uerlng 1051es in energy and .n dir e cnon of mOlion ar e remo""d. 

An in lpi rit in g approach t<I a realu tic thermon"clear r,,~ c l. or is nOW 

.. ,;need through cxper,m .. nlai r " lu hs and through compu t ... analy." •. 

Th .. forme. is I .. <:u r.: d by an ", .. >:Hiary rotat :r,g .. leu" .. fi e ld and a 

re volving mOlgnettc H"ld, both:iIl the ion c)'c1on on fr ~"ueney, ;rn?res.ed 

upon the main B z magnet ic field o f the magnetic t>oltl .. employe d, The 

laUer is . ecur .. d by . ubm ining ,"ariOlll pe ru nent bound .. ry and operatIng 

COndllion . 10 a 360 IB M com?uter. The au:o:iliary cOla t i ng electric fie ld 

i~ nonnallo the .hreclion of the c entr .. l""xi. o f thr magn"' ;c bottl e and 

is ob l ;tined from neighbo r i ng el~ctric current • . T he a uxili a ry r ..... ol"';nll 

malne t' c field il parallel to B ~ t J). 

The experimenta l r es ull. we r e oblained from a pla. ma ?roduce d by 

two lO -kW amplifie r s opoe r i l e d a t 4 . l25 Mlia in '1uadrillUre and 

"onlroll ed by a crylta!. The plalma was conla i ned in a 10_cm diameter 

pyre " t"be ,n a magnetic bonl". Th~ ac ti o n of Ihe rot a ling e lectr ic fi e ld 

;;Lnd re ... oldng magnel'C field acceleratCd Ihe ion. "nd pr",""nu,d the m 

ham re.ching the wall of t he conl ai ner. By mean. of a F a raday cup 

ener l iel in the neighborhood of 1.0 kcV ",,, r e rnealured. Ion den. it ie s 

o f 5 _ lOll c m· l .... e re oblal ned. The cyclot r on re.onanc" wal shar? 

The c om pu tati on re l"ll. ha"e been ca rried ou t fOr ;t ?I:uma t o be 

produce d in a lO_cm d';tmeter c ont .. i ner by Iwo_ph • • c eXci lation at 5.0 

MH 1 fo r Ihe deuteron a nd l. 'l MHz (or tbe tri t on. Both I .... o.pha.e 

fr eque ncie s are ?re. e nt at Ihc ~ame lime in a d~uteri>11Tl tril iu m mixture. 

AI an e=>nple, the rotating and revoh;nll fields c .. n re .. dil y heal the 

trit on . from a n encrgy of a few electron volll 10 a m a x i mum of ~ 7 kc V. 

Fr om then On the ion ' . ene r gy .Io .... ly oscillate. between 7 keV and tbe 

mu:imum. Simull ... neously in the Ba me pl asma the deut e ronl are 

enerllizcd to a m~mum of 58 k eV a~d then .lowly oscillate .in energy 

bet .... een tb.i .. , ·a l"e a nd lO ke\'. Even though the lIuiding cenler . of the 

low eoer;y i on orbit . m ay I tart many centim e ter . fr om the mirr o r u:is , 

the e enterl gradual ly mov" t o W1thin O. 5 c m o f the m ir ror axis and 

remain. T hui no ionl a re 105t Ihro"gh " ne rgi :r;ing beyond contr oll. 

Motion in Ih r ee dimensions a l so h •• been nume d callr ~ n"lyzed. Although 

the magnel1 c mirrOr, tend 10 put the ion ahead in ph".e r elall,"e to the 

philu o f the "yc!otr on frequency of t he osci llator, Ihe eleclric field 

i mp r e .sed b y the oscillator conllnually tend. to rephale the LO n i n It . 

o rb i l '0 that t he g ... in in pha.e c a u .. ed b)' the mirron il nullificd. 

T he effe ct. of . ca\lering on Ihe mOlio n of an ion have b"en conlidered 

.t each O. 15 degree l o( arC of the LOO' IOrb, t. Many Im ... 1I a n~[e 

Icatterinlll contribute to give a .ingle la rge .c.Uering ang le. The 

te?ha. ing action of the cle CI .. c field during Ih" me a n free time reducea 

the nel s catte r in, ... ngle . Conseq uen l lr, nea r ly all the ion . .... hich 

irutia lly ha V" energie. o f e"en a fe w lenths of an electro n volt . and 

therefo r" have many .eatter i ng " _pcrience ' , r each energies i n Ihe 

ke Y range "' ithout bc ing G ... Uered oul of the lyStem . I n m Ol t case. 

~alculatio~ . ... ·e.e made whe r " Ihe .m"ll anglcs varied bet "'een 10 and 

15 de ll te" . of arc ... nd ... 'her e a scau".ing event occu rr ed u·henever the 

deflee t :on probab.h t ~· reached or exc eeded 40 ;>e r een!. Ion diffusion 

los." s ac ros . m ag ne ti c lines of forc<' .. re thu. e ffec livel,. eliminated . 

Scane nng in mor e det ... il: The root m .... n s qu ... e of th" ne t de fleClion 

is relaled 10 th .. lotal nu mber of individua l deflecllon. and t o the r Oo t 

mean .qua rt a'·~ra ge defleclion in • ..Ich a ,,·a r tha t IU r andom 10-degree 

Ic allerinlt' a re needed on th .. a,e,ai" to o!'laln a 90 - degr .. e de fle cti on. 

Thul I he mc~n deflection for .. s~l>.n"r in¥ "~&I" of 10 degr ee. will OCcur 

apprOXlmitlcly In .. tim e TI O = T90/gl . T"., p r ob<obihty of deflecti on it l 
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" parlicular ... ngl.· , i}, for a n ion it a COn.t .. nt sperd depend. On time in an 

~xpone nti"l ,n"nn~r. P b - I • "'I/T . To tak e inlO a"cou nt Ih .. cyclotr o n 

aCC eiCr3l LO". o f t ll .. iona . Ihl' mean defl ection tin,e, Tb' .... a •• ec .. lc;ula ted 

during c .. e h ile r ation o f duntion I, so thal P b = 1 - ex p (. 6t t IITbl + 

)]. "' henever the d.,nec t ion proh .. bi lity equaled O. 'la, a 

rca.onably con l e"·.t' ,,e cri t e ri on, a defl e clion WiU a .aum ed 10 I. ke 

pl .. c" . The • ., ~m;;li l a ngle .catterings WCre not varied in a random 

fa shion. Scatteri ni .equence ..... ere c hosen .... hich ",e re more con. ervali ve 

th.n average. AI . o Ih .. def t.:ction. w er e nOI r cntic t e d 10 t he plane 

perpendicubr to Ih" .. xis of th .. masnetic mirror. The calculation of 

Ih" v"lo .. i l y or .h", inn aft"r a defle"tio n procc"de d as if the ion 

e n ... ountered a .ta/ionary ""r t ide. T he ion thu. e xperi .. nced a contin .. u. 

los . o f cnergr 10 i l l ne ighbou. In .. plasma of d.,nlity l x lOll ion. 

e m · ) with a SO,volt c m - I accele r ating cieCldc field a d"u teron wi th.n 

ini t ial enerBY of only O. l5 eV ia shown 10 have .. hillb prOb"'bi lity of being 

a cceleral e d i nt o the keY energy range wilhout b"ing _eatlered out of Ihe 

pla . n", vol"me. ( l) 

E ne rgizini in m o r e detail: F o r the nu m eric ... 1 c alculation of the motion 

On an ion. an ot~i t i. ?"- rtitioned into many amall arc lenith •. AI the 

beginning of each .mal! .. r c Ihe ion'. position, velocity, radiua, a nd 

guiding "enter are known. Th" ?",ra meter ' of the ion h .. lfway t brough 

Ihe arc a,c d e te r mine d .... well a. t be DC magnetic i nduc tion a nd t h e 

el"etric field pa r allel and poetpoend iculat to th" direclion of mot ion. 

Thc .e ,·alue. arc used as a ve, itg"·. over the a r c .e ll m enl in calculAting 

Ihe ne .... r a diu., veloci l y , guiding ceoter, po. i l ion and i nc r emental ?hiI'e 

cb.<i.nlle .. t the end of the .egmen!. Tbe above pr oee •• i. t hen repeated. 

A s i mila r ? r og ram fo r an.iL ly~in.il ion mot ion in a thr e e diznenlion ;>.1 

mi,ror i~ometry hiI. been u.ed. Tb" . Itenll lb of the electric field 

in"rea l e . W1th r a d iu. in order to fo rce a dr ifl of tbe guidin, Center. 

to .... ard t he I y=metry axi •• T he . t r e nilh of the rnagneti c field decrea.e. 

wi l h radius in order 10 fo r c e a pha'e lag a. Ihe ion ", .. e rg y incre, .. e • . 

When the phao e lag il ./2 r elalive 10 !.he irnpreued e lect"'" fie ld. no 

addi t ional ene r llY will be give n to th" ion. Calculation. bave hee n m.ad" 

fo r ion motion in a pLalma of de".il y up to 10 14 cm - 3. At !.h"'e 

dens it1e . the depr e .. ion in tbe mallnetic field become •• i gmlica.nt. T be 

po,ition. of a deut e ron af t e r each of milny rOlaliO"1 of the elcctric field 

i • • ho,,", in tbe .ketcb. The posit!onl olcillate aboot t he phille lag 

a ogl .. of ./2 radia nl , ~nd in 10 d oi n l form It parking .rea ... i odicale d . 

Since Ihe ion ... re nOI 1011 b y exce • • ive energization no r by leattering. 

II r e a t ly extended cont .. i nmenl time aCCrues throu i h the a bovc unique uae 

of R F fielda. (3) 

Pr:ex conta.iner, r =IOem 

~a pe of e lectric field 

.' 
10cm 

.-, Z • parkinlt ar ea 

_./l 
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H.F PLASMAS 

INVESTIGATION OF HIGH FREQUENCY WAVE ABSORPTION BY PLASt~ 
BE'l'WKEll ELECTRON CYCLOTRON AND LOW HIBRID FREQUENCIES 

B.V. GalaktloDOv, V.E.Go l ant , V.V.Djachenko , O.N . ~cherbiuin 

A. F. larfe Pbysleo-Technlcal Institute, Le~lngrad,USSR 

Abstract I In experiments descri bed the conditions of h:t' wave 
a bsorption by pla.smA and efficiency of plasma beating were deter­

mined. The sharp boundaries of absorption and heating were revea­
led. Data on efficiency of electron and ion heating were obtained. 

In recent experiments /1- 31 the absorption ot h! wave s b.Y 
plaa.a was obserTed between the low bybrld fr equency (CJ L) and 

the electron cyclotron f r equency (Well)' In an inbollOgeneous plas­

ma the absorption can be accounted for by tbe linear transforma­
t i on of el ectromagnetic waves into plasma waves poseible in 3 s e­
parate transforaatioD ranges I~/. Por a one-dimenei onal plaa.a 
l qer the boundaries of these re.nges are determined b,- the angle 
oC between the density gradient and the magnetic field. In our 
frequency band the transformation range extends f r om U)~ up to 

W" where 2 

(
m , ,,) Wp+W.,Wi,( on , li) 

W~=Q~ 1+ _. cos £x =~HU)iH , .• a 1.\2 l +~(..o$ V; 
lTIe "4.IP + ...... QII "'f. 

(i ) 

( ~p _ plas:Da frequenc,. for t he max:l.Iaal plaema densit:1,Well,<.J[H­
grrofrequencies ot electrons and ions): 

An ~lysis made by A.D.Pilija and V.I.Fedorov has shown 
that iD a real plasaa w1 th axial symmetry the on_ dimensional 
theory reaaina true qualit atively it the dependenc e of pla~ 
parameters on one of coordinates is much stronger than on the 
others (tor instance, it Vl,.n »V'Jn ). In the oppoeite case 
some peculiari ties can aris e. In particular, n ew transformation 
regions becoae operating near the f lex points of lines of equal 
plssaa deDait;y. 

Th. r •• u1te of two experiaents are presented below which 

were obtained with an 1JlI.puls device described in 131. In the 
first experiment an argon plasma was used at pressures 2.104

_ 

10-2~ Hg when the role of transverse diffusion iD plasma fov­
:Dation was rather h1gb. ( cl. ,. 9(0

) . The boundary of effective 
absorpt i on was found f r om atudying the conditions Ullder which 
p1&8JIIa was maintained. by hf po_r at fre quenciea much lower 
than el~ctron cyclotron. The power of 50w generator (f = 100-
300 Uhz ) was delivered to B single t urn acm diam. x 20cll1 10JJ{l; 

coil placed in t he middle part of t he device . Plasma behaviour 
was checked by iDtegral light emission. The sverage density 
WBS measured by a resonator near the coil. 

The plasm.a with n = 1010 - 1011 cll1- 3 emerged nt the strono:r; 
enough magnetic fields and ceased when tt,e magnetic fi eld de­
creased below the critical value ( H~~) . Fig . 1 represents the de­
pendence of light emission intensity on the magnetic field at 
a steady bf power level ( f = 116 Mbz) for various prossures . 
I t is shown that there are sharp drops of light intensity at 
sOllle critical magnetic fields ( Ht.~ t , H("~2) ' The nUlJlber of such 
drops increased with pressure and power level, whereas the va­
lues of the critical fields d1A:1.nished. 

• It ... 
I \~ 

' I'~~ . 
• J . ... H.' •• •• ~ 

'. H. <'<loo 

Fig.1 . Pig. 2. 
Fig ~ 2 showe the valuea of Hc:ti (lower group of points) and 

~~~2 ( upper group of points) for various operating frequencies 
and power levels (i.e . plasma densities) at pressure p = 7 , 5.10-4 
ma Kg . Both groups of the experimental points are close to then-
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retical curves culculated from .e~.(1) for tae angles cl. c-f 68
0 

( H c.~ I ) and 82 0 ( f.fC.-W . Of significance is the fact that the 
critical field value s do not depend of wa.v2 f r equency but o~ 

plas~a parameters. So the dependence on press~e mentioned C1n 

be eccounted for by larger longitudinsl density gradient.s at 
bigher press'll'&s (and consequently by sJlaller ci. ansles). It 
was observed also that the change of dischBr6e structure (dia­
meter) occured at the magnetic field equal to 1.In.2.' I t lIIight 
be related to"sv.-itch- off" of the additional transfoI'!Jation re­
gions mentioned above . 

The second experiment was curried out in hydros en at P '" 
: 5 .10-4 mm ijg when the axial density distribution W53 practi­
cally uniform ( cl. ::::: 9(0) . Plasma with n", 5. 1011 _ 5 . 1012cm- 3 

was obtained by )-cm microwave power under the cyc101.:t·01l ,'"SO­

nance conditions in mirrors . An impulse hf generstor (i = 116!-nlz, 
P = 31tw , 1:' '" 2 rsec) was used for plasllla lleati.Ltg . The power de­
livery reaained the same . The change of transverse energy of 
charged particlos measured by a diamar,net i c probe in dependence 
on the magnetic field is plotted in fiS. 3. The efficiency of 
heating is shovm to decrease abruptly at the o;lBn~tic field l ess 
than the vlllue 'corresponding to the low hybrid frequency (mllrkeli 
by tho arrow) , i~e: at leaving the transformati on range . 

I, " 6"" 

''' Hi!...,'\! 

• 
Fig . ). Fig.4. 

The diamagnotic ~easurments of the temperature di stribut i on 
(fig.4) disclosed that considerable part of absorbed power went 
to ion heating . Curve 1 shows the decrease of the s~~ary tempe­
rature with the reOloval frOll! the hi coi l at the di sto.nce of order 

of the ion char&e eIchange path (for the conditions of the experi­
lIIent ). i.::::: 5cm). The flat part of the curve corresponds to the 
tecperature of electronz for which the length of energy relaxation 
was ~ucb larger thac t he system dimensicns . ~he uniform electron 
benting in these conditions WaS confirmed by ~ha distribution of 
diamagnetic signal at apply1.ng a at.ort pulse of nicrowave power 
to the nddle part of plasma column (curve 2 , fig.4). 

It should be noted tho.t the energy input efficiency docreased 
at the maximal plasma densities (n > 1012 cm- 3) . It IIlight be due 
to the influence of evanescence region . The da~a obtained on the 
corr~lation bet ween elelctr on and ion heating are in agreeoent 
.,.;ith the calculationB of colli!!:ionsl d!llllping of plaslJa "aves. In 
the experimental conditions the effective collision froqurocies dc-
termiDant electron 
order of ~ngn1tude 

and ion parts of energy 
( .,}I! ~ ~~ .... 10-3) . 

w - -W"" 
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TWO-iON COLLlSIONAl ABSORPTION OF tON FREQUENCY 

EU':TROMO\GNfTIC WAVES IN A TQROIOAl HAR~ -CORE CONfiGURATION 

b, 

J. Adorn, F. AI..,orez de Toledo cnd D. Fe lli". 

ASSOCIATION EURATO ... ·CEA 
Oepartemenl de 1;0 PII,loqUI! du Plasma et dfl la FusIOn Cor!trOIH 

Centre d'Eludu Nuciea>reS 
Boi18 PO'l~lo ~ . 6 . 92 Fonlenily-au)( · Ro ses (FrilnGe) 

Abstract: The oblOrplion of the Fosl hydromognel ic wove propogoting in (I 

~jes plasmo (H + 0) hen be"" invntigoted in (I le",ilron-Iype device. 

In agreement with the calculations, th . wove cou ld be "X cited for experime n­

ta l parometer! appropriate to the col li' ionol absorp tion Ilnd the damping lenglh 

outside the emi .. i on toil wo, fOI,l"d to be minimum for W<o~::>(,J'" W .. <>' 

Collisions between two ion specie. provide 0 simp le w oy of th e rm~li­

zing the ordered motiooo indu ced in a plo.ma by electromagn etic Rf waves, 

with lublequent heating of the ion componen l , 

An anolysil of Ihot proceu .hawlthol the power Ironlfered from the 

wave 10 the ion. ilgiven by 

wilh 

w ~ _'_(l'·IE+rl+~ -I[Y'l) 

~:! ~:w W:, c.Jl, l w(wu - WCf) J' 
- / wc. c.J<. , «(,J1.c..J".,)(W!:(.)<'-1) 

(1) 

ood 
41t""' C ...... _~_ mi0~, 

/ "'2- n, 

E ! are the rotating components of Ihe RF electric field perpe"diculor to Ihe 

magnelic field (Ihe-lign correspandl lo the ion ~yfoticn dl.ecHon), The a;h~r 

.ymboll hove the ir u.ua l meon';ng hamina/i"n of eq uoti :,., (I) and o f Ih. phose 

rela lian. o f Ihe electric Field .how, Ihal Ihe e fficiency o f Ihe healing mecha ­

nilm il maximum for wc.:>c.J)o cv.:,. fllr Ihe." condi tion" Ihe ion' motionl of 

Ihe two .pede. ore oppo.ite in pho.e : Ihe 'Pa .. e charge. generaled tend to 

neulrali z e each olher and e"P"ciolly lorg" ion current.,Ofe al lowed la deve lop 

in Ihe p lolma. Therm oliza li on of Ih e ... mo l ionl i. ochiev~ d by ion-ion col li,i?n,. 

Ihe efficiency of the proce .. being lorge. fa. higher den.ili"s ond lower lempe -

ro lurel. 

That healing mecho"i'm wOI checked in Ihe hard-core con Figurolion 

de.c.ib"d below. Figu.e !ih ?w. Ihe radial 

pro File of the heOling role cam puled i" Ihot 

configu. o l ion for Ihe paromelen indicated 

in Ihe figu,e. An epp.ecioble hea ling requi­

.es 0 high value of the RF electric field 

('?-IOOv/cm ). However a ca"sid"rabl~ 

amplificolion 0 111.01 field con be e"pec­

ted iF Ihl conditions far mo.imum oboorp ­

lion can be mode 10 coincide wilh the cOn­

dilion. Fa. eKciling Ihe fOIl hydromognelic 

-" ~ " 2 

n:n; 2.1OI'Icm- ' 

Ww5.117s-' 
Ti w1JOcV 

IEI-lOO .... fcm 

2 4 6 8 r (cml 
J IG.L 

wove. Fig.2 IhOWI Ihe dilpersion rela t ion of the fall wov e computed by "ume -

rical i"tegral ion f1J far a hard-core geometry and a ola.ma c"n lai ning 50Ql, ", 

and 50 % D2 . For "{W -;.<0> > CJC$I ' the 

wove Ihould prapagole for n 'I: n D ~ 

2.10 14 cm- 3 , These condition. acluolly 

coincide with Ihe absorption condilion. 

indicated in Figurl I . 

The purpale of Ihe expe riment al work 

wo. Iwo-fold , 

- To check the posl ibillty of 

e.citing the fa.t wave in the e.pecte d 

condition •. 

~ 
~C'-----r--,"-,-,-wo--.,----' 

~, ~: ; n,i. •• O.1cm ,. 
,w 

05 ID IS 20 
_ FIG 2 _ ~/W..l. 

- To investigale the damping of th e wave. 

Experimenlal Device. 

Slalar B il a laroidot l evilran-Iype device with .upported ring. The 

major diameter of the .. erom;c ve.set il 150 cm, the minor diamete r 20 cm, 

The tarotdo l ond polohla l fie lds ri ..... lime il 300 F' After crowbar , Ihe f ie ld. 

~ecav W:II. 0 rime conl/onr of i ml . Th e !la. i, ionized b) 

the e le c tric field assoc iated wilh the time - varying mognetic field. ond heated 

by Ihe current induced in the plOlmO. The average densily, meolured by 2mm 

interfe,ametry con be varied between 2JO l3 cm 3 ond 2J0 14 cm· 3 , El ec trar. 

AND HEATING 

tBrn~erature deduced from the plalmo relil l ivity reochel ID to 20 eV. 

T 'ewovelore generated bra helical coil,periodic along the taroidal (k z"'O,l cm - l ) 

and ozimulhol (m'" 2) coordinates. The coil is supplied by c power o,cillo -

tor, the frequency of which cOn be varied from 5 to 12 MHl:. The umplilude 

ond profile of Ihe wove field can be meolured 01 d ifferen t 10cotion1 olong Ihe 

lorvs by 0 number of Imall magnetk probes. 

Fall wove prop09otion. 

The p lOlma density and Ihe m09net;c field both yor r during Ihe dura­

ti on of the di.charge. With Ihe alCiflator triggered 01 the breakdown -lime, 

an ampl ifi cation of the RF Held is obse . ved in Ihe plasm:., outside Ihe coil, 

when the e.perimental porometers motch Ihe propogolion ~ondilian •• The va ­

luel of nand B , meolured at the time when propagation occ" r ~ con then be 

plotted for campari.on wilh Ihe theoreti .. al cu rves. 

Figure 2 .... o w. the result of t.ho t compori$On in Ihe cOle 01 also % H .. 50 % Dl 
plasma . Th e ogreemerlt illot ilfoctory , a, expected by calcul ations, the fall 

wa .. e Can be "xciled in 0 two-ion plasmo at Ih. porameters oppropriote fo r 

colli,ianal damping (w/w..w"" 0,75 i ,,~ " "11 ;;:'110 2.10
14 

cm- 3 al ' he cen­

terofth e p la.mo) . 

Wave domping. 

MeOluremenl of the RF power absorption via ~he increase in ion tempe­

rature waS dilcarded for thi, e.periment, owing 10 Ihe Ihor t energy ca nfine­

menl time in Stotar B ('le " lOOjJ.'). The damping 01 the wove could be de ­

monltra ted however by measuring ill ottenuotion length outside the coi l. Th e 

decoy of the wave amplitude owo~ fro", itl eml ... o" ODu r"e can be due to two 

dillere"" cau,e. : 0" actual damping or an evon".cenl choracler ~I the wov e, 

if Ihe experimentol conditions orl llill hlly differe,,' from Ihe propagation con­

ditionl. Speciol core wo, tok e " to difFerentia le IhOle two effe cts by comporing 

Ihe Wave behaviour in pure D2 and in Ihe mi.ture H2 " 02 ' 

In Ihe cale of pur. D2. eKperimentol condill J nI correlPonding , ,, negligibl e do",..,ing 

can be found for any value of (wj (.)c.")o( measured ot 4 .5 cm from the ax is) 

between.5 and I. In the cOle of the m;'lure (H2" °2 ), "milor mea.urelllenls 

.how thol no- damping prapogotion il ob ... rved on ly for (W/W"",). volues large. 

thon.B5 or Imoller tha",55. Be tween tho,e limit. , the wove amplitvde, 84 cm 

owoy f,om Ihe co il, i. 2 to 3 limes Imoller Ihan il is in Ih" .:orre.ponding 

e xperim ents uling 02 . The ",easvred values of 

th e damping Il ngth 01 a function of (W,.G<.)o 

ore plaited in fi gure 3. 

He .olid cu!'\le in tha t figu re WO I computed 

or Ih~ bo.is of a model olluming cylind rica l 

g eometry, a given density profile cons i<len t 

w ith independent measurementl, and 0 uni­

form ion tempe rature of 20 eV. Although no 

direct meo.urem"nt of T i wo. mode, Ihot vo-

1,,1 is cansi.lenl with Te deduced from the 

,-, r-~~-~~-" 
(cm' 

tsri 

". _FIG. J_ 

resillivity meosure mentl. The rea,o"obl e fit betw een Ihe cu. ve and the expe -

rimenlal poin" giv'" confidence that th e ob,e!'\led damping con be uplo i"ed 

by the me choni~ we hove can.idered. 

f\J J . Adam, F. Alvarez de Toledo, P.H. Rebut ond A . T"ro"ion 

Plalma Phy.ic<, n. 297 (1969) 
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HARMONIC ABSORPTION OF MICRQ'NAVES 

IN MAGNETIZED lOW DENSITY PLASMA 

by 

R.Cano, I.Fidone, M.5chwortz, B. Zanfogna 

ASSOC IATIO N E U RATOM·CE A 
D~partement de la Phys>quI! du Plasma et de la Fusion Contr61t1e 

Cent,e d'Eludos Nuclealfes 
Balle Poslale nO 6 . 92 Fontenay -a u x·Roses (F'8nce) 

Abstract: Increased ionization ond temperature due to harmonic; cyc!olron 

absorption hove be"n observed in 0 low den.Hr, Worm magnetized plasma sub"' 

iected to high power mi<::rowoves. 

I . The absorpTion of high po"''' ' m;<;roW(lve. in {] low den.ity, wonn Argon 

plasma has been indirectly detected by incre~sed ionization ond tempe rature 

at the electron cyclotron frequency ond its second harmonic. Th is diffen from 

the direct measuremenh of Arunosolom et 01, ["1 j, in which abKlrption in 0 

low power transmitted beam by 0 high density plasma wcs observed. The ab!.Orp­

tion was investigated as 0 function of microwave pa __ ', pressure and magnetic 

field . The average density was determined by interferome tric measurement of 

the phase shift of the ordinary wove. Temperalure was determined by 0 

Langmuir p robe placed perpendicular la Ihe magnetic field. 

The 17.6 GHz mic rowave beam, modulated at 500 Hz, was propa­

gated in the extraord inary mode al an angle of 80· with respect to the applied 

DC magnetic field . Facussing af the beam 01 the cenler of th e dis<:harge waS 

accompl ished with t e flan lenses. The power of Ihe beam was variable from 3 

to 100 watts. 

11. In figu res I and 2 Ihe ion current to a negatively biased LonEmuir probe is 

lihawn as 0 function of magnetic field for two differ!!nt levels of input power. 

It is clear that relative ly little power is requ ired to initia te the discharge near 

the fundamental and second hannonlc af .the e lectron cyclotran frequency. If 

liufficient power is appl ied the d ischarge con be initiated throughoul the fre ­

quency range zfc ~ fi :;;:: re. ,where .fe.,to. ore the cyclotron and inci­

dent microwave frequencie~ respectively £2.1. In figure 3 thelhre shald power 

for discharge initiation is shown 0 1 a function of .:nagnetic field. The minimum , 

requ ired power at .f.~ =( can be accounted for by single particle resonance phe­

nomena and il well known in the theory of ,"icrawove break~wn in 0 magnetic 

field f3J 

. ~ .L 
15"= , 

Ion ia'lu rat-ion current of 0 l ongmuir 
probe la=oted in the center of the dil­
charge vs . magnetic field . 

Ion satura tion eurrent of 0 langmu Lr 
probe located in the center of Ihe dis ­
charge vs. magnetic field . 
FrooI7 , 6GH%1 Pi=IOOW FI '" 17, 6 GH% , Pi'" IOW 

Po = 10-3 tarr. 

11 

\ 1 ,. 
Threshold power for discharge 
initiation 01 function of mag­
netic fi eJ.d . 
Fi= 17, 6 GH% Pa= 10- 3TafT 

Po'" 10- 3 toTT. 

We specu la te Ihat the apparent reSOnanCe pheno­

mena at ti . 2f", represents 0 pla.ma a .. is ted mi­

crowave breakdown . The high frequene.y micro­

wav eS may cause suffie.ient ianizatian,resulting" 

in a low density, worm plasma that escapes detec­

tion by the relatively insensitive method used to 

detect breakdown. Cyclotron absorption (to be 

discussed shartly) then results in further coupling 

of power c"lminating in 0 clear breakdown condi ­

tion. 
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Ill. We now turn our attention ta the plasma aspects of the experiment. In 

figure;4 and 5 th e measured temperature , T (e V), and density, n (cm - 3), at 

the fundamental and second harmonic ore shown os 0 function of input power. 

The density is seen to vary linearly with power. 

""",-1] 

\~'~1 r··''r,-----,------, 
T. !. V) "~"" l] . "~."''-~------

I 
J 
J 
/. 
/. 

, / 
• 1 
'I 

• • .r .. . . 

, . 

j-'- .... -.-, • .--.... - ..J.PI .... ) 
. n' ~ _ 

Meolured t8mperotu,.., (£) ond de~5i­
Iy (_) vs. inp"t power 01 ihe second 
hOrnlonic. The doshed line is calcula­
ted from eq . (l) 

MeosureCl temperature (.6.) and denli­
ty (.) vl.inp"t power ot the f"nda­
mental. 
Pa =I0-4ToTT - Fi "' 17, 6GH% 

Po " 10-3 Tort - Fi = 17, 6 GHz 

The temperature e>thibits linear behaviour for low power, but is constant for 

~ *' 20 watts. For low input power the relatively low v'alues of n, T suggest that 

only el a.tic, binary collisions ore of importance . Ifwe oSS"me the dominan t 

heating mechanism at the second harmonic to be cyclotron clua,plian followed 

by coW.ional therma!iza lion we may write : 

(1) § 1."£ _ .... b-vT 

where b oo fraction of energy transferred per collision 

V = callisian frequency for moment"m tmnsfe r = Po Pc: Vth 

~ = pressure in Torr 

Pc. '" colli.ian probability (token to be constont for simplicity) 

Vt~ = thernla! velocity 

Now r .E. =~ c _ £l 
V V 

'J(V~.t l'(~rh(,J~ot"Ie 
'2V2 c.~ 

where! = geometrical Fath length of radiation through the plasma 
l' = W~p Wc 
9", 80·, ongle between the direction of pmpogotion of the wave and 

D.C . magnetic field. 

Y = interaction volume. 

We use the e>tperimentoJ values to seooralely calculate each side of 

(1). Thus for T _50z'l, n ~ '.Eo 10"'= -I, ~"'.oI . (I~, I! '" 1O'
3
T.reth e call i.iona I thermal izo­

tian (RHS) oo '2~while cyclotron absorption (LHS) =6 ~in reoSQnable 

ag,..,em .. nt. 

The constancy of t&mperature for Pl~ 20 waits ma y be indicative of 

inelastic processes such as eXcitation, and ionization now dominating the plas­

ma behaviour . The calculation of abscrrplion near te. is conSiderably more com­

plicated as the wave must firs t travel through 0 c"taFf region by tunneling, be­

fore reaching the reSOnance otthe upper hybrid frequency, -t" . Here we make 

use of 0 simplified expre",ion for ab!.Orption, due to Sudden [4,.1, to calculate 

r.E. In Budden 's mode l the energy accumulated at the resonance in the limit 

of'ol_Ois determined . The introduction of a f inite I>results in hea ting os inthe 

case of absorption at the second harmonic . We cOn write: 

(2) P; <z - 2X2 A; = 6'V Tn \j 

where Ll.1<,.Ll.x(n,B)= distance that wave must propagate beyond th e cutoff to 

re ach the upperhybrid resonance. We have separately calculated both .ides 

of (2) with experimental values and find agreeementto within an order of mag­

nitude . We believe better ag,..,eme nt would be illusory because af the diffi-

cuJty of determining Ox, and its appearance in the e>tponential in (2) . 

~: 

ilJ 
[2} 

[3J 

V.Arunasalam et al. - Physi cs of Fl u ids Vol.11 n"5 - May 1968 

A . M . Me .. ian - P . E. Vandenpla. - Ph)"lics of fluids Vol . 12 nOlI 
Nov. 1969.(Some alpects ofthlsexperiment ore similar ta ours). 

A.D. Mac Donald, Microwave Breakdawn in Gases - Wil e y (1966) 

14.1 K.G . Budden., Radio waves in the Ionosphere - Cambridge University 
Pre .. (1966) . 
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H.F PLASMAS 

THE INFLUENCE OF AN ELECTROSTATIC FIELD ON 

C¥CLOTRON RESONANCE BEHAVIOUR OF A PLASMA 

by 

D.e . Schram, P. Mllnlntveld and E. OOrd 

Association Euratom- FOH 
FOM- Instituut voer Plasma - Fysica 

Rijnhulzen, Jutphllas, The Netherlands 

The theoretically predicted influence of iOn electrostatic 

field on the energy gain of electrons at e . c . r. is confirmed ex­

perimentally by measuring the loss tangent of the plaslM as a 

function of an applied D.e. voltage . The appl icability of this 

effect as Il heating scheme i& discussed 1n general terms. 

In Il recent publication l ) the influence of an electrostatic 

field on the energy gain of charged particles Ilt cyclotron res­

onance has been studied . Here a circulll"r!y polarized TEH wave 

(101 , k) was assumed to propagate along a uni f orm static magnetic 

field . In the following g~eE~/mwc, a-eEo/~vp' B-eBo/~-l, are 

parameters defining the e.m. wave, the e.s. field, and the stat-
:2 2 2 2 

ic magnetic field resp .; o-ne 8 /m~o'" -"'p/'" , is a parameter 

fo r the electron number density, ne ' Close to the r e sonance 

even a weak external ef f ect, here an e.s. field, has a consider­

able influence on the motion of single electrons, resulting in 

a change of the charac teristics of plasma. 

In the absence of an e . 5 . field, the so-cal l ed ~undis turbed 

case", the ene rgy of the particle i s a periodic function of 

time, Fig. 1 curve "0", and an oscillation time tos can be de­

fined. This remains valid if the relatiVistic mass variation 

a nd axial velocity variation due to the Lorentz force a re taken 

into account~) 
In the presence of an e.s. field two regimes can be distin­

guished, depending on the time scale on Which the _.5 . field causes 

a certain change of the resonance function, r(t) _ (III_kV
z

_fl(t»j.o21: 

"strong external effect", the particle is pu lled out of res­

onance within the first oscillation period. A stepwise energy 

increase is found (curves "1.03", "2" of Fig. 1). 

~weak external effect", the particle remains close to reson­

ance : a continuous increase in energy is added to the undis­

turbed OSCillatory behaviour (Fig. I, curves " .1 ", " . 5"). 

At the transition, a-asynchr.' defined as the synchronous case, 

a continuous increase i n energy occurs (Fig . 1. curve "I"). 

0.3 -

fI 
.5 

0.2 
v 

0.1 

o 

o 1000 2000 
- - wt 

Fig. 1. 

Numerically calculated gain of kine­

t.ic energy as a function of time: 

c
2
/v;_0.75, g_2.IO- 3 , v(t-O) - O,B-O, 

asynchr. _I.2 x IO- 4 . The quantity 

a/a~ynchr.iS curve parameter. 

The reactive and resis ­

tive behaviour of t.he plas­

ma has been studied for 

the ·undisturbed case" in 

Ref. 3 . Using the same ca­

libration for the electric 

field strength of t.he e.m. 

wave as in Ref.3 . we find 

for B~O (at cyc lotron res­

onance ), a-O (no e .s. field), 

l-e./ ~ 900 -1/3 
o k-o .a-O Pin 

where Pin is the incident 

power of the e.m. wave in 

Watts_ If an e.s .field is 

toppl1 .. r'I .. part of the elec­

tron s is accele rated and 

a part is decelerated. 

This leads to resonance 

functions of opposite 

sign and. consequently , 

to dielectric currents of 

opposit.e phase. For high 

values of the e.s. field 

parameter a , the permit­

tivity. t, tends to the 

vacuum value 1. 

The loss tangent of 

the plasma can be calcu­

lated if the time of es­

cape of the pa rticles is 

known. Experimentally3) 
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tes z 1/2 tosl yielding ~ ::: 620 p~~/3 . 
'Ie-o, a -o 0 IB-o, a~Q 

Evidently, the l oss tangent will show a weak maximum for 

a-asynchr.· For values of a,asynchr. the step in energy de­

creases with increasing a. Consequently. if the escape time is 

assumed to be independent of a, the loss tangent decreases. 

The experimental facility shown in Figs. 9, 10 of Ref. ] has 

been used for the measurement.s. Two electrOdes were mounted on 

the axis and a negative D.e. voltag_ was applied. The magnetic 

field strength of the static magnetic field was chosen such that 

the cyclotron frequency was equal to the applied f requency (B-o). 

The loss tangent, t he permittivity, and the densit.y of the plas­

ma were measured as functions of the appl ied D.C. voltage for 

several values of Pin ' The ICesult for Pin-20W are plotted in 

Fig. 2 (normalized to the density): the loss tangent shows a 

maximum at V-2 . 2 . Volt, taken to be Vsynchr.· Values of Vsynchr. 

for va rious values of Pin are plotted in Fig. 3. 

"'" 
!.!;!1 
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I '"'' 

, 
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, \ 
. \ 

\ 

':.,,20 W 

t'*. 2.&J&GHl 

\ 
\ 
\ 

\ 
\ 
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Fig. 2. 

Measured loss tangent and dielec­

tric const.ant as funct ions of the 

applied D. e.voltage. Vsynchr . is 

the value of V where tg6/o is max. 

, . 

Fig. 3. 

V synchr. as a function of 

Pin . The dashed line is the 

theoretically predicted curve 

for a Oebye length Ao ~ 1 cm. 

As predicted in Re f. 1 we find Vsynchr ." p~~3. Taking t he field 

calibration of Ref . 3, we find theoretically aSynChr.-.92l<IO-6x 

xp~~3_ The e.s field is assumed to be constant over a shiel ding 

length AD of 1 cm , which cOr>:'esponds to t.he measured ne" 3z1017/CC 

and the e st.imated parallel electron ene rgy of SO eV. The experi­

mental r e sult, V5ynChr . - -27~P~~], is in agreement with theoretic ­

al predictions. 

Discussion 

The mechanisms discus sed here may, in more general terms. be 

applied to heat plasmas. A discussion of both cases, weak and 

strong external e ffects, may be of interest. 

If the external effect is weak, the energy grows without any 

limitation but time . However, even if the densit.y is small the 

plasma can become extremely reactive, while for higher densities 

cyclotron absorption will damp the wave before large energie s 

are reached. As a heating scheme it is only attractive in very 

t.enuous plasmas of large dimensions, e.g . ext:r:a terrest.J,al plasmas. 

In a strong e.s. field a quasi-colli'sional energy gain occurs. 

The reactive compon~nts of the current aICe relatively IowaI'd 

can be chosen zero by choosing a value of 11 slight l y different 

from zero. The permittivity of the plasma is close to the vacuU!l\ 

value. This mechanism could be applied as a heating mechanism in 

which the heating rate can be chosen. It should be remarked that 

the external field need not be static: e.g. an e.s . field vary­

ing slowly with respect to t.os leads to repetitive heating . Such 

electrostatic waves can be i ntroduced i nto the plasma. Frequency 

modulation is an attractive alternative as an external mechan:iSln. 
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Neutron Production .by Vc!'t!!X Annihilation in the "Plasma focus " 

W. H. btick , L . GruriDeri"r, W. Prior, and V. tlardi 

Stevens Institute of Technology , flohoken. N. J . U.S.A. 

~: l%i1{;e-converter photo .. raphs show that when neutrons are beinr; 

produced in the "plas ... f ocus" the hot dense plasM is not concl!n~ratl!d on 

the axis but is i n thl! regions IIhere plasma vortex filament annihilation 

is takinG place , Analytical !lol~tions for particle distributions and 

fie lds have been found which pt'l!dict thl! "Kisten!:1! of these .. l a"",,, filaments . 

1"",&1' converter phot ogNlphS
1

,2 of the continuUII light coMing fl'OII th" 

phot ographs. figures 1 aN! 5-nanosecond I . C. axial-view photographs t&ken 

of a "p14:1 ... focuS" (3.5 I<j energy storil!le) operatod near the threshold of 

nautron produ<;t ion. The centar conductor (3 . 4 ell in dia . ) is ~ and 

therefore tne light .. hich usually co_8 fNICI tha copper plana with a solid 

c"nur conductor does not !"urhre with the detail of the photographs . 

figure la Is taken at t h" moment of iIIallimulll co"",renion ( .. inilllu," rttdius ) 

wh~n the lwt.inous plasllil di"lIIO!!ter is about" '""' . and there a .... on the peri-

phery of .this " mm disk a series of bright dots Which represent loclllly the 

Miinning of the silWlt..,,,ous annihilation of the several vortell fi l <"llDllnt 

p!lir~ . ~:Ote that the photo is taken .. t the sharp mini""'lI of the .!!!.. when 

" the .... is "",xi",,,,,, back e mf due to I ~, 40 n see befo"" th" neutrnn pulse 

" has started. rieure lb taken !lbout 30 ns lat er ohows lION! claarly the 

brignt spon a t fi l amen t apelles where filament annihilation is occurt'inB, 

but the neutron production i s still essenti!llly nro. rillUNlS l e and d are 

taken when neutron product ion is occill'l'ing Imd on tha back dope of the dI ,,-
signal. The bright Spots in the !'egion of vortex annihilation iln! quite 

clearly seen in figure Id. rigu .... s Id and ........ taken after the dl signal ,,-
hlls essentially returned to norm"l and Mutrons are being produced . Note 

. ---<:~ 
-- 1--. ~." 

'-V----­
~-

HI; . 1. 5n seC . i .... ge converter 
~hoto$ along the axis of a plas,"" 
coax: dl accelerator with a hollow 
~,4-c ... dia . c"nter conductor. 
i "ne n (ne~tron produc t ion) are 
5ho.m. T! .... -of-f light correction 
nas 1o"e n zad .. . 
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that in none of th .. photos, when .neutrons lir e being produced, is there a 

... rked pIllS .... concentNltion on th .. a>ti s , and in Heurl! 1f thare is no illWII-

inat ion at all f .. om pla~lDiI in tha vidnity of the lids . The .alliml1lll COnCen-

trdtion of pIes"", on thl! 11)<1& has vanishad 150 nsac before t he peak of neu-

tran production occurs. 

With 11 hollow Center conduc t o r ona hlls a "two ring clre",, " : the con-

figuNl t10n of plas-.ol vort ices and current sheath inside the center c onductor 

is quitl! similar to that occurring outside t he center conduc tOr" . figu re 2 

tllken obliquely shows the tWO hot are .. s representing the regions of VOrtex 

Ilnnihilation I proceedin .. in both di rections aloog the axis , one ins ide the 

center conductor , One outside the center 

conductor. J.P.BaconnetJu aI , with sch-

Heren .... asure-ents and TholOpson scatlllring 

..; lnC:aSurements a l so observad that the plasnoa 

~ i s not concentrat &d on t he ads when neu-, . 
• <:! trons a r e beina_produced. X-ray pinhole 

photog ...... phs by J. H. Lee" IInd by 

NatherSet aI, s how X-rays producad f roll 

an extensive halo pilttern liS well as fro. the I'<!gion on the IIxis . All of 

these observat ions show thllt the IaDv!ng boller lIOde l which explains neutron 

end X-ray produc t i on nn the ba5i~ of an IIdi llblltic. compNlssion on the ilxis 

is incorrect, as indeed the product of d-d llxia l center o f . ass veloci ty 

(loBClO / sec . ) and neutron production t i ... (1 to 2 ~ sec .) has shown i t to be. 

These observat ions illso show that the tr!ldit ional si .. ple beam tllrget JIOde l 

Which assullf!s iI single pinched curN!nt chllnnel on the a xis with an acceIer-

IIting electric field produced by the I <.1 1.. is incor rect : tha ne utrons COm8 ,,-
considaNlbly after the peak of this alectric field. Lv'en Bernstein ' s6 

..:xlifiad bea. t=get "",del whi~h aSSUDe$ a single pinched channel, i s un-

tenable . The observa t ions s uUest t hat the deuterons gain energy fro .. the 

dectric .fields ('I " t - - ~B) in the reGion of VOr tex annihIlat i on and ,,-
tha t these deuterons are than projected forward into the II$-Yllt - uocom-

bined portion of the f ilament pairs . These stablo vortex fila_nts IICt 

as particle iluid", ( see br ight port ions of fila_nU in figures Id,e, 

and fl and it is within these filame nts t hat the accel"rated deuterons 

encounter target deuterons . It .... sr be recognized thllt the acce lerilted 

~euterons ha"" complicated t r ajecto r ies in the ,"ilgnetic field of the 

fil a_nt. The aodal of nllutrcn production ca n ellplain why neutron yield 

with a p",,!tive polarity cer>ter conductor is higher than with 11 n .. gative 

center conductor . J . H. Lee7 has "",asured 1111 X- ray s'pectrUID (> lOO kllv) 

rro:n tna plas .. focus and finds tha t it follows a power l aw as does tha 

X-ray spectrum from solar flares . we believe thllt the vortllx IInnihila~ 

tion process observed in t:u laboratory plasma focus is "5sentia11y the 

solar f lare "roeess. 

Solution~ of the " '1""t10n5 for the particle dis tributions accoun t 

for tha generation of thesa fila .... nts in th .. current shellt11 and "rovides 

theoretical profiles o f the magne tic fields, density , and·Jlllss flow with-

in the fil ...... nu . 
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'nICOr)' of Magnetic Bundl e s in Dense FIO'oling Plasma. 

V. liRl"dl 

Steveoa lnst! tute Of '-"chnology , Hoboke n , II .J. , U.S .A. 

Abstract: An exact t heory of plasma rilame nts observed in coaxial accelera­
tors (CA) is d erived from" st .. ad,y - stll.h h >'bt ~ 0) description of the t hree 
dimensional n"" of reacting d euterium plasma . Neutron IIZld x- rllY production 
at the mut;~le of the gun is associated by this the ory with the rapid varia­
tion with time of the magnetic s t ructure of the filaments (bundles of h .. l1 -
c6.l fi e ld line s) in the final (focus ) stage. 

By considering shock_wRve conditions for the current sheath (CS) I n 

CA, It CILII b e proved( 1) that the plasma vortid t1 ~ '" t '!'. x ~ is large in 

the reg ion of space "here t he fl1am .. nt s are 10"8t .. d, immedia tely b ehi nd the 

ahock front 2. ( Z can b .. con~ idered, essent1ally, as the foremost luminous 

f",c e of CS) . Vort1city Wld fillLll1ent ",xiB have the s&ne orientation(l) (p"'­

r"lle l to the ~- !lXh ; a e" rig . 1 ; " ahout a relev!1l\t Ion of generality Ile 

tall e l:I/~ z ~ 0, the fil .... e n ts are con~idered as paralle l cylind" rs) . The 

e xi$tence of Il large ~ in /l 

___________ ~----- n/lrro" region of space (con-

..... """I>C .... ,, .. ",",., .. ". 

L"","_" .... ~. taintng the fil .... e nts) is not 

sufficient to conclude that 

·vortex atructures e xist in t ha t 

,''''!O<T_ 

" 

... " . region. l-!ore stringently !1l\ 

, ...... ~ analy tic descript ion of the 

. ... , ~.:' E~:::ii·':.';:""" plasma can be deduced " hich de ­

______ '-'-,L._. -, -...:::::..:=='----- Picts the vorte x nature of the 

filaments . '.I" can aho" that a 

Btrong component B
z

(2 . 103 gaUSH and larger) of the s elf- consistent magnetic 

fie l d exists alo"g the f11"",ent !lXis (o r thogo"al to B& ~ By) inside the 

fill\l!!ents . This fact "lIS I1lready pointed out. by magnetic probe measure­

.,ent .. (2). The density in ph"se sp"ce for ion and electrons f'!. s"tisfiea 

[,] " here d/dt is t he Vlo.sov's ope rstor 

with adf-consis t ent fields! ~_?.rjJ,!! .. ~ x.!l; 1> /-01. "' 0 in the CS frame 

of r e fer e nc" (moving >lith a v e locity u
o

'" 101 cm!s ec in t he lab. s yatem); 

the source t erm S accounts for ionizat ion PJ1d r ecombination reac t ions. 

The role of the neutr ,,1 at~ is si.mply to affect t he anisotropy in velo­

city of the ne>lly-bor n charged p .. rt lcles and to func tion .... a r eservoir for 

lons PJ1d electrons. Neutral "toms !ll"e furth e r disreg!ll"ded . S is choaen ad 

hoc, .. ccording to the crlterl,,: I) A solution of III can be obtained "t a 

glance if a solution fv of the Vlasov eq. dfv!dt ~ 0 is knO\m; in our case 

fv ; fv«(,pzl; the correspoOOing macroscopi c quantities and th"ir re l e va nt 

derivatives are continuous funct!oos . Il) The solution f ,.ust generate 

specific mass aOO current flows [m+p+~+ and 1 = e('p+~+ - P_~_ )] which a r e 

sugges"ted by e xpel'iOlental evidence. This is convenientiy accomplished by 

considering 5 as a COllection of many (including a con tinuous distribution 

of) typical terms, Le. 5 =L
1
1"fS:1 i . The par"ticles are ajected On (by ion1 -

ution), or removed from (by recombination) orbits which are defined as in 

t h~ Vlasov theory a nd can be labe lled by some constan t of the motion . I/e 

chose J.l- ( r , p) = t + r with 
/ :!:. z2t212 

f.± = (vx +Vy +(vz+c:t1 ],./2 , r
i 

= :!:.e( p + c t Azl 

c t : constants , c + > 0; the typical t~rm $, i = $"$'!-1) is the n depe nding on a 

specific nU]!ledcal valu"j'-i of)'". As an exaoonplc if 

$ " $xtri) : fvY') LY'i) d!d t [C('fxi) C(Dxi )] 

where C is the Heavi"side ' s uni t function ( the ionization spectrum LY . ) is a 

cons t ant and 't" .=v -D .112,D .=( JI. . -r)!. -v 2_(v +cJ 2 ] then 1 
'U K X~ K~ / ~", Y ~ 

f = fv + fs = fv + LCC'I'xi) C( Dd ) fv 

gives a solution of [1] . for the lion-linearity of (1], t he self-consistent 

fields in dldt, f, $, i are always deteI'lllined according to the total S. The 

complete theory is presented e lse llhere; >le list here some of the results for 

the case fv.t=const . ~-«±rt , fs+ = 'p"- ' )z=lzv+),,,,=-e (P v +c.-Pv_c_l+ju 

uZi~-Pv±c/'\(.rvt+Pst ) , Co ~ s peed of light , U~s,Uys ~ 0 (Le. no contri­

bution to t he net charge comes fr"Olll t hc source-controlled part fs of f , etc 

aOO r+ , r-> o. A
z

,!6(u . e . .. . units) satisfy 

. V 2Az = 1fT~ (.Po+ (c02,c_ ) e _dlC+r+ - po _(c02/c+)e- ... - r-~ 
and ·s imi l ar equation forrp; Po+' Po- =lconsta~ts > o. \/e find the conve­

nien t solution ( A =[e (c _c )]- 1 In(r f.t.+ r /0(_) {f . f , 
z - + 1 2 v+ 0+1 

[ 2] tP =e le(c - c _ ) In(f,c_/c+.(+ r/I,C ) > P " p. r, 
2 + 2+ ... 2 2 v_ 1 0- 2 2 

.. hh r l =(II/c(+KI )1 3&/"'1' [1 + Ig lI2]- , f 2= (II/0I._K 2 )r&2~ 'ti [1 +l g 21 ]-
Ilhere ~l' g22ar~ IOrbitrary functions ~f the co~plex variable J[ = ~.+ iy 

and Kl ~ -e Co Yo+(c+-c_) 211"/c_ ,K2 ~ -c_Kllo_lfo+c+ ; c_ < 0 If the g un 

is operated '~ith " positive center electrode. The conditions ri > 0 imply 

A" > 0 and, if p > 0, Ic - I > ~+ ' i.e. jz is mainly carried by electrons. 

The magnetic field lines in the x, y plane , 

r
1

r
2
"'+"'<- 0 const. ~7::('t"-llnes) 

are in g eneral different from the equipotential lilies r:p = const . (the)l 

be~ome nearly coincident if c+ '" c_ ; this case ia consistent with a 
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negative center ele ctr ode ; dirfe r ent solution ~ .. ust be considered i f c +",c_ ). 

In the particul"r CllSe Fl ~ const. F2 thc t \lO systemsof' lines are coinci ­

d ent and t he net ch!ll"ge d ensity is proportional to the ma"~ density (slightly 

positive plasma; some c l ec t rona are rcmoved at the electrode,,;~ at:. A",) . 

gl ' g2 are chos e n according t o physical conditions on f .. nd on th" fields , 

in p!ll"ticul!ll" to the periodicity of th e f il8J!len t arrangement (e.g . .. simple 

period ~ on the y 11.%15) . Since ionization is high on CS PJ1d ",uch Bm"lle r 

far from CS , \le conSlderf~ -..0 for x-+ ~ OO\lhe r e practicall)l only neutral 

a t.oms e~ist, et-c ·
2 

i/~ c~nvenience \le can take gl ' g2 both of the .. M e 

form g " " + (1+ .. ) e ~ ( a I ' a
2

"' constants> 0) already used i n n 

Jmollll treatlllent(]) of the plasm .. fU .... ents (thst tre" tment "'as confined t o 

A~ Y Ay"' u
x

"' u
y 

~ f+ -r_ ~ 0). The e~plicit expressions for't'(9,A
z

' . . ) 

in S define functions't'of<p, Az ' .. , locallY, Il!th X,)I which play the role of 

the p .. r .... eters d e t ennining the connections bet"een successive branches . By 

tllking't't;t m vr - D'!: il/2 (the psir of or thOg<lnal components v;:- ,Vy r e ­

placing v~ , vyl for 1'"1 "!:::)Ao \le have a particle now collineo.r \lith the 

't"-lin ea. in som" (x .y) region; "it h the spectrum L ~ ,f'-fi (b +b. j; .+ .. . +b~ I' .~) 
r r 2 0 1/ 1 ~~ 

1J e have u't; ~~oj( -A)( 132)] . )o!"gne tic neld lines IIlld colline"r flo,," 

~ 
, ... ~.. . 

~ . i : •• , • • T ~ • ~ ~ f 

", . '" f, ·'·' 

on (x ,y ) lLTe depicted in ng. 2j ,131 ;/3 2 are the values of r r e spectively 

on the fU"",ent !lXill (.,ui.,um of , ) and on SOme close line <f ~ Lf(rO) 

crossing in M the yuis (Il e hav" considered'l o( A", fo r s i mplicity) . N Is 

give n by the 1:_line "hich is b eat fittin g the optical profile o f the fila­

.,ent ; for high current. across CA, M -;' N can COincide "lth y ~ 0 (thcn CS 

has no fU_ent structur" b u t is optically" continu"",; s"e nl.'.. 2 ). From 

the expression of j -z: 1J e estll1l"te Bz;the upper limit of B
z 

(,.!lXimum v .. lue 

on the filwne nt B~is) c .. n be e sU .. a.ted, apparently, only by" st"bUity 

PJ1alys15. Ea.ch fUWllent h a bundle of helical magn etic field lines \lith 

" pitch incre .. sing f r oll the pe riphery to the a~i s or each filament. A fila­

ment on the CS can perfor1ll 115 a "~orkscre>l" device (b) (Sine1'lIikov magnetic 

tr"p) for p!ll"ticles r e .. ching CS 1Jlth a large velocity component v~ . A cy­

clot r on r es onant t r ansfe r of kinetic energy occurs from z-direction (that 

we consider from nov on as defined by the f11""'ent axis ) Into t he Lonnor 

rot ation. At the dense rocus st"ge , the CS is partially collapsed in the 

colllllUl but the filamen t still exist both in the c01l11lUl 8 S well in the off­

!lXis , st111 advancing . part of CS . Time- dep"ndence "6 " ell &s ~ -dependenc" 

b"com" then n"ceSB!ll"Y . It 18 pOSsible , howcver , t o see from the static 

solutions that even a 51."18.11 rear r""ge.,ent in mass flOll' or net cha r ge dis_ 

tri bution c .. n produce drll5 t ic ch .. nges in J. PJ1d so l!ll"gell y'bt and l!ll"ge 

!-fields vhich CIL1l IlCceler ate r el"tively f"" particl" s. The B
z 

variatlona 

lLTe respOnaible in par t for the ",ccele ration of reacting deute rons v h lch 

collid e pr edominantly in the r adial di r ection (S); Bo vart&tions are res­

pOnsible for the "xilll cent er-of- mllSs -veloeity ( 2.108 cm/sec.) o f reac t ing 

d euter o ns(S). The r e is so.,e evidence that th" del!\,)' of the cClD'lll!encell\e nt of 

ne ut ron pr oduction (with r espec t to the time of maximum of compression of 

th" ce nt r al collllll!l) co r responds to the rel!lXation time of th e .!!.' p rearrange­

",~nts 1Jhich trigger the field d~cay at Some point of the column. As an 

e XlLll1ple . /'£.f-. / (by Schlieren) disappelU's{6) on the cent rlll column after 

the ll"u;imum oompre8sioe . but b e fo r e the neutrOn commence ment . 
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!lESS!:: PL.\.S!JA fLOW FROM .AN ELECTRODE CONIC SOURCE 

by 

" .,l. ~1_Khtt.h.f .. yY, E.!:. ~oCIII , ~j . F. El-!!ena l! .. 'O'"Y, 

II.A. EL-~:"'8ry, !l . S. :<;l-G"ai1y and Y • • !' . Volkov'" 

J.tem;c Enerb'Y Esl"bli ab .. en l , Cairo , u."'.n. 

~: Density, velocity AIld tempo ....... ure of .. pI . . .... flo ... have heen 

mu.llured a" /I. fu"cUon of tl ..... dist .... ce and intonsily of the magneHc 

field. A cbange in the cO!!!po.iUnn of the flow head-part h •• been invu _ 

Ugllt ed. ParUleLer& of pl aa m .. which .. ppe .... in the t"be .",d",.. Lho efrect 

from .. plnl;l a llll Cone into .. Il l .... tube PC'c", in lengt h &lid 4cm in di .... e_ 

t er. The lube yas pl.c ed In .. i ogHudi,lII. ! .... gnoUc field which could 

range from 0 to ~ I<r,. 'the pla.Ja .. "aa produced by diach .... g!ng t.he ".., .. ci t o '" 

equa l to 4 . 5p n c. The plum .. den . ity ."s determined from Stark-Broadening 

mea surement . o f H.6epec~ral lino. The DIOllocro"ator ...... ne ed La 'C&nn the 

!llI ep eeLr.l line .Ilh very D.rro ... uit ,lit. IleI.Uve time v a riation. of 

the ... id th of the Mpectr.l line durin& • MiD&le djecharge can he ohL.iDed 

knowing the ratio of the tot .. l line InleDalLy It 1.0 th .. t .. t the line ceR_ 

te r 1",..., at e .. ery InMtll!l~ of tirae. The ch&llge in the pIa .... compoeitioll 

...... in .. eMtig .. ted by m ... eurlIlQi the r.tio of H"epectral lin. total Int,nei­

Ly to the tot.l intendty of impurHy bne. If ,.he temperature chang.d 

.. r e .Iight (bT,<:Io.lleV) the r.tio of the total InleD.itl.a equal to th .. t 

of the de".ity of lhe r.di.tor' • . The el e ctron teraper.ture .... deterwined 

:;:-On le ... e fro .. the Joto .. !c EnuO St.te COllllllittee , USSR. 

from th. n.l .. er-Iprung ...... ure",e"t •• The e l ect ron LeOlper.ture ilt the 

.ource ..... eetira"ted .ccordln& to the pi ....... conducti .. ity. To .. e".ure 

deneity of & pl ..... a which .ppe.r. in the tube hefore the pl .. a .... flo ... i. 

f o,....,ed, the .. icro •• ve interf e ro .. e ter ()._4_) ..... emp l oyed. The flo .. 

.. elocity •• _ me •• ured .. ith t he high-.peed camer •• Th •• rrang.ment of the 

m. i n unite .. re .hon In Fig. ( I ). 

Reeulh &lid Dhcuulon, .u Been fro .. Fig. (2a) the .bock ... ave h fG,....,.d 

.. I. • di.tance of .. hout aoc .. fro ... t.h. 'ource. Up to t.hi ... o .. ent the pi ... .... 

flo .. ""iated, the denaily or .hlch .. oootoolc .. lly iDcre ...... Fig. (3).ho .. . 

dcn.lly v.ri.tioo ... itb di.LaDC" . The flo .. maxi .. um dellt!ity ia tak.n for 

o (X",28cm IUld the deo&1ty of tbe ehock .... e frollt ie takeo tor I.}a4c .. . 

With the ineru ••• or tbe dhl .... Ce from the .ource. Lhe dlneit,. or .. 

ph.a .... rall~ off .... d the .... gne tlc rield at.rta to reduce P"l'Ucle, .cap_ 

log to the ... 11 •• With the incre .. u ot the magnetic rield ' g ... pick Up a t 

the 6h~ck ..... ve begine to do .. in.te over dlfru.lon and reco .. blnation and 

d~n .. lt,. g r "du.ll,. ;ncn ....... ith dt.tance Fig. (3). Fo r inv" a t l gaUnn nr 

the chlUlgec ;n flo .. co""o.it!on, th .... 0.1. hright line at the vi.ible 

epect ......... as cho.en (Fe 1 4271 A). Fig . (a) illu.tr.t .. the ...... ured ... _ 

ult •. cI7e) i, the intelll,jty r .. tio or the lin .. ".s&lld Fe I .t tbe 

ine tant of til .... hen the intln.ity line o r iron i. ",...,1IIIIIIII. I t COincide , 

with t.he .hock_ ... ve front.. The content of i""uritie' decre ... e . .. ith dh_ 

t. .... ce due Lo the la" of f.et lopurity .tom. 00 the Lube .... lle ""d 

hydrogen i s brougbt to the .hock_w.ve front by the ... ve prop .. g.tion &long 

the g .... i . e . the 'nowplough .. od" l Can he applied ill tbil condition . 

Fig. (2h) Ill lletr .. te. t e""er.tll1'e l1e ... ure .. ellt • • KIIo.in& the degree of 

ioniz .. tion, the tempe.rature of a ~forepl ... ra&" .... c.lcul.ted fro .. Sab.'. 

equat.ion. The pi ..... t e""e r .. turc in the 'ource pro .. ed to he equ.l Lo 4eV. 

It h po •• ibl , that thil v .. l ue h .. ve been Wld.r.t,t.ed, for no_ultiply 

ch .. rged Iona .......... umed .. hen c.lcul.ting . For .I> aoc .. tbe temper .. ture 
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of tbe ..... e front doeln't cb.nge ... itb dietance aDd it ie ind"P"nd.nt of 

the magnetiC fie ld . M the pl ..... le inj.cted into tbe '"""".tic fie ld, 

d.c.ler .. tlon ot the Clo ... is pouibh. Tbe induced cnrrent can re.ch 400 

&/c .. 2 .. t the tube ..... 111 ami the dec .. y tiMe can b" .qnal to 1113p. .. c. 

Gener .. lly it the ebock "aV" prop .. g.t..d through .. hOlllogeneou. lon,itudinal 

magne tic field t.he velocity ch .... ge do .. n't dep.nd 011 the .. agn,tic field 

inLellaity . In the preUllt .. ork the ehock velocity chaog. depend. on t he 

.. agnotlc field, u. Fig. (4). With the {lIcre .. e ot the magnetic field the 

plul!l& velocity gr .... at any pOllition Up tn X.(a3cra fro .. the louree. At. 

X> 3;o;cm the .. elocit.y doesn't d.pend on the .... ""etic field and t h h pbello­

.. en .. c .... be obae .... ed more .. t higber cap.citor bpk volt .. g ••• From the 

.no .. ploug h .. odel [I J the dopendeQce ot the .hock .... Te on tl ... le 

I - p/"2.t 

:1 _ (2P t/ .. a)} 
t «. "'!l2P "a 
t » .. :;21' "'a 

(1) 

(,) 

.. here "'2 i , pl.am ....... for X-O,m
a 

le the Increa ... of the ...... of the 

pi ...... per unit of I,P I. the pi ...... mo.,lInt_. !lea.ure .. ente .bo .. th .. t 

pI ..... den.ity and .. elocity do not depend 011 the magnetic field for :1..0, 

i.e. the quantitin "2 and P . re independent of the .. agn. tic fhld, It 

C&ll be .... ume d th .. t .hen the .. agne t i c field incre .... the pl ...... Clo .. la 

compreeaed and g .. pick-up take. place not in all the ~ro .. _.ction of 

the tube, I.e. the quantity Ma d.cre ...... Thh intlio .. te. th .. t the ... loc1-

t1 time independ.nce iner",eel . In the courae of t h e dec .. y ot the current 

the tube IUld the .. elocity rllpidly decr"",ee. Th. Clo .. energy la diealp .. t • 

in lo"h.t!on , dieaoct .. tion and g.' pick-up. 
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DENSE 

fUSION BY LASER DRIVEN FLAME PROPAGATION IN SOLID DT TARGETS 

I. L. BOBIN. G. r. TONON 

Commis sarial a j ' l:nerQle Atomlque, Centre d'Etudes de Limell 

a.p . 27, 94 - VlIleneuve-Sllinl-Geocqes - France 

After Cl review of plasma fl ow properties, inequlIlItles anal~O\ls 

to Lawson criterion are de rived end conditions for a positive enerqy balance 

a re discussed. 

Advtlnces In the knowledge of io!lser credled plasmlIs, allow us 

10 set up a satisfactory descr ipt ion fOT the generated flow. In the hiqh Tem­

perature plaslmI fusion reactions can occur L 1 / and hloher temperature 

would yield a large amount of thermonuclear reactions. 

Hydrodynamics under laser he!!ting 

The ma in feMures lire described In izl and L3/ for r,on conductive 

(deflaorIl.IIon) a nd purely conductive reQimes respectively. ru rther tnvestlga­

tions taking Into account electron heat conduction lead to the la s er flux, tem­

perature a nd dens.ty profiles displayed on fig . I . ?c. '5 the c r itical density 

for wh ich the plll.smll. frequency equals the InCident IlI.ser nux frequency. r or 

fusion conditions (T
2 

nJ 10 keV and 10ru;J pul ses) It can be shown that the 

build up of the stationary deUagrlltion structure occurs In the e",rly st",ges of 

the Interll.c!lon process both for Nd laser ligh t II.nd CO
2 

laser light. 

Reactor- efflclencles wUl be eVlI.luated with 

( 
(j; )'" ", .-' 

(la) 'l. = B W-" fc Ob) Xo ='t 5-\=+ (i ) Pt fc
l 

where"", 15 the Ion ma ss , ~ the Boltzmann constant. A"T
5h

ls the non­

linear elec tron heat conduction coefflclent,cp Is the Incomlnq flux. 

C riterion for a power producing reactor 

Two parts of the plasma flow II.re interesting viz : .the .sothermal ­

ly expanding plasma the chll.racterlstlc length of whlch Increases linearly 

w ith time, and the deflagra tlon structure, Let ? be the overall efficiency 

of the energy conversion process In the reactor; kinetic energy of e scaplTlQ 

reaction products _.>thermel e nergy _;> e lectr ical enerqy _> laser light 

energy. Then following Lawson reasoning W, the rell.ctor efficiency ~ 
reads 

rll jlUtJdJ -f' <" B 6·(: .~O-' 'yr (COlt) l'r;' . 1J ... 1 
(2) J\ .. ,. ~lT.W'[/<J - Hrf J:> ~ - 1 

J"Ti;/lJd .... Ii>~.£.1(" i4~ , rO I .: .• ~.J.2.0 "'./\/. 
where -pO Is the power e.mltted II.S escap ing particles, "R the rll.dlated power, 

Land K the· therm",1 and kinetic energies In the flow respectively, Nthe 

total number of pIIrtlcles Invol ved during the cycle duration 't Indices .. 

and S refer to the Isotherm",1 expansion and the structure respectively . 

.,,"<' ~/_ and tile total energy In the flow Is roughly twice the thermel 

energy of the Interesllng parts. For", given 'fI < (Le, given laser light),'lt 

15 a function of 'i: and T . A typical plot Isshown for Nd gla ss la ser 

light (""< N'fO-2c~_ 'l I "'!>'I>"'~o, N;2-n,.,r:r;;;) 01'1119 . z. 
The fuel Is a SO 'I. DT mixture. 

If a satisfactory cycl e efficiency f') could be achieved,then a 

successful reactOl" would operate with long laser pulses (1:' > 100 ns) and 

due t o (I . a) only moderl!lte nuxes . The CO
2 

laser offer a promise of 11 cycle 

efficiency "1 of ",bout 10 'X. , Rooghly the slime curves <lS In fig. 2 hold 

but with durll.tlon 10 t o lOO times longer, Pulses over 10 US In duration ",nd 

fluxes of about 10
13 

- 10
14 

w/cm
2 

would prove successful. 

Condition fpr 0 positive eneray balance 

The above Slated requirement I!Ire several order of magnitude greater 

th",n actual laser performl!lnces, A first Interesting step would be achieved If 

the enel"9Y released by thermonuclear reac tion W F would exceed the Invested 

laser ~el!lm energy W L' Then Instead of (2) one Is to Investigate the condltLon 

(3) 1\.' : '!!! ) 1 
V', 
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In the flam e propl!lgatlon regime withoot electron heM conduct ion Inequa ­

lity (3) is fulflJled when the pulse duration t Is greater than is/ : 

'1 )..1 T 
(4) t. ~ 2 6 > ~o --

<C;~ )01 

>- being the leser light wavelength In f-Ll"l Jis In keV. On rig. 3 are 

plotted c r lt lc",1 Nd glass laser charact~rlstlcs (ener ... y, duration and flux 

Impinging on the target) for fu !fllement of Inequality (:»115 func t ions of 

the plasma temperature. It should be noticed that Op(;mum v",)ues are 

8 keV 

300 nscc (targel lenqh "'-' 3 cm) 

15' 
2.3 . 1014 w /cm2 (quite a reasonable v",lue) 

7.10 7 joules/ cm2 or 7.1.0 3 Joo le s for a 

larget of (lOO 1J)2 c ross section 

Fluxes of about 10
14 W/cm 2 are within the possibilities of pre sent 

state Jl!lser technol09Y a nd focusing lenses technol09Y. However such fluxes 

have been so fa r associated only with nanosecond la ser pulses. A power 

producinq reactor uslnq the laser driven flame propaga llon as a hot pl",sma 

generator would require reasonable flux es but considerabl y longer pulses. 
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EXPEiiIMENTS ON A LASER-PRODUCED OVERDENSE PLASMA 

J. SchHlter and W. Winkelmann 

Institut rUr Plasrnaphysik, KFA- EURATO!>l ASSDziation, JUlich , Gennany 

~. The optical thicknes!I of a laser-produced plasma has 

been measured as a function of waVelength. Por power densitieB 

.) 2 ' 1010 W/cm2 the pl asma bec:omes optically thick at wavelengths 

shorter than the wavelength of the ruby laser. It is concluded 

that the e lectron d ensi ty is ~ 8 '10 21 cm- 3 , 

Introduction. It is gene rally assumed , that the rapid ionization 

and heatin!;; of solid material:! in the focus of a giant pulse ruby 

lase r should generate e lectron densities of the order of 
1022 _1023 CIII - 3 , i.e . a medium where the plasma frequency is larger 

by a factor of about 10 than the laser frequency. In this medium, 

transport of radiation energy at the wavelength of the laser is 

not possible. Other ~echanisms for the heat transfer have to be 

considered , if such " overdense " plasmas with ne> 2'1021 clll- 3 are 

to be generated. It has been calculated 111 that in the case of 

hydrogen, heat conduction by the electrons may not be neglected, 

when the power density N of the laser is larger than 

2 . 1011 Watt s/cm2 • 

Experiment. The laser radiation was focussed with a lense of 

10 cm focal length on thin foils of polythene , which were mounted 

in an evacuated vessel . The plasma radiation was measured at an 

an,;le of 200 (Iv) a nd 2000 (lR) to the direction of the incident 

lase r radiation. Spec tral resolution was achieved by interference 

filters. Fast photodiodes were used as detectors; the overall 

time resolut ion was about 2 .5 nsec. 

In Fig . 1 the ratio IvlIR measured at the maximum of the laser 

power is plotted against wavelength . If the plasma ill optically 

thin for the wavelength concerned, this ratio should be one . If 

the plasma is optically thick, a ratio Iv/lR ~ 1 should be ex­

pected, except if the temperature and density profiles are 

symmetric wi th respect to a plane parallel to the surface of the 

foil. Pi g. 1 shows that for N ~ 3.1010 Wattslcm2 this ratio is 

about 0.35 in the Whole of the investigated wavelength domain. 

;.le conclude, that this value characterizes an optically thick 

plasma. This is further justified by the fact , that if the 

laser radiation is totally absorbed, the ratio Iy/IR 0 . 3-0 .• 

is always obtai ned for A>~UbY' The meaning of the absolute 

value of the ratio IV/lA in th!! lilllit of high laser powers is 

not yet clear; it msy be influenced by radiation emitted frolll 

the periphery o f the focsl spot, where presumably the plasma 

is optically thin. The possibilit y of contributions of acattered 

light at the wavelength of the ruby was excluded by additional 

eXperimental tests. 

If N~1.2 ' 101O Wattsl cm , the plallma 18 optically thick only 

for f.. ~ "rUbY' At a lase r power of 2.7.1010 Watts/cm, the 

transition from optically thin to an optically thick plasma 

occurs between 5000 and ~OOO 11:. 

Fig. 2 shows the ratio IvlIR plotted against time for). = 3960 Jt 
and ~; 7500 It. At the l onger wavelength the plasma is optically 

thick (I
V

/l
ll

",0.3) during nearly the Whole or the laller emilSSion, 

Whereas at " <>rUbY the time during whiCh the plasma is opti­

cally thick is mu ch shorter. 

Comparing the plasms radia tion with the radiation of a carbon 

arc , thc tempe rature of the sbsorbing layer is about i5 eV. 

Discussion. We suppose that the observed jump of the optical 

thickness't from 1:«1 to 1: >- 3 at the wavelength I\ c indicates 

directly the maximum of the electron density in the ISller pro­

duce!:! plas:na, if we equa t e the corresponding rrequency 'V c 

with the plasma frequency \lp' we have 

') ~ V =. ~ -If '-i1T \;,e.
1 ' 

~ ? 2rr V IVI t (1 ) 

It is experimentslly known 121, that the originally produced 

absorbing l a yer at the lIurface of the solid has a thickness 
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d = 10- 4 cm. With a layer of thi s thickness, the absorpt ion 

coefficient L(' should be large r than 10~ cm- 1 , if r ; I(.d:. 1. 

Using the for!IIUla for the absorption coefficient (/3/, see 

also 1~1l 

(2) 

it follows that for a given frequency ~ , the condition 

(. ':>104 cm -1 is fulfilled when \I p - V is very small or negative, 

that is When the plasma is (nearly) overdense. 

According to this derivation, our investigated plasma becomes 

overdense a t N = 2.1010 w/cm2 . From the observstion, tha t 

plasma at higher power densities is optically thick at 

'n = 3960 11, we conclude further, that the plasma frequ .. "cy 

is then at least a factor of 2 higher than the laser frequency; 

t his implicates ne = 8. 1021 cm-3 . 
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Fig. 1 Ratio of the plasma radiation emitted parallel (Iv) 

and antiparallel (I
R

) to t he direction of the laser 

light as a f unction of wavelength mBaBured at the 

maximum of the laser-puls e. 

Fig. 2 
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The ratio IVIIR as a function of time f or two diffe­

rent wavelengths. For comparison the power de nsity 

or the laser radiation in the focal spot as 8 function 

of time. 
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INVEStIGATION OF lASER PRODUCED PIASMAS IN A MAGNETIC FIELD 

by 

F. S~h"lrzke 

Na"al Postlraduate S~hDol, MonCerey, California 93940, USA 

Abstrac t : The inf l uence of finite conductivlty on the dynaaico of a inseT 

pr odl,lced pla_ boo, be .. n ' ''"di ad. The expanding plaslD.lI forll ' an elliptical 

shell o f hQt pLulds d u ,,- to enhanced ... "shtive hl!ating of tha "t"ctr<ms at 

t he pi ....... field boundary . The tOllg lu t ing plas .... hell could he utilized 

a s a target piasllla in neutral be"'" injection mirror ", .. chIne •. 

High po .... nul lasers II r .. currently applied in the follOWing four are.a of the 

CTR prog ....... , 1) Production of 11 clean plasma wH h i n m.,gnetic field 

configurations for basic stud! •• of coll1sionlea. shock wave phenoaK'-oa, stabi­

l i t y ~nd confin ... ent . 2) Ut ilhation of a hae r produced plasma as a target 

in neutr al tnJeHion .irror "",chines. l) Scattering of tanr tight for 

plasma dia gnos t ic •. 4) Short ti",!, pha .... heating for t henllonuclesr neutron 

production. H .. utron .... illion haa been ob t ained by focussing a ghnt hser 

pulle On a solid deutHi .... target. " owev .. r , the pow .. r leyeh of th .. pr ... en t ly 

.. xhting ISI .. r . are far too 10" to achlave a ... If . ul taining fusion pr""au. 

For this raa.on the other above mentioned la.er applica t ion' See. to be ..are 

.useful at the pr e sent t me. The purpol" o f this paper is to diacuas t he 

in t enc t ion of a I .... r produc .. d pia ..... "Hh a ... gn .. t1c n .. ld and th .. 

lm plicQ tions of th .. resulta f o r the creation of a targe t plasma. 

Long confinement tt.es in ",i r ror .... chine. have been achieved recently. In 

addition, a hLghly effi c i ent me tnod bas been proposed (1) for regllinin g the 

en .. rg), o f the particles "hich escap" through the 10 •• cone by di rect 

conversion. These encouraging res u l t s provide t he "'otiyatlon for cC>nside r i n g 

.tr ror lIa chines a. on .. of the pri .... t ype. of poIIsible fusion r e actors. 

Es t imete s .ho" that t he ioni zation probability may be incrused ten f old or 

.,or e in ",-par ison "ith Larent,. ioni:tatlon if a laser produced target plas.,a 

is utili~ed (2] . Ce r tainly, it wou ld be highly desirable to ke" p the taser 

prod\lced t arget p hS118 over a l onger ti.,e l""alized w!.thin a "",all Core 

voh ... e o f the mir r or machine. Qbviouoly the in t eraction of the .. xpanding 

luer produced plaNoa with the _gnetic fi e ld is of .peci~l Impor t .. nce if 

" e want t o erea te a ta r get plas .... 

;. de nse and ho t pla ... a .. al cr .. ared in the centr .. l region of a magnetic 

mi rro r fi eld " i t h a mirror ra t io of 2:1 by focuninll a 150 MW 20 ns pu he 

fr_ a Q- s .. ttched ne.odyw.h .. laser on the t ip of ... ]O~ py r ex fibH. It i s 

sdvan t Dg eo\lo$ to u'" a heavy ion p t a .... a for th e i nve.tigst{on of the 

dynamiC ' of a la.er created pl&8118 expanding in a magnetic Held because the 

.... c r o.copic flo .. Yelocity 1& reduced and r h! behlyior of the pia .... can be MOre 

easily analysed by Magnetic probu, Lanp-ulr probe. and high speed photo­

IIraphy . During t he initiel expanlion phase of the B » I pta ...... the t ""'pera­

t u r e decre ase. ra p idly accord i ng to the form I r - To(ro!r)a where 70 nnd ro are 

the tellpe ratur .. and radiu . of the pIa .... when It bec ...... s tra ns parent. The 

, 

100 

200 
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'. • 
~ ... x· - · 
I x' 

M O'ln el i(: prob, " 'l no ', 01 ' 

200 n $ X- ·-X- ·X - · 
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5 0 0 b------6------l 

I. , 
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4 :) 6 7 
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Fill· 1. Magnet i c field profiles measured in radia l direction acro .. Ba. 

Par_eter h t he tt.e , lap ... d trOll firing of the tuer pulle. 
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Fig. 2. looage converter photos of la.er produced pia_a. 

Upid decrease of Tt illplies t hat an asymptotic pIa'''''" expansion v .. l ocity V 

is reached i n D rather short time "hlle S »1 . R .. sistive "f(ec t s , al8o~iated 

with 5urfa~e currents in rh" front of t he plasma expanding agains t a 

."Ignetle f bld, fOml the .. olt eff"ctive ....anB of reth .. noslization of th" 

kinetic ene rgy of expanSion. The okin depth f or'''hich B pen .. t rates in t o 

the plasma h dete .... incd by the e flee t iv", resi~tivity. We would expect 

f r Oll! Spitzer's f o r mula for tha conduc t ivity 0 t hst "' lth decreaSin g Tr the 

"idth of the fron t of the expanding plaSllll, d _ c"/4na V, in~raues pro­

port i ona l to d '" Tr -'¥~!V o r a. function of t he rlldius d '" r3/V • The measured 

",agnetle fie l d profiles of Fill. 1 do no t show auch a relationship bet"ee n d 

and r . Furthennor", the .,allneti" probe .. easur_ant~ , Fig. I, and t he i'""lIe 

converter photos of the expanding pla"",a, Pig. 2, clear ly show the deve l np­

",ent of a shell s t ructure i n the plulII8 a t t .... 500 nl. 

Res i stiye heatina b .. co."s _ re efficient "Hh dec r"asinll 'fr ' Corr".pondingly , 

the tempara ture o f ch" expand 1nl plAsma lIoe. throullh 8. minimum. C,."put"r 

calculations show that the . inia ... v .. lu .. of Tr and the tiDe of it~ ""Cur ence 

is a function of Ba With Incr"".ing Bo-U .. ld [ 1'10 .. inhlllflt OCC\lts "arll."r in 

till e and it il l ... s pronounc"d. The B field pc!ne t ratea the who le plasma 

tf at 10\1 t .... pe ra tur .. a d becon .. s larger than the p l asma r adiu •. l..a ter, "ith 

Increa Sing conductivity thia field "U1 t o . ""'" ""tent be " frozen " inte t he 

plas..,.. Even a " .. ak B - fie l d in the pla .... a r .. duces the tran.vor ... hut 

flow in the plasma conlideubly due to the l/B~ dependence of the coefficient 

of therBal conductivi ty. Since t h" r"sisriv" heating of the elee t rons is 

main l y due to thQ surhe" curre nt a , a r"duced heat flow backwards into the 

p l as"", I"ads to an "nhanced tll!llperatur .. increas" i n the outer 8hell of the 

expanding laser produc"d pluma. If the gr"" th ratc. of t he two-st r eam 

instability beco.e5 larg"r than th" el .. ctton - ion CoulOllb collilion 

froq uency, turbulence dev"lope' in the " a ve 'fron t a nd con t ribu t es also 

effectively to the pies .... huting [l). Actually 'th .. half width of t he a hell 

sn ucture in rill . 1 at t - 500 n9 cor responds to a Som.-d iffusion like hea t 

transport. Lat"r in tille [he shell r_a iom almost atationary and the 

den. ity decays re tat ive ly slowly. The experl.oenta 1 as<.i lts i nd icat .. tha t the 

p 1"1118 lou es "long the fie Id line! at ... con.idenb ly reduced proba b ly du" t o 

a cap t ure<! poloida l Held . I n condu.ion, .uch a long lallttng plasM rin ll 

produced b)' l aser ir r 8di8tlon of a pe llet wo u ld repr~gent a u seful targe t 

plaSma for neutral b"". inJ"ction IIIIIchinel. 

Ruearch s ponsored by t he Air Force Office of s"ientific Research, Office 

of Aeros pace Research, United State! Air FOHe , under AFOSR Grant No. 

MIPR - 0004 - 69. 
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DENSE PLASMAS 

FORBIDDEN OPTICA L TRANSITIONS INIlUCED 

IN DENSr. LI THIUM I'LASltAS 

>, 
!I. Ya'lIkohl 

Depa r t"",n t of Physics a nd Altrono",y 

IJNIVEIISITY or I"A~YUND 

Collell!" Park, tlsryland, U.S.A. 
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E. V. ·Cenr"" . ~.1 . pawblt and C. '''kef! 

Dep.rt .... nt of I'lIye l<:6 nnd Pe!lurch Lab"utory of n"ctfont<:" 

KASSACUUSETTS INSTITUTE OF TF.CIlNO!.OCY 

~ The line lnUndties and pfoHI .. of tit., forbidden 21'-31' uansi-

tion of Lll and of tu nei"httorin,. optical .. t .. !llte (Indu"ed by colle ctive 

The pl .... a h o r oduced In two .,ays, by ""l'lodtnp electrically 11 fin .. litld ... 

wire and by lU .... inltin)!;. 11thl_ .urfaee .. lth inCense r adluion fn"" " 

In I ."Hidently denll ph .... . t rl/l l lclons nonullv forbidde" by th" 115Ull 

• .,lectlon rull' radiat ... IS " rellult of th" Itronll .,lectric Held. produ"ed 

by the charllu lylnJII In the vicinity of th radiatill" ato... Thu~ a forbid-

den Uno: adjacent to an .llowo:d line c.n b. made to r adiate throu,h the ac-

tion of the e.lenei.11y riOlldOll . qu •• i-.tatic e.lectric field of the ions. 111 

addHion , the high freque ncy elOlon 1II0nn!!hrc:naUc field "roduced by collec­

tive e hctron " I ...... oscUlations .'vea r he to optical s "tdUtea[I-5) 

(lankin" th" fo rbiddon Une and separated frolll t Ill! latter by ;l: "'0 wh" r " "'0 

is the oscUlation frequency of the colleeeiu" -.te. 

, 

~ 

> 2 

~ 
J 
~, 

• 

, , , 
!-w~ __ 6_ , , , , ' , , ' , , , ' , ' , ' , , , 

, , 
o f---~~~~-----'"'C--------l 

6600 6 '100 6200 6000 5800 
WAVELENGTH (A) 

Fi". I. Fan of spectrum ob.erved froll an e>eploded lith1u .... ire after Bub­

tractloll of the. conttnu .... A 11 the. allowed I1ne , F t he forbidden I1l1e and 

S the plaa ... astellite.. The duhed Curve npnsenU ch" unfoldinp. of t ha 

partially ov" rlsppln~ linea. 

In Fil\ . I 11 aho,"", a letrion ot the ti",e Intel\rat"d apectrl ... fr_ a "la5IU 

p r oduced by diachar.dn" a 50 J ca"acitor throur.h a 0.05 ... 0.1l Uthi! .. win. 

The pla.lOa hAts for app ro>t! .. a t e ly 7 11 a"c durillp. whtch th'" 1he "Iect r on 

d"naHy Nand tc .. "eratur" T have the followin" cy"icIII valuea : 

10
1 7 ~ i'f ~ 3xl018c.-3, 6xl0

3 ~ T ~ 2xIO' K. The ."ectrorn .. exhibits 

allowed 21' - 3D line (A) "'hlch la I~lf revaned due to lar~.e .,,~til'i tem"er-

ature "radianta In th pi ...... : it alao exhtblu th" 2r - )1' forbtdden lin" 

er) and OM Utell i U (S). Tha o th~r satellita 15 ... lthln t he lIn ..... 1dth of 

the allo .. ed lin.. The. frequ ... nc,. Bepantion 101" bet ........ n t he aatelllt ... alld f o r-

bidden line 11 v ... ry nearly aqua~ to th ... "laslII" frequ ... ncy "'n .. (1'11'.2',,1:
0

)112 

fra. .. lIlch 01 ... d.duce al> " lectrOI> dendty N • 2xI018cII -3. Thle d"l>dty occur. 

. t a""roxhl1snl,. 2 ].l uc after inHhtion '!! th ... brukdo,"", "nd it la at tht. 
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ti ..... that noat of th ....... isalon fr"", the nautral .to .... OcCura. At e llrli e r 

et .... ! the rl .... a is hl~hly 10nll"d and t he den s ity nf n ... .,tr.l at ..... h low; 

at later tto.u the electron density la low. 

The intenllity o f the sa tel lite h ,.,roportionnl tn the 5"uAre o f the ... Iectrlc 

fleld
fl

) in the collectiva I'lasM.a o . clllatlons. If th ... htter ua of th" r-

mal "riRln, • d" t e .... Jn .. UoR of th e st r enp th of the s .. relltt o (r.,lattve to 

rh ... allowed or forhldden liRe) ~il'.!da t he d.ctron t."",entura. On th" 

basis o f our .. ea3ure .. eRts ... find{4] that the rlns"R is ind" ... d eloae t o he-

1n" tn tha"",,1 equiHhrh .... lth an electrnn u II"euture of .... 1 "Y. 

A aco.>dy of tll. forbidden line It-

self con be usad for di"l':nc5in~ the 

" l u .... d"nltty. Ft..ure 2 Ihowa 1'.011-

"utatlol>5 based on cha .. o r k of 

Grt".f 61 of the profU ... of the '11-

10\oled 2P-3D (6H13 A) line and of 

the nelp.hborln~ forbidden 21'-)1' 

(6241.5 ~) line of Ut. As the 

"I"allll density Increases. tvo ef-

f acu occur. First, the p".k of tha 

. Uo"ed Une by very a"" radable 

_ounu ('\.25 A ,u N chan~e~ fro. 

10
17 

to 10
18 

..... -
3
). Secondl y. th" 

ratio of the pnk intensity ot for-

bidden to allowad line ch.nr,u: fo r 

"x."rle, "'han N" 1017C.,-1 tht 

ratio is .... (200)-1 and "'hen 

N .. 1018
= - ) th" ratio is "1.10- 1 . 

.' 

.' 

,,' LL~--'--o_-'c+-.",oo-!' 

f i r. 2. Calcul a tad nroftl ... for the 

ut 2P-3D allo\oled lln., and 

tha 2r-JP forbidden lint for 

N. Salf IIbsomUon 1$ 

n • .111 I ... ct"d. 

H"",,"er. to co..nara tllea" con.p ... t .. tlons .. ith elll'Ari ... nt, s elf ablor"tlDn of 

rlldiation (not taken into Iccount in I't.li. 2) must be a llo"ed for. 

The las. r -p r oducad pi ...... 11 .III.nerated by _e.1I1 of a novel. h l"h-po\le.r, hi,.h­

repuitlon rite CDl lue r describe" In • <:DI!I"anlon pllo" r .(7) The laser radi-

ation le fOc ..... d by .... . n. of a 3.8 all focd hn~th lens onto. cyllndricd 

pOlt of 11thi ... , housed In I cell contdnln.li helium .. a buffer ,11... . Th ... 

I1thll .. "os t is rot . t ed eontlnuoualy to puvall~ exc ... ive plttlnr, of th" ' ur­

he" by the lal.r "uhes. Tha radiation f r Oll the Intens" flh ..... "1",,,1'. thus 

,:enarated 1. s t",dt"d by _eana o f a 1.5 .. spe.ctr.,.,eta r , foculed on a I •• ll 

aa"tion of the pl .... a. Excellent apatlal revolution of '\.(J . I ... 11 Ich t "ved 

ao that th" apltia l pia .... profU. can be re.dily "blerved. To dat a . the 

2P-]P forbiddell Una h .. been atudisd bu t the pi ...... Ulltt .... have as yu 

not b.en sean. 
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by 

D. E. R1rInI 

Inperial College, Prince Calsort Road , lorDorl . S . '<I . 7 . D'Igland . 

ItllRtWCTlotI 

Results fran the application of a two-dir.el15i onal Il\3gnetohydro:lynarnic 

codel t o the plasma focus exper l.!nent2 have provided good agree!l'ent with 

experiment in describing t he ~namiC5 an:!. strv.cture of the plasma fOCUS 3 . 

The behaviour and parameters of the focus pinch produced in the rn.rrerical 

fluid model suggest two mechanisms for the production of neutrons . In this 

paper estimates of the neutroo yield are determined 1'01" each IIechanism, 

and t he neutroo p~rties OIl the basis of the calculations are carpared 

with experimmt. 

. '!he fluid roodel used an:! runerical methods applied in the two-dimensional 

~tCJh.ydrodynamic code t o deacribe the plasma focus have been discussed 

previously l,~ . 

1he calculation is initiated with a voltage of 110 kvolts . applied acroos 

the breach of a coaxial gun, with an initial fill~ pressure of 1 001"1" lieu­

teri~ (ne=~.5XlO16 cm-3 ) . A steady state shock i s estBblished and driven 

between the coaxial electrodes~ . . At the end of the centr1:! electtode an axi-

aynrnetric shock collapses i'OOiall,y to the axis . The structW'E! of the shock 

just before it ~ts t he axis is illustl'8.ted in Fig . L 1lle peak shock velo­

city imnediately prior to meetilli!; t~ axis reaches 50 CI!I3 . 113ec .-1 and in c0n­

sequence of this large shock velocity together wit h the low OCIIPI'ession ratio 

in th!! inploding shock. the subsequent focus pinch fomed on the axis attains 

very high terrpel'8.tUl'es . The axial 

dependence of the variables in the 

resulting pinch are illustrated in 

Fig. 2 at early times , 10 nanosees. 

after the pinch has fonned. 

'J\.Io featw-es in the focus pinch 

in particular are clear. Firstly 

a hot pinch :l.ale in which the para­

meters reach Ti "<1 .5 keY. ':le "3xIOI8 

ans . - J• r'IQ.2 erns. (the high tem-

peratures are achieved by adiaba-

tic catpression and viscous heat-

Figure 1. Structure of radially im­
ploding shock prior to rreetif6 axis . 

~). Secondly a fast axial shock i s proctuc:ed where the del13ity deca,ys to 

ne"lOl B ans .-J and an axial velocity of &::I CInS . 1>'*'C .-1 is reached . The 

ion ~rature in the shock is 600 eV. 

At later times (Fig . ) the hot pinch region is IIXlr'I! than a centilootre 

100000and axial flow occurs (V z = 30 = . ..sec .-l ) , The axial shock has 

IOOved downstream a considerable distanoe. while the pinch does not tl'8J'l51ate 

significantly . '!hough the pinch is stabilised by ion viscosity)·'j the peak 

pinch is COITUpte<! after ~ times (40 nanosecs . ) by I!J1 m=O instability . 

HEl.m'tC»f EKISSIGl 

~ the basis of these results it is clear that 1;>10 mechanisr.:s are avail-

able Cor the production of neutrons . Neutrons will be emitted due to therm-

ally reacting deuterons in t he hot pinch region. where the yield fT'.9Y be est:im-

e ..... - IB . 76 ) 
~,.. --rJ2 ' 

T, 
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Figure 2. Axial dependence in the Figure J . Axial depenc:ence in the focus 
focus at early ti.r.Fs; t=tpinchtlO at late tinEs : t=tpinch+1I9 nanosecll . 

w~rfs the l~ of the hot pinch. r the radius. n the dPllteriln rurber 

density. Ti (keV) the ion t~ratW'e an:! T the lifetime . Usirl!; tte values 

given above (Fig . 3) then • 

NI = 5XI09 neutl"OllS . 

This value is rather smaller than that 5lijl',B'ested by experiment . The 

yield however is a very stl"Ollg function of ion tenperature. Taking into 

account the uncertainty in the ion viscous coefficient. a fluid model certain-

ly provides a thernnl plasr.la capable of producirg the neutron yields faun::! 

experimentally . hhile the source remains relative ly stationary wi t h respect 

to the !iI1Ode . flow occurs through the pinch (Vz = 30 CIIl3 . usee .-1) l eadirg to 

a small anisotropy i n t he neutron energy flux2 . 

A secorxl neutlU1 emission mechanismS exist s as t he result of tIle inter-

streaming of deuterons in the axial shock (Fig . 2) which a t tains very high ve­

locities of ao CIIl3 . usec . -1 . While this IlE'Chanisrn would account for the ani­

aotropy of th;! neutron ~ flUX
2 • the yield H2 • estkated on the basis of' 

the tluid calculations (Fig. 2) is very SI:lall~ , 

112 = 2xl06 neutl"'OtY> . 

Indeed to account for experimenta~ yiclds a shock velocity well in excess 

of lOB ems . sec .- l would be required and no such velo~ity is apparent I'I"OlI 

the calculations . In addition the shock would translate the neutron 

lIource over corniderable axial dilltances during the er1'ission. 

~ the results of the calculations , neutrons would occur in the focus 

as the result of t he first model (NI ) emanating fran the hot pinch due to 

thenrally oolliding deuterol13. 'ltle anisotropic properties of such emission 

do mt however agree with experiment . 

Since the ion-ion colUlIion time (,ii" 20 mnosecs . ) is of the order 

of the time3cale of the pinch . the ion distribution function in the hot 

pinch will be non-/-\aXWell1an. It is clear therefore . that s 8~lar class 

of particles may be produceC on the field free axis of the pinch , where 

particles not trapped by cyclotron orbiting. are freel,y acC<!lerated by the 

axial electric field . While such singular particles are restricted to a 

small volwne i n space their ext!'elr.e properties will produce a radical ef­

fect on the neutron emissioo . 'IWo-dimensional particle calculation:! with 

a reversed !Mgnetic t'ield are in progress to determim th-~ jJroperties of 

SJ,!t a si!ll)Jlar class of particle!] . 

~ 
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SCALING LAWS OF PLASMA FOCUSES 

Ch . ~[alsonnier , M. Samuelll, B. RobollCh, F. Pecorella 

Laboratori Gas Ionizzati (Associazione EURATO~l-CNEN), 

C,P. 65 _ 00044 Frascati , Rome, Italy 

~: The variation of the neutro n emission No of a 

Plasma Focus devico as a functto n of the vo l tage (U) and 

capacity (C) of the condense r bank has been experimental 

ly measul'cd for 20 < U < 40 kV and 30 <'11' < 120 kJ. It is 

varies as U4 . 5 and c2 . 5 
found that No 

Descri ption of the expcrhlcnt: Using the experimental d! 

vice dc~c ribed in I. 1 / and Whose sketc h Is represented 

DENSE 

in Fig. 1, a detailed investigation o f the variation of 

the neutro n emiss ion as a fUnctton 01 the voltago U, the 

capacity C , and some geometrical parameters of the dis­

charge chamber has been carried out . In particular, it has 

been possible t o VBl'Y U from 20 to 40 kV, and C £l'om 14¥F 

to one quarter of this value , ~aintaining anyway B symme ­

t r ical dist ributio n of the c ables connec ting the bank t o 

t he collector. 

/'~"----------C",.~"~,,,",--------------CSJ 
~1'f=dj~t:!j!:j$:4C:::!j!:c"l'l~r""M~n~'':: ~'~ ... 

"'.'~~ 
,-,' .. 

Fig. Sketch ot the experimental chamber 

For each value of U and C, the statiC f illing pressure Po 

and t he pressur e PI behind the fast valve werc va ried i n 

o rder t o Cind the cOlllbinati on g iving the o ptillUII neutron yie ld. 

Fig. 2 and 3 shOw that this occurs alway s f or about the s allle 

v~lue o f the colll\pse t i me . 

laY' .. i ... I,.t 

~----

~ 
la ..... 10, 

~--.--
" -. 
~-

Vo"IoOKV ; Po "1 500 f ; Pl"1 2 at • . 

rig . :! 
Op ti miz a tion o f t h e 

~"\ltr"n y i e ld li t VII!: 
10\18 Vol t a!:" " 

-, 

---------,'---
~ 

.,-, •. />" 

... ir • , la 

~~-., 
• ....1, .... 

'~ 

Fig . 

Optimi tat ion of the n"~ 
tron yi"ld at va r ious 

eapa"iti"s of the "o nd".!'. 
s"r bank. 
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When the device was working properly,n very good 

repr oducibility of the neutron yield has b e en observed 

(Fig .4),so that it was possible to get we ll defined 

values Of the mean neutron yield (mean yield of the 

good series) .For each poi nt (a given C nnd a given U 

a few hundred d ischarges have been made. 

NUM8E 
Of 

N[UIR\16 

R 

~ 
• 

• 
D,I I 

~ 
1 

I i 
• 1\ 

V J6kV 

I I I 

I I 
10 25 3G 1.0 

NIIMIIU or S1«J1S 

FIG.4-Neutron yield in 4 0 sucoessive iden tical shotS. 

Experimeltt.lll results. 

The variation ot the max imum nnd mean va l u e s ot th e 

neutron emi ssion N as a function of U and C is Shown 
o 

on Fig.S.N is f ound to vary as U4 . 5 
at const a nt ca pacity , 

- 2.50 
and as C at constant vol~age in the range of 

parameters und er considern t ion.lt is seen that N varies 
o 

roughly as the energy W of the bank to the power 2.3, 

indipendently of the fact that the variation of W is 

due to a vari ation of U o r to 11 variati on of C. This fact is 

of grent prnt i cal iMportance, as an ex t rnpola ti on of t he 

present devices i n the MegaJoule range will not require to 

face t he difficult techn i c al problems linked with"very 

high voltage large cond enser ban ks. 

, . . " 
Ill/! 

: I 
••• 111 01 IIJ. 2(10 jil" 

M.-Y" N.-e" 

FIG.S-Scaling laws (experillental). 

The influence on the neutl'on yield of some geOMetr ical 

paralleters,of the nature of the background gas (for 

instance the fnst va l ve injecting deuterium i n 

hydrogen or argon atmos phere},of polarity,etc . as wel l 

as a confrontation ot the experiMental results with 

theoretical model s / 2, 3, 4 / will be presented soon 

in another paper . 
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DENSITY, TEMPERATURES AND NEUTRON MEASUREMENTS or A PLASMA FOCUS 

I.P. BACONNET. G. CESARL A. COUOEVILLE, C. PATOU, I.P . WATTEAU 

Commissariat ~ ]'Enerq le Atomique, Centre cl'E tudes de Llmell 

H. P. 27, 94 - ViIleneuve-6alnt-Georges - France 

Abstract; The plilsma focus electron temperature and neutron emission are 

analysed In space and time. Density (lnd Ion temperat\lre lire studied by 

schl\eren pictures and Thomson scattering respectively . Preliminary reports 

of recent stucles with various capacitor banks are given, 

Several dl<lgnostlcs are used to know more about the plasma which focuses In 

front of a coaxial gun working at 11 high pressure regime. The operll tlng data 

"re : 50 mm inner electrode and 100 mm cute. r .. l"ctrod .. dlam9t.",,,, )90 mm gun 

length; 3 torr deuterium pressure; 90 pF - 18 kV - 15 kJ cClP<Jc(tor, hemk. The
9 

maximum value of the current Is 500 kA llnd the ClverClge neutron Yleld I. S. IO 

We choose as time origin the neg(ltive peak of the current derlv(lUve when the 

beginning of the main neutron emission iV occurs . 

Schlieren pictures (Fig . I) show the unstilble L2/ plllsmll sheet pinching on the 

gun !'IxlS from which ~ very IrregulClr filament ""hm'". 
are quite different from the tlme­

\ntegr!'lted X rays pictures on which 

the filament appears well defined L3/ . I , I 
When the polilrl ty of the inner electrode 

Is negative it seems that before the 

sheet reoches the axis, it breilks, or 

t :.-1t:1,," 

thickens ne,u the Inner electrode, the 

density grlldlents becoming less shilrp. 

The soft X rays and neutron distribution! 

Cllong the gun axis 'I: <ne Indlcllted 

on flgure 2-a. The S mm resolution Is 

obtained by collimating the X rllys bellm 

with meWland the neutron beClm with 

polyethylene and pilraffln . A pl~stic Fig. I 

scintlllalor wlth .a photomultlpiler a re used as a detector ilnd an 1!lumlnium 

thickness of 50}' Is placed In front of 

the X rays detector. The dis tributions 

are averaged over IS discharges produ­

cing a l. 5.10
9 

neutron yield. We noie 

the correlation In sPl'ce of the soft 

X rays and neutron emissions which 

was also observed In time L4/. 

Assuming a free - free bremsstrahlung 

continuum we deduced the.electron 

'D , 

. 
~ 

~i 1- ·-" .. " .. J 'frri-j' • : -SottKroy> 

, ' 

, ! -1 
, ' 

2 1 

10 
1 • • 50 no 

'ill-'k 

• 

IbI 

,., 

'" temperilture Te with time (Fig . 3) from 

the absorbing foLls technique. Four 

channels equipped with the previous 

detector are used with different absor- • 10 ,. ,. 
" .. 

blng mClteriClis and thicknesses . Te 

measurements are delimited hy two 

curves between which a dotted curve 

swnds for the ilverilge value of Te' 

Before the plasma sheet collapses 

on the axis and during the primary 

neutron emission LV Te Is of the 

order of 500 eV ; then It reaches 

such high va lues ~s 5 keV when the 

main emission Is maximum. Fig. 2-b 

gives an eX1!mple at time t .. 50 nsec 

of the z variation of T ; It decrea-

" ses away from the electrode a s In the 

two-dimensional MHD model is/ . 
These tempercture mellsurements have 

to be compared with those obwined from 

Thomson scattering L6/ . A 90" SC1!tte­

rlng ·spectrum Is shown on figure 4, 

40 nsec before the ml'dn neutron emissior 

it Is symmetrlc1l1 and Its shift to the red 

may come from an axial piClsma velocity 

of l. 7 .10
7 

cm . sec -I directed outwards from 

llmml 

Pig. , 

(0 !,' ;~.;~,;~,\:~:~ 

o :: ~.~~~::~::~::: 

CD 

-0,05 

Fig. 3 

= '.,m .... "a"" ;,, m,,,.,,m,",, _"Il' 

+0.05 
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the electrode. Prom this spectrum the 

following values Clre deduced; Salpeter 

parameter ;?. 0,7; electron density 

n >3.10
IB

cm-
3

; 13SeV<T
e

<220eV 

and Ion temper(lture TI = 270 eV. Te Is 

lower than TI like in 11 cylindrical 

shock wave before (lxis thermal!zation . 

Thomson vCllues of T llt dlfferents , 
times before the main neutron emission 

ilre drawn on figure 3 llnd lower than 

the X-rays villues. It 15 not possible 

to do 90' me!'lsurements during the 

main cml"nlon because the "Ignal to 

noise ratio Is too low . This can be 

Interpreted ilS a spread of the sCCltte-

1;.170 'v .. p. 0.1 

,!S,v('.<no,v 

.~ 0.' 

.. , 

Fig. 4 

red spectrum due to 11 decrellsa of the Salpeter cf... - p!'lrameter, Te Increasing 

filster than n during the collapsing phase. Consequently to keep a collective 

behilvlour of the plasm1! during the main emission it seems necessary to look 

forward . Attemps are m8de but llt present the stray light Is too high . 

Finally trlills ere m1!de (Fig. S) to 

Increase the neutron yield by changing 

the ca p(lcitor b!'lnk vo lwge and energy. 

From these tri81s no simple Iilw ciln be 

drawn apparently. 

The energy spectrum anlsotropy results 

give 1!n 1!x11l1 velocity of C . M . which 

is Vc M = l. 2.10
8 

cm/sec when neutron 

yield ·Is iower than 1010 . Neutron flux 

monoUcally decrellse from oa to 180' in 

agreement with the vlllue of vC. M.' 

This meClns tha t rel1!tive velOCities of 

neutrons llppear Isotropic. We need to 

measure directly Ti by Thomson scat-

• .. E Imo> N 
k) 101.0. 109 

11 IS 0,50 1.5 

IS )0 0.17 H 

I.S l.S J] Jl 6,5 

, .. .. I. U 12 

Rlinnor ond RZ .ul.r ,(te".d. rod;"., P P''''YIO, 
V cllo'ginV .. Uog o, E .!.rog' ""orgy, 1 mo.imum 

c",,"n! and N ... r~g. n .. !ron yi .lo 

Fig . 5 
terlng in order to ascertain a thermal plilsm!'l, but the boiler model for Instllnce 

1!ccounts for present results. 
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DENSE 

HIGH E!'ILItGY DENS ITY CONCEh"fR..~TJON RY ~IEANS OF ,\ CY Ll~LlRICAL 

OR SPHERICAL COLLIDING PLo\.S~L.\. LINER 

W. Ha c {:( i. R. Kel1c r, J.G, L :jnhart and B,V, Ho b ouch 

La h o r"t o ri Gas l o ni zzati ( Ass oc i~zi one t: URAT0 M_CNEN). C,P. 65 -

000.1-1 Fr'l scat i . Ro me , Tta l y. 

~: EXl""'ime ntal n~ s ults are ,'cpo rted o n the st,'ucture of 

s nmll ploug hed c ylindri ca l she l ls a nd 0 11 the axial ",agnetic "field 

compressed b y th",m. These r es ults c ompare "'ell with numerical 

cal culat io ns s holdn" tha t the model used f o r d e s c ribing the pro~ 

e5se~ i s rl' a l is ti c . 

Introducti on : One o f t he main pro blems of app lying a very high 

dens ity p l:lsma to CTH is to produc e locally a high energy densi 

t y I 1 , :I , 3 I . We analyse the physica l processes i nv o lved in 

the s"m" p l o u g h collapse o f neo n_pla s ma liners as onC of these 

co ncentration experiments, The e xpe l'imental device / 3 / is IllUde 

o f a 25 i(J, 40 h.'V l ow inducta nce co ndenser bank ,,'hich can be 

used with an either cylindl'i-

calor qua15i_spherical exper! 

mental cha mue,' operated in the 

0 , 1 to,.,.. range wi l h re o n as 

driving gas and supersonically 

inje c ted deute)'ium as target 

gas, 

rn thi s r epo rt we wil l limit 

our5~lves t o the stlldy o f 

18 16 '~ l ~ ' ' '' 

shape and s t r u c ture o 'f s n ow- f.g' 

_plough i ng current layer the ~~ ~~~cn::;.r:"';;':;. ""':.:':~ :"' :,~?:; 
"~ "",,, "".JI .,, \:l 1",,)'i W OO ~" . ! 

c ylindri c al case wilh and wit!: 

o ut and axial m">.gnetic field , 

used instea d of the d e utcrium 

target so as to measure the compression ability of the plasma 

11 ner . 

Cu r rent_sheet dynamics: The following results have been obtain­

ed by _ans o f triple ll\llgoetic probes which give simultaneously, 

far onc pOint. the three components of the field . Without ini­

tial magnetic field and o utSide the perturbed zone n.ear the elec 

lrodes , the current sheet assumes a cylindrical sha pe ,,'hich fo1_ 

10",,'5 well the numerical rcsults based on a mean transparency of 

the magnetic pi s t o n of 60'": to 95%, Applying an initial ax ial IIIU~ 

netic field to be c o mpressed , in t roduces complexe but reproduc! 

bl(O behaviour for the azimutal field / 4 / . The "snawplaughed" 

axial field behaves quite simply (F ig. 1). The departu re from 

the q·lindrical symmetry is (Ossentially due to t) the magnetic 

field lines b e ing '"frozen" in the electrodes; 2) the coupling 

wi t h the azimutal fiel d dynami Cs . This departure increases with 

the init i al axial field intensity . 

Structure of the liner: Outsidc o f the perturbed zone near tile 

electrod e ", and e xcluding rc g ion" nc::o. .. r - 0 and r - ri nit ial' the 

magnetic field compression occurs in twa different .odes: 1 ) In 

very 5 10"· and res istive shots the c o mpressed field increases 

n 
/. 

I\J 
~;,,~~' A 

7 \ ~~~""'~' ,_",. ','","" 
.... ~"' / . " ·"'i';..,~::;;"" 

n 
~, 

-:::L-~~P"~:";= 
"""er "' ..... ~ ..... 

- .'."" 
O~",m 

.... ." nt ... a. '~'" " ""'" ,...". 6, , ~" " , 
Sc ......... ,~ "" ,",,,,,,,..<. """"'9 .K'''''''''''" 0"'0"" "" p,,,,,, ,,.o lOr<" ...,., 

<Il"S """ ""Long ' .. " "'.' , ~ o .cd , ,'~ . 
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nearly uniformly in the whole space in front of the p i ston , 2) 

In normal and l'apid shots the magnet ic fie ld is no more unifo rm 

but "accumulated" in front of the piston (Fig, 2), in spite of 

the unpert"rbed rwediml having "n Alfv en veloc i ty an orde r of 

magnitude higher than the liner velocity . One can explain this 

fac t as follows: Mass accumulates in front o f the "snowplollghed" 

axial magnetic field t hus lo......,ring the local Alfven velocity and 

impeeding the p)'opagation of the increased axial field away from 

thc liner front, The densi ty needed thCl·efore is equal to that 

found for the liner. The ratio of "snowploughed" to unperturbed 

axial field intensity can reach 50, InSide the li ner t he mag _ 

netic pressure is spatially uniform. Thus augmenting the initial 

axial field will in-

crease the thickness ~'.:OUU ,,, . ,, 

of too "snowploughed" 

field rather than its 

intensity, The t hi cR­

ness of t his field de 

creases with t~ rll_ 

dius. 'nlC lin.er is 

co.p letel y collis i on 

domina ted: the colli _ 

sion mean free paths 

ar~ some 10-
3 

cm and the Lannor radius 10
2 

t i...,s l"r~er . 

"",. ," , •• '!' ~ 
I 

The axial collision: We have already reported the results / 3 / 

obtained inser ting destructive magnetic probes and microfuses in 

th£! axia l region where th£! energy density r£!aches 10 KJ/cm
3

. Time 

and space-resolved sper: t ra of this region have been taken in the 

viSible uSin.g a Kerr cell sh .. tt~r, Presently , tbe full speetrosc£ 

pical data are not yet worlLcd OIl' / 5 / but it can ea.sely be seen 

that the observed transitions in .... 1 and Hell co_ frm. a n ele£­

tronic l ..... el populatiOll corresp:;wXIing to te.peratures > 40 eV . 

The spati;'!.l distribution o f the global spectral in t e nSity has 

been plotted against ti_ in (Fig. 3). The expansion velocity 

being less than half of the .implos i on velocity indicates that 

about 80% of the kinetic energy of the liner has escaped from 

the axia l zone as electromagnetic radiation, 

Numerical model: The previou~ .odel / 3 / has been completed by 

introducing a f i nite constant thickness a nd a finite resistiv i-

ty for the liner / 6 / . The magnetic field is supposed to be ho 

mogeneous in front of the lin.er. 

For an optimum parameter-set one ge t s at the collapse: that of 

the s t ored energy 65% is tra nsformed in heat by Joule effec t and 

inelastic particle_pickup and 35$ appears in the total magnetic 

energy 10% goes into the lIIagnet ie ~ne rgy of the B f i eld, 

" 6 This aodoel allO'l'S lIOximu. ca.pressed field of ahout 10 gauss 

.,..hich is cohcrent with experimental da ta. 

The authors want to t hank M. Car inci, fo r technical support , 

S, CWtol .. ni and G. Ka.ponl f o r t.bGlr collanoration . 
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electronic d ena it)' an d temperature, .. fUnction of the depth, 

in ., hydro,;.,n l .. ho_ ..... o ... pI" .... by a pectra.copie 

i •••• w..,d that the pi. " .. i a in local ther .. l equilibriu •• 

Intr.uhlction , It i" oft en direi"u)t to live . "en an eati .. t" 

for the e1ect.ort1c de nait y and i • • peralure in ., pI .... which ia 

lar ... i,reproduci bility oC the pheno.ena exclude. the "a. of 

by the Abel l .... er.,lon technique. Tbe •• thod p ... . . ented in ihi" 

of the .1teration Of the line en-pe due to the 

Ae it i .... 11 kD ........ :" Ij I tb. outaoi"'l: inten e1 ty of ..... I1 .. tlon, 

at the ..... "length l. •• y b. writt ... : 

wh.r. B i . the bl ock_body i n ten.lty _ .. 4 

"C (.).J L k'(x)d:>< 

• 

, q 

the optical d.pth 

'2l 
with k' , the ab.orptlon coeCricient (c.- I), Cunctlon oC the 

coordin.t . x throuah N(x) a .. d T {x) , the .l.ctronlc t •• peratar. 

a n d d.n.ity . 

We approxI_t. N( x) and T{x) u.iD. ... LaV ....... i"t.rpol.tI_ 

Corau.l. [2} 

W~T. Ln i. the La .... dr. p olr-a-1.l oC d ... r •••• nd t~ Yi are 

the r •• t. oC t bi. palyno.I.l. 

the a.u.sia .. w.I .. ht •• ad the "i .re r.l.tad to 

t~. root. Y1 

ID .q. (Jl, we h.v. 

Zi b.iD. .. tbe root oC tbe equ.tion 

t:o"i .1;(zi) 

IC w. lIve. Cix.d v.lu • • r or (n_1 ) coupl e. T{x i ), Ht"i) .Dd 

_llo .. ~o to v.ry •• " .. at io .. (l) i •• Cor e.,c h " . l .. e o C';o ' .n 

equ.tio .. with •• i .... 1. ~ T" . ""h e .. thi. eq •• tion is .01-

y.d, .qu.t1on (~) .. i" •• the corre.pondlng Nx " We thus Obt.l n 

two cUrV •• T,,{~o) and Nz{!:o) for (n-I) gi".n coupl ... (NI,Ti ), 

'" function T,,{N,,) ' 

If we apply the •••• proce •• C.r dirfer e nt w.v alen ,!;ht ., the 

curve_ T,,(N,,) ror diCf.rent). .u.t intera.ct in a sin,!;le point 

if the n cou p l a . (T,N) ara correct. This r.ct ,!;ive. riae to an 

iteration proc e •• , .. hich i. poaaible to be compl eted by aeana 

of an elec tronic coa puter. 
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a roun d a a e dia .. plana. We take ro r T(x) a parabolic approxi ... "_ 

tion 

where T c T( .JJL) . T." T( .07t.J. and a a nd b ar e known COn3 _ 

tanta. 

£q. (3) b.co.ea 

ql!l( T 2) ) '" 
p and q ar. known runctiona or 

ror each ro . 

Th. root. zl and " 2 ar. «i"en by the equati on 

l; {z) (1_,.) ,..,.2 
~ . -,- (k~ .. (k~,,-k~).I.59(.218 • -,-» 

It i. i aportant t o notic .. that the po.itian of th.a. "t .. o r oot. 

d •• crib • • the i .. b . ........ eity or the a.diu •. 

lih.n, Cor .. i".n 1:.0 ' Tc .nd Hc ' T." ha. b •• n d"ter.in.d Cr_ 

eq •• ti .. (5) , N •• fOl io ... rro. lh. know1.d •• or 10.." 

Th .. it .... tio. i. th",_ to be p" .. farwed on Tc .nd Ne for dJ.rr ... e nt 

Tb a li ... . ha p. or t h e Ht Bal • • r Lin. And tb. n .ishbourins conti­

""_ W •• CAlcu l ated for a pa.r.balic .1ectronic di.tribution, the 

teaporalur. bai". d.t .... i •• d by the r.qwir ..... t tbat the t ot.l 

pr ... s .... . . ha~d b. conataat, th. I .... trical d.pth .... 3 . 67 

Th. "_put.r cod ..... d 1t9 poi .. l. to c "lcul.t. lh. 1nl .... al 

J C ' r l1. . 1;.- d. 

• 
Thr ..... ".l.".the w ...... l.ct.d to .pply the aethod ~J~O A. 

(caut.r or the lin.I , ~J66 A .ad ~600 A (canti .. uua). 

Fa r the C. TT.ct y.I .... • C Tc(-90fl9 · It) .. n d N
c

(7.21 10 16ca- 3 1 , 

the N.,,{T.,,) i.t.re.ct .t the poi n t T." • 8 550 '1 

If.,. • ~,70 101 6c.-3 • tb. corr.ct ".1 ..... b .lnl 88Jo\ '1, 

5.6 1016ca- 3 

interpgletio. La lb. table oC .b.orptia .. co.rrici.nt •• 

Rer .. renc •• 
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PLASM DIAGNOSTICS USING LANDAU DMIPED LONGITUD!NAL WAVES 

by 

/I,lIyen T . Dzoanh and Howard Pinsky~ 

Department of tl .. cTric ... l E:nEineerill£,Univel'sity of Notr" Oa"", 

Notr!! DaM ,lndiana \j&~56,U.S . A. 

Abstract 

A ... :ti'K>d of .... asuri'" accura tely the 1'145 .... temperat"" and density,lIsing 

tha L.ndau dalllped el&etro$tatic "aVes Is ".ported. It is based on the an8-

lyds of the !.and ... u daraping length and dispersion relation of longitudinal 

... vu propal:ating in collisionl" .. plilSlUs. Thh _ thod is particularly 

usdul when a magnetic fhld is inVOlved beclluse the characteristics of 

th LanpUir probe is not reliable in this "ne. 

There i s cons!.d .. rable cont rclVerSy about the accuracy of LIIngmuir probes 

who .. ""gnatie field in plaslDII h pN!sent,l.2 The _ssure-nu of electron 

t~perat\lre lire s OIIlewhat in doubt '00 .. ay differ frClll the actual values by 

a factor of three or hilher depending on the cue. A.n alternative and much 

lIIOrtl reliable IlIethod for .eesuril\i the tempentuN! and density of a plasma 

is reporTed in this paper. It is baaed on the a Mlysh of the experimental 

dua concerning the !..lndau d .... ping le",th and dispersion relaltion of dec· 

trcstatic W,,"Ve$ propag,ating in the direction of the lNIlI:ntltic field. Th .. 

method consists of contin\1o ... sly . xciting longitudiMI el.ctron wavlS in 

ples .... by a hi,h freq .... ncy electric field end .-.cording the interh ...... tric 

O\1tput of the wave aJnplitude verS\1$ the propagation distance . 

The "ave la ... nc!ling and interf.l'ODnric d.tltCtion syst"" is shoom in 

flg1. The la\1nehing probe is conn.cted to a Po.r. gentlrlltor and frequenciu 

in· the rang. of 15 t o ~ O Mho; are used.The detection probe is connected to 

1I receiver .. hich is tuned to the s_ f-requanc:y as tha R.r. gen.ruor. Th. 11.. 

r.O\1tp\1t from the r eceive r is fed into tile Y axis of • ICY recorder through 

a wave aMlyz;er. The )[ lIxis of the recorder 11 conne cted to a gellr doom 

prechion potentiOllleur IllQUnt...:! on the shaft .. hich makea the detection pro· 

IN! moving along tile plasmll colUfl'ln.The O\1tp\1t of the "live aMlyzer is IIIIlpU· 

tied and used t o lIOdulllte the R.r. signal la ... nched by the probe. A. referel\Ca 

signal uk"n f rom the p..r. ienerUor is properly at ten\1l1ted and mix.d with 

tha received sl,Ml before beiT1& lIppliad to tha receiver, Connect.,!. in thil 

fuhion ,th" system operat.s liS an interferaeeter. ~nen the referne. lInd r.cei! 

ad signals lU'. in pha u , lIn amplit\1dl maximtln "ill he sean on the ICY recorder. 

Tha interfel'Olllltric response of the pIa ..... is shown in gig . 2 .Both the dh-

persion and Lencla\1 dampin, effecrs lU'e r elldUy ilpparent, rrom these "ave 

piltterns the wllve length,the frequency and the Landll\1 duping le",tll can 

be Obtained "ith accurilCY. f'raa the &bove data the phase velocity of the 

"ilve y p clln be computed. To a scertain the .lectron temper ature T. ..e cOlI· 

pare the ... uured values of the Landa ... dampina length .. ith the theoreticd 

vlIl ... es given by Landa\1311nd corrected for finite tl!lllJ>l! ... ture a nd finite siN 

by Drwmncnd ~. That i s: , 
Pt :ll/k)V2ijt [3/,,2. 11 .. 3x· 2)/12 .. J<a)Je

x 
121 x

3 

wher" 1I is the radius of the plasma col \lllln,k is the " live nUllllJer and x is the 

.... tio of phu. velocity to the ....... l velocity vp/ve.'" CCllputer prograa is 

sanerated to calculat e the Landau d~ping len,th as 1I funetion of both v; 

and k.The vdue of x can be decramented t o the third significant fi,ure \1ntil 

the theoretical vdue of Pt agrees with the • . xperi .... ntlll dllta. It h then 

1I silllple I!IIIttar to solva for tha electron temp. t'at\1r. Te since ve~(KT.,I",)l/2 

The teaperllture so computed,togeth.r with the frequency lInd the wavelength 

"ill be used to derive the e1ectro~ density frarl the dispersion relation:
S 

,,2: w2 ( 1. 3v2/ v2 • .1 (Jfl2l112 v 31 v3 exp .v2/2v2 ) 
pep pep e 

(N.2/ .)112 : p1a,ma frequancy,N is the plasma density to be "here " p ~ 

deduced. 

The above proced\1 .... ,ive" • vary accurate value for density and t.,.p.ra.t\1re 

and is m\1ch more reliable thlln the probe peasurements. 

~ 
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fields Mc C ..... Hill (19~9) Eds A.C\1thrie and \lark.ling, 

3.L.LIlnc!a\1 J.Phys.(USSR) ~,25,(l'3ur.) 

".w.t.Pr\1monc! at Ill. PUiS!I\lI Plly'" and Contr.Nucl.f'usion Vol l,p."88 , (1966) 

5_ B.S.Tanenba\111 PIasraa Physics Mc Cra .. Hill p . l'" (1967) 

* (;rild\1ete rell"" r. __ I.J.T. Chicas""lllinoh. 
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DIAGNOSTICS 

Comparison of Ion Temperatures Measured with an Ion sensitive 

Probe and Spcctroscopic Doppler Broadening 

I . Katusmata+) 

Rese~rch Institute for Atomic Energy. Osaka City Univeristy, 

Osaka, Japan 

M. Otsuka and K. lshii 

Inst i tute of Plasma Physics, Nagoya University. Nagoya, Japan 

R. Ikee 

Department of physics. Hiroshima University. Hiroshima, Japan 

A purpose of a present experiment is to test the reliability 

of an ion sensit ive probe in high density plasmas . The probe 

was proposed hy onc of pro~cnt authorc ae a method to measure 

the ion temperature of the plasma in . magnetic field l ) . The 

characteristics of the probe were experimentally studied and 

the results were fairly satisfactory as expected 2 ,3r.1n 

addition. a calibrating experiment was made using a cesium 

plasma in a O-machine, since the ions in the O-machine is in 

the quasi-thermal equilibrium with the plasma emitting plate 

if the plasma is in the ion rich regime. The good agreement 

was observed between the measured ion temperature and the 

temperature of the emitting plate as long as the plasma vas in 

the ion rich regime4 ). TP-D- I 
In the present experi­

ment . the ion tempe­

rature measurement is 

made in helium plasmas. 

Whose densities are 

101J ....... 1014/CIIl3 , with 

the ion sensitive 

probe and the Doppler ~~~~~~=i~~:J '~::~~~ 
broadening of an helium I! 

ion spe9trum line of 

4686 ~ by means of 

Fig. 1, The experimental arrange­

ment i n horizontal v i ew . 

a Fabry-Perot inter-

ferometer. 

The plasma is produced in a modified Duo-plasmatron which is 

shown in Fig. 1 as "discharge region,,5). The inner diameterll 

of the anode and the floating electrodes are 8rom. In order 

to mak e the differntial pumping efficient, a floating ~i.miter. 

whose orifice is 30 mm in diameter, has been set just before 

the vacuum connection to the pump 2. The helium gas is fed 

through a leak valve behind the cathode at the rate of 860 

torr cm3/sec ~d the pressure in cathode region is several 

torrs. The discharge tube is evacuated always by the pump 1 

and the fine control of the pressur~ in the plasma region is 

made by opening of the valves of the pump 2 and pump 3. 

The pressure at the pump 1 is of the order of 10-4 torr and 

that of at the pump 2 is apprQl; imately 10-2 t orr or less. 

The magnetic field is kept constant throughout the experiment, 

which is 1.8 kG at the anode and then increases gradually to 

3 kG to the position of I . S . P . • 

The structure of the ion sensitive probe is shown in Fig. 2, 

which is speciallly delligned for the use in the present experi­

ment . Because the probe must be able to bear up against the 

large dissipation of power on it, 

in sueh ~ high density p l~8m~ ~s 

of the order of 10lJ/CIIl 3, it . is 

cooled with the water which is 

supplied at the rate of 1 cm
3

/ sec. 

The upper limit of the power 

dissipation on the probe is limited 

by the thermal conduction of the 

guard electrode and the ceramic 

insulator jacket and is somewhat 

lover than 100 watts. The ion 

collector of the probe is a flat 

end of a tungsten rod 0.7 mm in 

diameter. The other electrode is 

a guard electrode to prevent the 

electrons to the ion collector. 

To make the e lec t ron current to 

the guard electrode small, Fig . 2 , Ion sensitive probe 
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the top of the guard electrode is lowered 0 . 2 mm f rom the top 

of the outer insulator. The depth of the ion co llector , which 

is shown in Fig . 2 as h, is 0 .5 mm from the top of the guard 

electrode. 

The value of h is the most important - parameter in the ion 

s ensitive probe and it should be made larger than a c r itica l 

value bc to p revent the electron current to the ion collector, 

which i s expre s sed as 10A~hc? 10Ye + 101\D- Where} e is 

a mean Larmor radius of electrons and~D is a Debye distance. 

The equal i ty at the left hand side hOlds for lO\~d (diameter 

of the probe) and that of the right hand side holds for 

lOA.D~d 3). The plane of t he ion collector should be arranged 

p"",,,llel La Lln' ,'.;yn"tic fie ld and the same voltage should be 

applied to both the electrodes. 

The insturmental width of the Fabry-Perot interferometer is 

0.0015 ~, which is good enough for the present measurement, 

bec3use observed half-intensity breadths a re larger than 0.2 R 
Th e seperation between t.."a strong peaks, 0.099 R , in the fine 

structure of 468-6 ~ l ine is used as the wave-length standard, 

wh ich is produced in a hollow cathode discharge. The ion tempera-

t u re is obta i ned from the 

half-intensity breadth of the 

line profile accord i ng to ~:.i-&-~:'7~ 
the ca l culation of K. E . 

Welmer5 ) in which the fine 

s tructure and the Zeeman 

effect are taken into 

account . The sprecrometer 

10- ' .... 

is arranged so as to observe 

1 mm thick layer of p13 sma 

at its axis . A .... indow of 

'~I '~~I 
,0 1.4 
". U 
5.0 ' .5 
1.5 H 

10 .' I. ' .• -20 -10 0 10 20 
P ......... ' .. IVI 

the discharge tube to the 

spectrometer is just opposit 

to the probe port of I.S.P .. Fig. 3: Typical examples of ion 
current characteristics 
of the probe. 

Fig. 3 shows typical examples of characteriatics of I.S.P. take n 

at different radial positions in a plasma. The pressure indi­

cated in the figures _we the value at the position of I.S . P. It 

is clear in Fig. 3 that the energy distribution funetion o f the 

ion a is not Maxwellian near the axis of the plasma but it b ecomes 

good Maxvellian aa going to 

outward. This is a characteri­

stic feature of the plasmas in 

this experiment . This fact may 

be explained in terms of the 

deformation the distribution 

funct.ion of ions in the strong 

radial electric field (2 4 V/cm in 

the ease of Fig. 3) near the axis 

of the plasma column. As a measure 

of the mean energy of ions, the 

steepest tangent on the low energy 

part of the curve is taken as the 

ion t emperature . The results, thus 

obtained. 3re shown in Fig . 4 to­

gether with the results by the 

noppl .. r hrnan .. n i nq mea .. urement " . 

ProM Doppler 
v ) mm 
o 2.5 • 

~ ~:g P=:1.11(1O-3Iorr 

'/": /// 

.. ~ 
P =1.91( 1O-31orr 

Discharge Current lA) 

Fig. 4: 

The plasma density is 9 x 10l2/cm3 at Id m 20 A and increases to 

8 x 1013 per cm
3 

at Id • 100 A o n the axis of the p13sma . Taking 

into account the radial intensity distribution of the spectrum 

line, Wh i ch is well approxiInated, i n Tml unit, CIO (r - 4)2, o ne 

can conc l ude that th.. results of the ion t~mperature measur .. ments 

with both the methods agree veIL each other. 
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Measurements of the lon- Velocity 

Distribution Function in a Single- Ended Q- Machine 

by 

S.A. Andersen, V. O. Jenscn and P. Miehelsen 

Danish A. E. C. Resest'ch Establishment IUsl'! 

noskllde , Denmark 

Abstract: An electrostatic energy analyser with a resolution better than 

~wall constructed and used la determine the ion-velocity distribu­

tion function at dUferenl conditions in a single- ended Q- machine. The in­

fluence of a neut r al gas on the distribution function was examined. Doubled­

humped distribution functions were obtained. 

1. Introduction: In recent years many experiments have been performed 

In order 10 study Ihe propatc"'Uvu tJ,·opc.-ticlI of density perlurbntions in 

single-ended Q-machines. In order to make quantitative comparisons be­

tween experimental results jlnd theoretical predictions knowledge of the 

undisturbed ion-velocity distribution function is essential. To the best of 

our knowledge, careful measurements of this distribution function in plas­

mas in single-ended Q- machines have not been performed. A Pew attempts 

to measure the distribution function were reported recently 1,2. In this 

paper we will describe the results of measurements of the distribution 

function under dUferent working conditions. Details of the measurements 

will be reported elsewhere. 

2. Experim ental Set-Up: The experimental set-up is shown in Fig. 1. The 

Cs-plasma column Is confined radially by a magnetic field and is termin­

ated on an electrostatic Ion-energy analyser movable along the axis. The 

analyser. which is similar to the one described by Buzzi et a1. 2, consists 

of a collector electrode in (ront of which a copper mesh, 35 ~ m thick -

40000 25 ~m x 25 ~m holes/cm2 , is placed. The mesh is b iased negat1ve­

ly (-6 to _ 1 0 V) with respect to the earth in order to reflect the electrons. 

The distribution oC ion energies parallel to the magnetic field is de­

termined by measuring the cu n'ent-voltage characteristic of the collector 

plate The connection between the ion velocity distribution f\,l~) 
and t~e collector current, lc' is given by dIc/d 'l'a a: r(v "l e 'I'~'I'pl ) 

where 'l'a i6 the collector voltage, 'l'pl the plasma potential and m the ion 

mass. The electrical circuit shown in Fig. 1 riisplays the collector c urrent 

dUferentiated with respect to the collector voltage on a scope. 

Experimentally the plasma-potential is found by introducing a small 

group of slow, cold ions, which is detected as a narrOW peak when.a",," .pl 

(see Fig. 2). This group of slow ions Is produced by charge- exchange In 

a neutral Cs-cloud confined In the copper tube shown in Fig. 1. 

3. Experimental Iteaults: 

la) Low-Density Region (n":: 108 cm- 3), In this density region the Ion-

ian mean free paths are long compared with the length of the machine. 

Fig. 2 shows a typical oscillogram of the distribution function. The main 

peak corresponds to the contribution of the main plasma, while the small 

left-hand-side peak is made up of ions Cormed by c harge exchange in the 

neutral Cs-cloud In the copper tube. The sheath potential drop, .0' in front 

oC the hot ionizer plste accelel'ate s the ions to velocities cO'Tesponding to 

this drop . Experimentally we find good agreement between this accelera­

tion and '1'0 as calculated from a balance equation involving the formula for 

the Rlchardson elcctron emission . 

(b) Medium- Density Reg ion (108 cm -3::; n ~5 . 109 cm - 3). In this region, 

where the Ion-Ion mesn free path is comparable to the length of the plasma 

column , the velocity dlsldbutlon Cunction is expected to v.ary with the dis­

tanc e from the ionizer plate. Near the plate the distribution function is like 

that described under (a), and It changes along the column to approach a 

drUting Maxwellian. We rind that this cha nge agrees with a simple model 

based on conservation of mass-, momentum- and energy-now. 

(c) High-Density Region (n~ 5' 109 cm-3 ). In this region the ion-ion mean 

free paths are short compared with the length of the plasma column. The 

distribution function is therefore always very close to a drifting /';Iaxwel­

lian. The temperature and drift velocity is determined by a physical pro­

cess which is not present at lower densities. This process consists of 

charge exchange interac tion between the neutral Cs- flux f r om the generat­

ing oven (A in Fig. 1) and the Ion flux fro m the ionizer plale. Fig. 38 shows 

the drlIt velocity and Ion temperature as a function of density fo r a fixed 

plate temperatu.·c. This va riation agrces with a rough calculation of thc 

rate of c ha r ge exchange processes taking plnce in front of the hot plate. 

4, Shaping of the Distribution Function: We have used Ihe analyser to cx­

amine the effect of intt'oducing a neutral gas into the plasma column, s 

method used In t.he [last for the purpose of lOn coohng 3 4 5 Thc oscillo­

grams ill Fig.4 show the distribution fu nction for increasing neutral Cs­

pressure in the copper tube (Fig. t). Note that a double-humped distribu­

tion function , suitable for the study of Landau growth. is obtained. 
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When a neutral background pres9Ul'e of a'l h le ,·t gas covers the full 

plasma column we find that the distribution function "a " ies considerably 

with the distance from the ionize,· plate. Fig. 5 shows this variat ion. 
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Figuz'e Captions 

..E!!L...l..:. Schematics of the experimental set-up. 

~ Typical example of differentiated analyser characte r istic. Sweep 

0.5 V/large div. Analyse,· positioned at x . 26 cm, Ta-plate at X" o. 
n:::; 108 cm- 3. 

Fig. 3. (A) Examples of distribut ion functi ons m e asured at dUferent densi­

ties. a) n~ 3. 109 cm -3 , b) n"'- 8. 109 CIl1- 3 , c ) n'" 3· 1010 cm-3 T hp ;:;; 

24000K. Analyser positioned at x ~ 62 cm. Sweep O. 5 V/large div. B)Ex­

perimcntal values of drill velocity and ion Icmpez'at ure as functions of 

density. 

~ Examples of distribution functions obtsined a t different neutral 

Cs-pressu"es in the cOI}per tube. a) ,'athcr low Cs- pr e ssll. '", b) medium 

cs- p ,·essuJ·e, c) high Cs pressure. n;:O 1 . 5· 108 cm - 3. Analyse,· posi­

tioned at JI. E 26 cm . Sweep O. 5 V/largc d iv. 

~ Distribution functions at three positions along thc column.in 

pa "l\y ionized plasma. a) x ~ 26 cm, b) X" 56 cm, c) X. 106 c m. Argon 

backg,·ound pressure 2.10- 4 torr. Plnte temJ)e.·atUl·e 24000K . Sweep 

0.5 V/Iarge div . n"- 109 cm- 3 . 



DIAGNOSTICS 
CONSTRUCTION OF ELECTRON DISTRIBUTioN FUNCTIONS 

FROM LASER SCATTERING SPECTRA 

J. H. Williamson, UKAEA culham Laboratory. 1>.hingdon England 
and M. E . Clarke 

~, The full three dimensional electron veloci t y distri­

bution function of a low density plasma can be constructed from 

Thomson scattering spectra observed in several different directions . 

Most of the complications which arise at relativistic electron 

velociti es can be avoided by placing 11 diffraction grating in t he 

scattered laser beam . 

Thomson scattering from electrons can be observed when a 

plasma is illuminated by a laser beam. The frequency of radiation 

scattered through an angle B by an electron moving with 11 velocity 

y wi l l be Doppler shifted by an amount w = 1·Y. where 1 = 19- 1 i 

and 1i and 1s are the wave vectors of the incident and the !>catt­

ered waves. Fig . 1. 

. The contributions from "ach electron 

will ·combine incoherently(l)when collective 

effec ts can be neg l ected; i.e., when 

0. "" l/kLo « 1 where LD is the Debye length . 

The form of the spectral function i s then 

2j 
k; 

III 

where f(~) is the electron yeloc it y distribution function, Thus 

all the electrons with the same component of velocity, y.!!. .. w/k 

in the direction !!. (=!s/Id, will contribute to a single point w 

in the spectrum. The problem is to disentangle f from the se 

spectra . 

\~e first e xpress (1) in terms of the par ame ters R w/k and 

n. Th" spectrum as a function of R for fixed g is 

S(Rlg) • (2) • 

The Fourier transform of the distribution function fly) is 

fCE) = I f(y) exp(-ip y . .!!) dy 

where E = p.!!. If we now introduce a dummy integrat ion ove r a b­

function with argument (R-y . .!!), 

tiE) '" Hf(y) exp(-ipR) 6 (R-y.!!.) dR dy 

= I exp(-ipR) S(RI.!l) dR ... (3) . 

<J:hus fly) can be restored by taking the three dimensional 

Fou rier transform of t(E) ,,!hich is itself the one dimensional 

Fourier t ransform of S(RI!!) . In its simpl e form th i s method 

involves a large amount of computation and we now show -that the 

number of integrat ions can be reduced . 

The Fourier transform of Egn.(3) can be written 

f(v) .. ti./B,,") JJI exp(ipR-ip y.!!.) S(RI!!.) dR p~ dp dO 

where dO is an element of soLid angle, and where we have separated 

the radial and angular parts of the integral OVer E . After inte­

grating ove r p, we obtain finally 

, , Cd>" 
f (v) = -8-;;-~J dR~jR 

= y . .!! 
dO (4) • 

Thus f(y) can be constructed by integrating over solid angle 

the second differential of each spectrum .at the point R = y.!!.. 

It may eas ily be sho" ... , using Egn . (4 ) , that a spherically 

.. ymm .. ~ .. i""" l v"locity di "tri.bu t ion f(v) ie related to the spectrum 

S (R) by 

f(v) = _ I (d§.\ 
2fTV dR.JR = v (5) • 

It lS import ant to note that these invers ion formulae have 

been derived in terms of spectra for fixed directions!!.. In 

practice a spectrum will be obse rved at a fixed angle ij . The 

direction.!! is given by the a ngle ~ {Fig. I ) where 

W ( w,> I:; (fT-5) - -eosl:;9 + 0 -). 
ck ck 

Hence there wi Ll be a small variation of the direction!!. with 

W at a fixed angle e. Usually wick is ver y small and we can 

assume that a spectrum observed a t fixed e will be the same as a 

spectrum a t fixed.!!. If the assumption of constant!!. cannot be 

used in a particular experiment, there are several possible 

courses of action : 

1. The di.spersion effec t can always be eliminated by performing 

back-scattering exper iments in which cos':!e • o . 
2. The scattered light Can be passed through a diffraction 

grating to correct for the dispersion. A grating with 6000 lines 

per cm gives perfect correction a t 68° and 1300 for ).i 3 6943~ 

3 . Brown and Rose(2) have shown how an expression equivale nt to 

Eqn.(4) can be derived in terms s(Rla) . Their solution is very 

compli.cated and difficult to use . 

It is implicitly assumed in this work that the Thomson scatter­

ing cross section 0T is the same for all electrons . Al though 

this is true in the non-relativistic limi t , Brown and Rose have 

shown that in general the d e pe ndence of 0T on v is O(v/c) . Howeve r 

if the direction o f the incide nt electric vector is perpendicular 

to the direction of observat ion, as is usually the case in Thomson 

scatter ing experiment s, any variation in 0T is only of order v~ /c~. 

The part of t his due to t he relativistic increase in ma ss is 

easily dealt with and t h e remaining errors are usually extremely 

sma ll for electron energies up to 30 keV. 

we have tested the inversion formula using a model loss­

cone distribution function having azimuthal symmetry . The 

original f(v, e) at e = 37° and BOO is shown by the solid lines 

in Fig. 2, and its reconstruction by the circles . Only four 

spectra. two of which are shown in Fig. 3, were used but the 

r esulting root mean square error in f was less than 1% . 

f 

o 

Fi.g. 

5 

5 

oL--~-=:::=',,;=-~ 
o 5 10 R 

Fig . 3 
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AAGNETIC FIELD MEASUREMENT BY LIGHT SCATTERING·) 
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80~6 Garching b. MUnchen, Germany 

Ab'tr~ct: The condition~ for measuring ~gnetic fields in plas-

1MB by light scattering a re discussed. In experimental obser-

vations of laser light scattered by a magnetiz ed !Irc plasma we 

have measured deviations from the normal thermal spectrum. The 

observed spectrum fits best with the theoretic~ l curve due to 

the probe me;'l5ured fIWIgnetic field. 

Local me asurement of rnllgnetic fie lds in hot plaslM s is ver y im­

portant. Unfortunately , the methods u~ed hitherto h .., ve mtlrked 

disi!ldvantage s. e . g . changing the pltlsma parameters and yielding 

integrated values rlJ . On the other h a nd. laser scattering 

offers a possibility of locally determining magnetic fields 

with negligible disturbance of the plllsma , in IIddition to the 

usual measurement of tempera t ure and density . This method is 

based on the fact thllt under certain circumstances the spectrum 

of the sca t tered light is in flueced by the magneti c field with-

in the scatt ering volume . 

In theoretical papers (e.g. il-V) 

the scattering spectrum is ca1cu-

lated for Bi ks (Fig . 1 ) . If, fur­

thermore, er - llksO (0 - Oebye 

.lel'lgth)' is lower thal'l 1, onl y the 

electron spectrum ia considered . 

It conais ts of l ines whose sepa -

ratiol'l equals the qyrofrequ e ncy of 

scaU. vector 

ki (laser) 

, , , 

k2(SCaH.light) 

-- -- -- ''IT . 912 ks· k1-k, =To SIn 

Fig. 1 

the e l ectrons and whose envelope is nearly equal to the ther~l 

scatteri ng spectrum . 

In this paper first we specify the conditions for measuring 

auch a modulated spectrum . We then describe a light scattering 

experiment which shows the i~fluece of the magnetic field in a 

l aboratory p l asma on the spectrum of the scattered light . 

The inequality - 1lks D .. T s~n 9/2 . const «1 (1) ensures 

that we have on l y the e lectron spectrum IInd that col l ective ef­

fects disappear. ~ second condition means that the modulation of 

the spectrum is well marked . This requires that the h~lf-width 

"1/1 of a line is smal l enough compllred with the separation DA 

of two lines. "'~1. 11 _ v th ~tc' ks '" si~ & Yn const · «1 121 . 

The h:> l f width ia determined by the Ooppler "hift "1/2 It - v thll ks 

which. roughly speaking . is qO'!erned by the component p~ral1 e1 

to the rr.agnetic field. while the perpendicular clJq)onent is re­

sponsible for the envelope of the spectrum . The separstion is 

propo~tional to the e l ect ron gyrofreauency. ~ i s the mean value 

of the angles between ks and the perpendicular to the magne tic 

field . Therefore ia a measure of the divergence of l aser 

light as we ' l liS of inhomogenei ties in the magnetie field within 

the scattering volume . A third condition requires that the scat­

ter ed light per channel L is sufficient to keep the statisti­

ca l eeror small: L '" ,i B2 const" «1 131 . 

Condition" (2) and (3) call for large " , as opposed to fl) . In 

accO~ance with the general scattering theory we may have a to 

about 0 . 5 and then get BO % and mace of the whole scat t ered 
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light into the part of the electron spectrulft. Then condition (2) 

is satisfied by electeon densities of about 10 16 c .. - 3 and "''''gne-

tic fields of about 100 kG and diverge nce angles 

10-2 lOad. Usual scattering experiments work with 

of a few 

va lues of 

about 10-
1

. Therefore. the main difficulty in our experiment lies 

in the small apertures and hence small scattered signal s. The 

scattered light intensity depends on l y on er and B . With a" 0.5, 

S - 100 kG and 100 MW laser intensity in the scattering volume, 

the statis t ical error is about 20 %. El ectr on temperature and 

scattering angle can et i 11 be free l y determine, but are rela ted 

by the condition .. = 0.5 Theretore there eXist the possibl11 " 

ties TI 'I '1 '001 (eV) " IBO 90 :>0 {gradl . For all pairs we hl'lve the sallle mo-

dl11ation IInd the same sca ttered s ignals . 

For a f irst experiment : '1.7 we chose 900 - scattering in order to 

keep the stray light s\l~ficiently smalL There~ore the parameters 

of t his experi",e"t should be: ne ~ 10
16 

cn-
3

• Te ~ 5 eV, .. ~ O.~ . 

The appropriate plasma is formed in " hydrogen a rc in an 1'Ixipa-

rallel magnetic fi eld Bz . The 

homogeneous magnetic field of 

120 kG is produced by a pul se 

discharge via t",o parallel 

coils (Fig. 2). The arc burns 

parallel to the magnetic field 

l ines. From norma l 900 -gca tter -

ing we get the parameters 
scattering geometry 

-3 o. Fig. 

T e = 3 .2 eV and a - 0.6 . The giant pulse of a Ruby laser is fo-

cusf!d in direction kl into the plasma, when B has reached 
" its maximum value . We observe the scattered light emitted i n the 

direction k2 The scat tering vector ks is perpendicular to 

Bz · Deviations in the planes B7.kl and Bzk 2 orlqinate in the aper­

tures around Itl and k 2 • both 0.02 rad. in the homogene itiell of 

Bz and the magnetic field B9 of the arc current. In spite of these 

deviations we e"pect a modulation greater than BO % • . Fig. 3 shows 

the scattering spectra both 

with and without magnetic 

fields. The cros"es and circ-

les are mean values of se-

ven discharges each . we could 

not measure at the lage r ~ Q2 

wavelength because of exces - ! ,. me-o~(BIOI 

• {B . O 

lMory (~hneI1 sive stray light. The curve ill 

the best fit according to the '~o--"-----1-------~.C--" 

the ory of Lehner [1]. 
Fig, 3 

From the separation of the laser wavelength and the wavelength of 

the first minimum we can deterrr.ine the electron gyro f requency 

wh i ch then gives a magnetic f ield of 150 !20 ItG . Deviations from 

II n uniform modu l ation frequency have been calcu la ted by P111t~man 

et a l . £S J for c ases where the condi t ion (I « 1 ia not s atis-

fied . with their numerical computations for cases. similar to 

ours, the magnetic field is lower . but by a fl'lctor les s than 30%. 

£1] G. Lehner. F. Pohl. Z. Physilt.ill. >10S 119701 

('"2.7 Th . Ll'laspeere, .1. Geophys . Res . &.2.. 3955 (1960) 

[37 E. E. SlIlpeter, Phys. Rev . ill, 1663 (1961) 

£"4 J L . Kellerer, Z . phys. ill, 415 (1970) 

f 5 J P.M. P1atzman, P.A. wolf, N. Tzoar, Phys.Rev . 174.489 (196B) 
+)This work "'liS perforrr,ed as part of t he joint research program 

between the Institut fUr Plasmaphy"ik. Garchinq and Euratom. 
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DIAGNOSTICS 

OBSRRVATION OP )u'CIlETIC :FIELD IIlDULATIOH 01' THE TI«lIlSON SCA'lTERED 

LtGHT SP'!CTRUX IN A LABORAroRY PLASKA. 

by 

D.!. Bv.~ . R. PeacocK and P. C&rolan 

U.K.A.E.A., Culhu wbol'lltory, Ab1ngdon, Bera . BnsJ.and. 

• ~: A 2 . 7 A baM or the broad , nearly Glluuill.ll apectl"UlD of' luer l1aht 

IIcattered by .. pluN 1n thl! pNlaenctl of' .. 15 kG lIIII~tiC field htu been 

• iaolated and p."ud throush .. 0.1 A resolution i n terf'arometar. )(aptie 

lIodulation or tile apeotrllOl mu bean deteo t ed. The re 1. elolle aU1'ellll!lnt 

bet"een the field atrenrll caleulllted trom the modu4tion Imol. that ,"uured 

by Parai1ay rotation. 

Introduction: Thollson aCatterin,s or 1u"r liaht is ravourtld u .. diasnolltie 

technique for laboratory plall"" because or ih _ny desirabl" t'e.turea 

"hich incl uda hip spatial and teapor.l resolution , rnedoa rro. ptlrturbinll 

innuenc:e on the piu_, .nd applicability to .. ride r .. n~ ot' plas ... condJ.tion,. 

The IIOtiVaUon tor the presellt .... rk b to brilll!: JMptic neld into the nt 

ot plaa" pef'Sllllters which call be .. aaured by lIuer IfNIt ..,attarina. 

The etteot ot .tlUe: usnetic tield UPOII the spectn1lll ot liy,t scattered ' 

by a collisionleu pla04 haa beall calculated by a number at authors 1-5 .. ho 

have show. that the preaellca ot a ... snetic tield call be ignored unln. the 

difterent1.al .. ave vaotor tor Icatterins , l!:. ia l\I&I"ly perpendicular to the 

lIlI!!iII8tic field vector 1!. Whe n this conditinn is. satisfied , the spactl"lllll 

exhibit. peab at naer - lnteser aultiples of the electron cyclotron trequency 

Wce' The baaio proce~s fro .... hioh the magnetic structure springs 18 the 

ainusoidally-varyins Doppler .h1ft experiellced by lisht .. ave. scattered by 

electrons which are pertor.u:.s 8;YTatiolls a t the LanDour f'requeooy about the 

lIlIt;netiC lina. of force. If the ~cctor l!: is not exactly parallel to A, 
then the coaPOTllilllt of the aotion of the electroll e.lOrl,!; A introduces a Doppler 

broad.en1~ of thG pealcs proportional to the projectioll of the electron 

thenllal. .,elocity ve alo"41: the !. d1redl.on, l\IUlIel,y "fe cOlI ~ , .mere "la 

the anale beneell !. and 1! .. . ah",,"n ill Pig . l . 

queney line breadth, 2 k"e coe ~ , 

approach the apaci"41: betwee n the 

li"". , wee' then unoul gearins 

of the reao""ncea 11111 occur. 

Accordinsl,y • nece..,.ry condit:l.on 

for the appearance of .. as""tic 

structure is tho.t 2kveooa;<"'oe ' 

Expcriment! An ",'periment 

dedsned to put thia .. agnatio 

.. odulatioll in evidence hu bHn 

COll3tructed. A 5IIIell pre-ioniud 

thata pillch diacharSi' (-} KJ) 

wldch gen.rat.., a .. agnetic field 

In.: ldent 
light 

! 

Should the relUlti~ tno-

---4r ~ 

~·IG . l 

r S.:ottered 
light 

21w. o a .,. 

peaki"41: in the nei&hboumood of 16 kC. 18 the pl.sma aOOTee . Liaht fro •• 

100 1nl' ruby laeer 1e d.irected throu!:h the cent"' of the theta cou .t an 

• ngle of l!i° to the direction ot the 1aagnetic field . Pro"l"i'ion le .. da to 

debct aOO disperse l1!;ht scattered ill the plane containi"41: the incid.ent 

b."", and l!, at an an!:l. of }O0 to the fOllll er .nd l!i° to the latter. The 

seathrillf: VIctor !. is thua perpendicular to l! . The optics which brins 

the l.ser b .... into the sca tterillf: volutlle and the det cction optics . re 

arranged in ,,,ch a W83 that each point within the scatteri"41: volutlle is 

chamchris.d by an identical COne of :! vectors occupyin/!: a renge of anpe 

~ .! 1
0 

about tile perpendicular to l! . 

Scmt~ered light panos through a Morrow (2. 7 ~) band diel.ctric inte r-

f e rence fumiall.d trrith a device to tilt it with respect to the incident 

li&ht directioll and so 

sh1ft the ... .,elene;th of 

lity penDits us to build 

up , over a saquenc. of 

... cldne discharges , the 

spectrum of scatte red 

l1aht fr<m wh..icit the plu .... tmp"rature .nd d elU1ity ere determined. It al~o 

aaI'Ves to isol ate a mrro .. band of the spllotrnm "iell ia then further dis ­

• persed by a Fabry -Perot intertercmetar havins a reeolution of 0 . 1 A. Preseun 

atructun: of the 5cattcn:d light spectru .. h conetructed from the re&llta cL 

• series of seperah eXperi .. ents. Pig. 2 illustrw.tll the axparilloelltal ar~ent . 

Results and Discussioll: Prel~inary .. eaalln..enta ... re c a rried out uainS ttu. 

tilting fUter 'PPlll"Btus alone. The total apectl\ll for the plu .. a fomed fr<m 

"!i .illitorr of hydn>gen .. as •• asured at the poak of the tirst hal.£"-cycle of 

the theta troll current and ......, con.sishnt w1 th an electron t"'pllr.ture Te" 20 eV, 

and a deneity, confirmed by an ind.pendent byleig:h acathri"41: meullnIIIent cL 

a fe .. tuna 1015 electrons .,.-}. 'nIe cOITI"~ndl~ correlation pa~ter 

1 ... , 1....... ... 
I I I! I 

~kl I: 
\ , 11 · 

\ \"11 I \. , \ I 
"/ \ 'I \ I 

~ , 
. ) ... 1 

FIG. , 

liea between 0.2 e rd O.}. 

Th. apectl"l.lll of scat­

t.red liSht meuured through 

the Fabry-Pilrot with tha 

interterence filter centnd 

at the leser w.velenSth and 

• th.n "hifted. by 1., A is 

51101111 ill Fig.}. The spec­

tf\U1l is split into . 

seQ\lence ot pIIu. each 

• displaccd fl"Olll it:! ""i/"ttbour by approrlllll.tely 0.7 A. Four a"ch peaka Cou.llt-

ins the centnt.l. One are reso l vcd. Ass\llli"41: that th ... arise from the 

_.,.""Uc field eft.ct , their spacins corresporda to a field atre"4l:th of 

l!i. !i kC. . ~i" la marly en ordcr or magnitude smaller than the field for 

which. ataller OOa.rvation has recently be.n reported
6

, 111111 13 in f.ct 

typical of fiel ds cOllllllonly tound in laborato:y controlled fusion experilllenta . 

An auxiliary tiald .. a ...... ur""'ellt usins "arad83 rotation ot the plane of 

polarization of the b~8111 of an H,,·Ne l ... r in a , .. all cylinder of denall slass 

plac.d. at the coil ' s oentre geve • velue of 16 kG. Thua , there ia cloae 

agreement betweell the field calculated froll' the scattered. light apllotru .. IIIId 

thet lIIeasured by Fa.raday rotation • 

In all cxpe ri1llect in .. hich the acatteri", vector .! la allDOat perpendi­

oular to the IIIo8gnetic Held 1!. , fine s tructure conaisting of a sequeooe of . 
peab U. -, A .part has been detected in tha neerl), Ge.ussJ..an apo.:t.ru. ut 

acattered laser lit;bt. The IIlIgnetiC field caloulated froa the ep,cina ot the 

pe.ka , 1!i. 5 kG , asn:es closcly with that .eaaured by Faraday rotation • 

Rcfarensu 
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DIAGNOSTI CS 

DIAGNOSTICS FOR HOT-ELECTRON, MAGNETICALLY CONFINED PLASMA.S 

>, 
A. J. Llehtenber g , H. J. !ichwartz and H. A. Lhberun 

Department of Electrical EnI1n""1"inll and Compute r Se1l!ncu 

Ehet r onic lI Research Laboruory 

University of Californb, Berkeley. California U.S."'. 

Abstractl Diagnolltic. have be"n developed for me8sIIrlnl the temperlltuta, 

density, velocity dlatribution, axial and radial profiles, IInd decay nte, 

of • hot - electr on (Te between 20 and 200 keY) pI ....... confine... in a _Inetlc 

.i:nor fil!ld. CoJOparhon among a nWllbet of dialnos ric lI h _cl... It h 

.hewn that mell8urelllenta of te .. p~r.ture . deneit)', .od axial profile can ba 

considerably in errot if rh .. experimental reaulta at" compared with Haxwel-

11an veloc:1ty distributions, rather than self- con. hunt , .irror distribu­

tions . 

I. El<perbllmt: Th" experiment employ. a .... gneCic lIirror field which rhu 

to a peale. lIidplane value. , typica1.1 y 50 kG , with a r ise Ci_ of 500 lIicro­

.econd • • lId dec.ys with a t:Lae cOllatant of T • 10llUliaeconda Il l. The 

llirror rat10 R - ,Baax 111 equal approximately to 1.4 at peak COlOprenion. 
~ 0 

A vasli"r Itack aource inj"<:;.t9 pI . . ... into the airror region. At p".k COIl-

pression of 50 kC, the pIa ....... parllllleters are typically kT • • 60 keY 1n the 

reil of the Kaxwe.lUan , lie ;;' 5 x 1012 "",-3. length t ,; 6 ell , alld di_ur 

D ;; 0.5 CIII. 

Fil. 1 . hows aome of the diagnostics. Four radial por t a aample .)'1\­

chrotron radiation , lilht, X-ray. , Ind aicrowave radiation. Th" vacuUII 

chamber itlelf can be ... d" 1nto a aicr "",ave cavity in which a reaOnance is 

pe r turbed by the plasllla to obtain the dendty. A !lOveable light pipe with 

a 45 · lIirror at ita elld IIIIIIp le8 dther Iynchrotron radiation o r vilible 

a1ng1 .. X-raya are ID8nured by depo- 10 

a1tion in aNal cryatal which elliU ~ 
11ght proportional to the X- ray en- o:j""""l\l;.",,:';',~,,::iI'''''~''" 
ergy. In Fig . 2 we compere the 

experiaentally detenoined X-ray 

heighu, with the theo retical valun for a 10 • • cone dinrib"t10n v"exp 

("'1!IV 2 /2kT), for the two values of I and kT that best fit tha experilllent, 

We aee that it h impo. dble to deterlline kT independently of a frOll the. 

X-ray da ta alone. 

Synchrotron radiation 111 detected with a cryogenicaUy operated , indi­

wo-antimonide photodetactor [11. The . pectral dhtribution of the radia­

tion 11 obtained with an " chelc!tte grating 1I0nochromator th.t has 10% b.nd­

vidth . t th" c entral frequency in each grating Ill. In Fig. 3 the exp.ri-

1II!nt.l.pactr ua, . 0IMlwh. t sfIOo t hed , i a cOllpare d witb tha theory u!l ing the 

loes cOne diatribution of the fon used for X-ray calc"lations. For tha 

distributions that brackete d the experiment from the X- ray data , we. l ee 

that kT .. 80 keY, I .. 0, has neither the cornct . hift of the aaxbwm nor 

the corr act slope na.r III • " c ' ItT " 60 keY, I • 4 has tha correc t I lope but 

too large. shift in the peak. ItT" 60 keY, s .. 2 ha~ the correct ahift 

hut aUlhtly too I t l ap a . lope. Ollr be!lt estimate , the refor a is ItT .. 60 

ke.Y, 8 • 3 , which 11 .ho consiltant witb tha X-ray d.ta. Collective plaa­

lIB beh.viOt .. y be res pon.ible f o r th e. additional structllra . t lower 

frequencies . 

-
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Ill. Measure .... nt of Diameter . Lensth. and Ans"lar Dbtriblltion: AUght 

pipa, as ahOlln in Fig. I, rots tina abollt ite own uia , l a II s ad to _."lIr . 

the radiation int"naity .. a f"nction of angle.. Dapending on the detector, 

the r .diation me.aured cln be eithe r .ynchrotron r .diation in the infrared, 

or a t .... ic t r ansitions in tha visible . Another lIethod for detenrlninl cba 

plaa_ rad illl la to detect taa t electronl witb an end 10 .. camera. Tba 

radial profile can be obtained froll aach of the ll! ""thods , bu t tba accur . cy 

is rather poor if the pL ...... radius is 8111&11, In Fig. 4 va compare the n­

.1I1t. of tha radial profile aa meanured by the end Ion cllllerl (e) vith 

th.t ob t ained (r"," &ynchrotron radiation and light (b). The e x!eUnce of a 

hot plas ... cora with I dillllleter len tben a cent1llater "ia conUr.ed by a 

comparison ot tha synchrotron radiation and end 10" data. Both the light 

and the e.nd loa. ""'"sur ..... nt ."ggest the existence of an outer pIli ... "hall. 

The axial hot ele ctron profUe la deterllined frOll the s ynchrot r on ra­

diation inUndty by diding the 11lht pipe axially a long tha plee ... ch_­

bar. In lIirror -confined plaSIM8, th. a ngular velocity distribution c.n be 

" 
~ 

.fo. 
I .. , , 
.. 
".',,-."w,--.• ~.r.-._.c~~. ".--, .. ~.r.-,_.~,,_~ 

, ~-

Fig. 4 

0
0 2.!) !).o 7.' 

I ' "lial di~lonce (cm) 

detet1lined trOll the axial profile. In Fig. 5 tb. Fro.flle . ealure d u!linS 

synchrotron udiation 18 COllpared vith t he theoretic.lly pradicted pro­

files . Th8 theore.t ical pro files lire calculaud both frOIll the collisional 

lo.a cone noraal ... de and trOJO a bi-Maxwelli.n with I niaotrnpy ratio& 

11 .. TJ./T.. The experimental point. are found to give . lI_hlt IIOr e 

anisotropic distribution than the nonaal lIIOde . The res ul ts " a ing vistble 

light are in aubstantial agreement with those for . yncbrotron radi.tion. 

IV . Measure_nt of Dendty: To deteraine the Iblolute intenlity of radia­

tion .ea aured by the combined IIOnochrOlllltor-de tector !ly&te.., the nb" erved 

radiation i s COlllpared with radiation (rOlll a .. ercury .rc lamp [2]. The line. 

den. ity of hot elect ron. can then \) deterllined fro .. a theoretical know­

ledge of the radiation per pa rticle., 

For our plasaa , which la !I ..... 11 Ind den!le , the cOlllb ln.d hot plus cold 

electron nUlllb . r hll& been lIealured uling a lIicrowave c.vity part"rbstion 

t echnique Ill. The total n"",ber ot pla."", e lect r onl when cOlllpared with tha 

line den,ity fo"nd from the absolute s ynchrotron intena ity, indic.tes a 

p11811& 1ensth of 12 c_, twic. ILl long .. the dir act lIean"reaent of pI . . .. 

profile frOIll Fig . 5. The dhcrepsncy h resolved by 8ssigning the excen 

plas ... t o cold electron., and th il conctlusion haa been confined by othar 

evidence [3l. A denlity decay conatant of 5 IISec. has been deteno.lned by 

both techniques . 
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LINEAR WAVES 

·WAVE PENETRATION IN A MAGNE'I'OACTtVE PLASMA" 

by 

M. Moresco and E. Z1111 

Centre GIIS Ioniz:uti (C.N.R.), IBl;.ituto o.! ElettrotecniclI e 0.1 

ElettronlclI~ Universita d1 PlldoVII (Italy). 

Abstract: The anomalous penetration of an extraordinary wave 

1n a magnetollctlve plasma is studied. The effect of the ion "'9. 

ticn is investigated 1n two cases: cold ions,hot 10ns with low 

collision frequency The displacement current 1s not neglected 

1n this analysis. 

In a prev!oul pape l:' 11 I the sk.in effect in a dense plasma 

In ~ d.c . ma~neti c f1eln WA, s tudled, th~ ca~8 of the extr.o~ 

dinary wave (!so .L ~ • ~ ... ~) was considered. It was found that 

if the conditions: 

(1J 

(Ue is the most probable electron speed, Ve is their collision 

frequency, wee their angular cyclotron frequency) are saUsf! 

ed, then the penetration becomes anomalous an? the skin depth 

independent of both coll i sion f requency and magnetic field. In 

this paper, the anomalous penetration of an extraordinary wave 

is studied without neglecting the displacement current term in 

the dispersion relation, the solutions so obtained are valid 

for all densities. Ion motion is at first neqlected, later it 

is included in two cases: cold ions, hot ions with low colI! 

sion frequency. Attention is devot!!d to the cases where the 

anomalous penetration may be affect!!d by ions.Maxwellian z~ 

ro-ocder distribution functions are conSidered and all the 

osci l latory quantities ace assumed to vary as exp (j (wt-.!!!:)] 

. 1Hc!! the u~ual boundary condition (specul llr or diffuse r~ 

flection of the particles) ill neglected. The conditions (1) 

for electrons are always IIl1sumed to be valid. 

In the cases which lire conllid!!c!!d h!!r!!, the dispersion reI! 

tion ean be written as: 

(2) 

and the solution of eq. (2) as: 

(3) k -1 (C,+c 2 ) j CC 2-C 1 ) , 

whece: 

(41 

C
1 

_{[CB/2)2 + (A/3)3 p/l -B/2} 1/3 

C
2 

_ {[(B/2)2 + (A/3)3]1/2 +B/2} 1/3 

The skin depth h given by: li. -1 !Inl{k). 

NEGL£CTIHoS ION MOTION. 

In this ease A and B ace given by: 

(SI (61 

and Cl' C
2 

are real positive quantiti!!s with C2 > C
1

. It foIL!! 

ws that !m(k) (0 and ReCk) > 0, this means that wave atten\l.a­

tion occurs even at low densities, the ski n depth being: 

(7) 

and at high densities there is no cut-off but a gradual tra~ 

sition between propagation and sktn eff!!ct conditions . To s!!­

parate these situations, a criterion can be el'ltabilished 102 
king at the displacement current term in the dillpecsion reI! 

tion (2):depending on whether this term is important or ne­

glegible, propagation or skin effect can be assUllled to occur . 

The application of this criterion is straightforward using 

(3) and (4); it is interesting to notice that the sk in effect 

condition: 

(8) CAll) 3 « (8/2)2 

taking into account (5) and (6), becomes: 

(01 
2 2 

Wpe ! W » 0 .2 ue / c , 

which 18 different from the one given by the cold plasma th~ 

ory. If the condition (9) is valid, eq. (3) and (7) reduce to: 

k _ Cv1 _ 1/2j )1t1/ 6 Cw2 w /c2u ) 1/3 
2 pe e 

(10) 

COLD IONS. 

In this calle, 8 i& given by (6), and 

AND 
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(l-j 

(l-j 

I f (9) holds, the effect of Ions will be noticeable if : 

(11) (8/2) 2 

This can be expected to occur in resonance conditions,provided 

that ion collision fraguency is s",/lll enough. Actually, for 
2 2 1'/2 w- IWpi+W ci+ v) ,condition (11) is verified if 

~ !: O. 36 W~i/c2 (C21.\.!W~e w) 2/3 ",l-W~i)! (2cJ- W~i) 

where , 
8 _ un-1 (2/2 I W

pi 
WV

i 

HOT IONS WITH LOW COLLISION FRESl!JEHCY. 

If the conditions for ions 1"'12
u i » W 2 ,Ikfu: » w2.~ are 

verified (ui being the most prob/lbleCton .peed) , it follows 

A _w2/c 2 
B .1tl/2w /c2 ~pe/ue ~i/ui) 

If skin effect condition (8) holds, Which in this ca_ yields: 

we obtain 

Comparing this result with eg. ( 10), one notices that the skin 

depth can be affected by i on motion, when : 

or: 

,. NEGLECTING ION MOTION 

8 _ 2n-1/ 6 (c 2u /w2 wI ' /3 . '" 
2. INCWDING ION MOTION 

a) Cold ions: 

8. 

where: 
ta~-1 (W~i/2wVi) 

if: w. (W~i+w~i+ V~) 1/2 

9 . 

and: 

tin 8/2 

~.s 0.36~i!c2Cc2ue,t.;~W)21l(cJ-~i)I12.t-<{i) 

b) Hot ion. with low collision frequency: 

8 - 21r-l/6f(C2/«:,!Cc.Jpe/ue+<{1/Ui) 1 1/3 

Table. 1.- Depths of penetration in anOllllllous skin 

effect cond itions for electrons . 

where Re- Ue/Wce ' Ri-ui/WCi are the mean cyclotron radii 

The s kin depths which have been calculated in the cases co~ 

&ldered are summarized in Table I. 

(1) .- M.MORESCO, E.ZILLI - Froc. Int. Conf. Phy •. Ouiescent 

Plasma&, PariS, !, 175 (1969). See also : Lett.Nuo.a 

Cimento , 1, 581 (1970). 



LINEAR WAVES 

PENETRATION OF A STRONG ELIX:TRCIoIAGNETIC WA YE 

IN AN INHOI.lOOEi'IEOUS PLAS!.1A GENERATED In: ,x,. 
ON A MAGNETIC BEACH 

J. Musil, F. ~8~eli: 

Inali lute of PlaBlll& P~8ics . Czechoslovak AcadeDly of Sciences, 

Nadellllinaks 600 , Prague, Czechoslovakia 

Abetre.ct; This paper deals wi th the penetration of a etrong RHCP 

fright-hand circularl.;l polarized! e1ectromaguet.l.c wave in a den-
81 inhamogeneous plsBIII& generat.ed l.J,y OIl.'::c\.ron cyclot.ron abeorpt.ion 

o~ this wave on a ma&nelic beach. ExperiJllentally wae proved the 

exietence , moVQlIIe.nt and overcoming of the evanescent region . The 

experim.ental results are in B. good qualitative sgreament with 

the theory . 

The RHCP wave pro~ating in an in:fiJli t.e bomoge.neou!:\ magne­

toactive plaema parel.le1 to a static 1II.88Jl8tic 1'ield ie strOllg1y 

absorbed at 4) -Ulce j t.J is the f'req,lency of the wave, t.Jce is 

the electron qclotron f'requency. '!'he strong ECR absorption of 

the RHCP w/:I.ve has been recently eucc8eB!'ul.ly used for the produc­

tion of a dense plsBDIs in which t.J:/t.J, > 1 i 6J~ is the plasma 

frequency. Aa the reflection on a pla.ama in. a hOlllOgeneous magnetic 

:field is too high it ie better to generate plaama by iX:R absorp­

tion of RBCP wave on a magnetic beach, wbere the e:tticiency of 

the energy tranater into plSSIILB ia IIIl1ch bigher. This method is 

euecesafully used for generation of Q dense plaBUUI. in magnetic 

mirror _chines . 

However, in a plasma generated ~ ECR OD a magnetic beach 

electron density alOll& magnetic field H{zl increases in the di­

rection of deereaain,g magnetic field. Propagation in such an 

inbOUlOgeneoue pl.aema can considerably di:f"f'er from propagation 

in a h<lllWgeneous plasma. The studJ' ~ propagat.ion under this con­

dit.ions waa carried out on the modified ER- 2 device ( 1 ,21 , see 

Fig. 1. The plasma is generated by ECR absorption of microwave 

FIG' 

power 3 JCN at a frequency of 2350 !.!Hz. 

Th. puls length is 200-500 us and repe_ 

tition rate 50 Hz. The t.ylri.cal t.ime de-

pendence or the ele e. tron densi t.y N mea-

:L-' 
o I, t. T 10 

I,,,, ..,c 

':1 -
os 10 

eured with 8 IIIID int.e.rferlX\leter at z:: 35 cm is shown. in Fig.2. 

It III8,y be seen that Ule strong e4di lienal increase of N occurs 

at. \.he time t 4 • The new value of N2 e.orreepa.nd.ing toltt f(t.
5

,T) 

la several t.im'l6 hl.eher than Nl corre6pondine: to t4 Md depends 
on the power of the wave 8lIJl on the gae pressure. 

To explain th.e csuse s of' this con.siderable increase of N we 

halle aeaaured the t.ime depe.nden.ees of' the reflected. power ~ and 

~e ~wer transmitted into the plasma~, aee Fig. 2 . From Fig. 2 

l.t ~ be seen that time display can be divided into two regions 

correspondina: t.o time intervals O- t
4 

Md t
4

-T, where T is length 

Of ~e. &Qgnetron puls • In the first r egion where N'" NI the ~ 
PeI'l.odic.ally oscillates and its incI'eaae correspGnds to the de­

~ease o:f the E~ and on the coutrary. It. is important that in 

the second region ~ decreases and ~ ia approximately the same 

sa at the beginning of the puis when t.J:« ,./ and wave :freely 

penetrates. Theee facts show that in the ti.Jne t the quali tati ve 

c~e in. the penelreliotl. of RHep wave takea pla~e . Fig. 3 shows 

Ule diatribution of' s sat.urated ion current i+(z) ...... U(Z) from 

Ule lIlOvable l 8llf..k'JiI' probe alons the I1Xis a t. di:tf'erent times. 

It ~ be aeen. that N increases i n the direction of the wave pro­

Pagat1on. This situation can be well f'ollowetl on diaper.ion cur-

AND 
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ves ot: the RHCP wave propa,gation 

in a magnetosctive plasma t:or 

the propagation at a emall angle 

0: .p 0 to e static lIlBgIletic field 

[3] , see Fig. 4. n ia refracti ­

ve indeJl:, in4exes 1,2 and 3 aark 

the extraordinary , ord:i.nery Md 

pla8llL.a wave , V:: f4./w • To make 

the pr.oblem more simple we. suppo­

se that in an inhomogeneous plss­

ma the wave propagates in. the di_ 

rection oi: densi tl' gradient. In 

Fig. .$ the time 

•• 01uti= of ~ ,., 
the plaema den-
si t;y dist.ribu_ , 

tion l:l(zl is ' 

gi van as well. . ,;:, .. 
The grea-

test aignitican- .~ 
ce :tor propa,ga­

ti on ot: the RHep 

wave at Y > ~ 

has the :fact, 

, , 

_ . 
L, Cm 

FIG. ) 

'. 

FIG. 4 

TIME 

I, 

I . 

I . 

I , 

I. 

that at do _ 0 the wave 1 (daehed line) free.1y jl&6ses through 

the inhamogeneoua pl&6lllll but at amall angle 0: + 0 only a partial 
p..netralion into a region of Xl> x2_ takes place. This is con­

seqUence of the enstence O:f the evanescent region in. the vi cini­

ty X l _ at d.. + O. It is clear that megni tude o:t wave penetration 

depends first of all on geometrical wid t h £!. 'Z: of tbis region. 

In our caae plafllll& ia produced in a waveguide and C<" -15° at the 

denai t.y correspow:ting to the beginning of the evanescent region; 

details are gi ven in [41. 

From Fig. 4 it ITJ.83 be seen tilat the qualitative jump in the 

propagation have to occur in the moment. t
4

• ~ 6 Z achieves 

a critical m.agni tOOe at tha beginning of the tube • Fram this 

mament the wave :freely passes throuaD- thia region and ia absor-

bed in the point of' reR on the 

magnetic besc:h. This r.esu.lte in 

rtlrther ve::, e.onaiderable incre­

ase of the plasma densi ty. Tbi s 

model is in good agreement with 

measurements of' the distribution 

~(zl of the wave penatrating 

alOll& the aris in different limes, 

see Fig. 5. Moreover, fram Fig. 5 
it may be. seen well the lIIOvement 

and overcamill8 of the evanescent 

region c aused by the sudden chan­

ge of the geometrical wid t h £!. z 
of this region at the beginning 

of the tube. 

, 
E, 

o 

FIG. 

50 

L , cm 

TIME 

I. 

I , 

I, 

I. 

I, 

So , the penetration o:f the RHQ> wave into a dense plasma 

generated b~ roR on a magnetic beach can be explain on the basis 

of propert.ies of the RHCP wave proPil4!:ation. in an inhomogeneous 

~.toa.cu.ve plasm.a. Tb.e euatenc.e. of the 8V8lleScent region has 
been verified experimentally. The free passage 0::(' the RHCP wave 

tllrougb. this region results in a strOll& additional increase of 

the denei tYi in our ease U incre_ea fhe times and is propor-

tional to the wave power. 

The suthors wish to thank to Dr. V. Kopec.\I.:.Y and Dr. J.t.latl ov 

f'or valu.able discusaione. 
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REFLECT I ON AND DAMP ING OF ELECTRON CYC LOTRON WAVES IN A HIGH 

DE NS I TY PLASMA 

b, 

S . Bc,." " bei , R. Oe Cion;g; " "d M. Fontanesi 

LABORATORIO 0 1 F I SICA DE L PLASMA DEL C. N. R. - Istitu to d; 

Scienze fisiche - Milano - It"li .. 

a nd by 

G, Lisitano 

INSTITUT FUR PLASMA PHVSIK Garching - Germany 

~. R" fI«ct ion me .. "urcmc"t;" o f' on electron cyclotron 

propagating along a magnet i c beach was made by mea ns of a mult i 

fringe interFe rometer . 

I t is genera I I y a ssumed that the a bso"pt i on by means of eye I 0-

tron dampi n g of ion or elect r on cyclotr'on waves, prop",gating 

along a "",,!-kening magnet i c field (magnetic beach), occurs when 

the I Qca I i on or e I ee t ron f r equency ( t..l be and W b j) become suf 
f iciently close to W and the local wave n u mbe r . kl1 is suffic ie!!, 

tly large . The experimen t al ,-esults reporte d in t his pape r show 

that gene ral l y an electron cyclotron wave is progress ively re 

flected by the incre a s ; ng refra ctivity of the plasma. be f ore 

reaching the gy r omagnetic resonance reg;on . However the re f l~ 

ct i on of the wave does no t contrad;ct to the well e stab l ish ... d 

phenomena of rf energy t ra nsfer to the plasma in electron or 

ion cyclotron hea ting device s (1-2) . In these devices the energy 

absorpt i on by me a n s of cyclotron damping occurs e ither in prox, 

mity o f the rf coupl ,ng system or in "eg ; ons of cycl ot ron res.!! 

nance, where the rf po",er , f i II ing the whole device, is ,-eally 

availabl e. In this experime nt howcver the e l ectron cyclotron 

wa ve , coup l ed t o t he plasma in a region .. hpr .. CV be»W, is refl ~ 

cted before reaching the resOnance region . The amp l itude 

a nd pha se vari a tion of t h e 'electron cyclot r o n in the fr~ 

quency range from to 2 GH: was me a sured, a l ong a ma gnetic 

beach , for a "'ide range of p " r"me ters of an almost ful l y-ion..!. 

:ed argon p l asma , i . e. 3("', / W < 30; t (W
b

/ W<' 10; Te ';' 3 - 10el', 

ne ';' 10
1 2 

- 101 3 cm- 3 . The plasm" was produced in a ma gnetic 

mirr'or (mirror r .. t io 3:t) by non r e sonant ilbsorption o f rf P.2. 

wer (at a f i xed frequency o f 2 . 4 GHz) coupled to the p l asm" 

by means of a retard i ng s t ructure (3) which waS placed at one 

e nd of t he mirror . The electron-cyclotron wave has been l au!!, 

ched i nto the pl a sm a column, either by means of t he same slow 

w" ve structure used to produce the p la s ma 0'- by a second s , m1. 

l a r s t ructure placed at t h e other cnd of the magnetic mirror . 

The wave was detected by a very thin sC"eened radial. probe, i!!! 

mer sed i n the plasma . The "ave propagation path , b e tween the 

.. a ve coupl ing system "nd the probe, forms one branch of a vi!. 

ri"tion (4) of the Wharton inte r ferometer with a multifringe 

disp lay of the phase angle of the wave. ) n Fig . 1 the lo we,' 

trace refers to t he ampl itude of the .. "vc along la cm propagl!. 

tion path of a magnetic be a c h, t h e :ero cm point to the l e f t 

of the figur e corresponding to the center of the mirror . The 

upper t r ace s show i ng the mu It ip I e fr i nges refer t o the phase 

shift of t he w"ve a l ong the same path . The fringe cal ibration 

is 2 1t /cm . The w", ve .. a s launch ed from the righ t at a distance 

of 20 cm from the center of the mirror . Fig . la) shows that 

the electron c yclotron Wave is almost completely r e flected at 

the region of increasing plasma refractivity near the gyrom~ 

gnetic reSOllance region ,·"the" t h "n being absorbed . In the cl!. 

se of a coil isional p l asma we have observed a smooth d"mping 

of the wave ( F i g . I b) . The stand i ng w"ve p a ttern (of the wave 

ampl itude va"i/'ltion) i s suppo,-ted by the cO" "espon ding 180 0 

phase change (nodes of the pattern) a s indica t ed by the ph"se 
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• I • ,. i . ';I; ,.,. I ., 

a 

b 

• I 

shift interferomete r. We 

have always noted th"t 

the wave . ,·s reflect ed at 

values of Ul b/W > 1 . De­

pending On the dischar-

ge condi,tions we obser -

,' ed a s h ift of the ref l .!.'. 

ct ion point .. hich is <t\:. 

al'tat ; ve l y ,n agreoment 

"ith the app r oxim"te d..!. 

spe"sion relation (5-6) 

n' = ('~!)'j(~. 6 -1'-9 
v,,1 id fo p Wp/w»1 

(.='T,t •• d ,,_41<k1\ 
Ul'lK~ an I~ --at) 

For ou,' '" a gnetic field 

p rofi l e a l ong t h e n,e",s!,!. 

"ed p ,-opaga t'on path "'as 

poss i 1:>1 e to ... ssume 

~L1~C eX,.. 

'" 
where 

C and K are constant and 

" is the axial dis t ance 

f"om the mirror center . 

The e.~p'·ession for the 

1.1 1. 1 1.0 2.2 phase sh i ft K" 

r.p=~ U)pCl ll e-Tdx 
u 

)."' 0 

F i !J. 1 for the s j mp I e Case of 

:; ~ i-' - 0 g,ves Us a linea ,' relat ionship between l nf ilnd K" . In 

Fig . 2 th i 5 I i near dependence is shown for two discharge cond i-

t ions hav i ng the same K (th a t j s t h e Same test frequency and n,l!. 

gnebc field profile ) . For values o f ~ and ft "I D the slope of 

this c ur,' C s hou ld give a depend ence on the elec t r on te,npcrah,pe. 

':,---------------------------, 
• - , 

- , o 

~ . , , 

ilhi le the gener ,, 1 p,'ope!: 

ties of t h is I i"ear r ei!!. 

tionship have been ob se!: 

ved f or 011 ~ the d",ta , we 

have not yet enough co r re 

la tio" measu".,me" t,. be! 

ween t he observed s l ope 

and the density and the 

te mperature of the p i as-

ma . However the prel im'na -

'L--L-o,-"--; __ "-_P~O:':i<~iO:"~(~'~.~I~ ry re s ults presente d in 

0- 4 10 th i s work denronstr· " te 

, I, I I rI rI , I rJ I I 
1.6 .1.B 2.0 2 . 2 

tli"t almost total 

tion of cyc l(lt,-on 

ref I eE. 

wave 

Fig . 2 "'"y occu r in a magnet i c 

beach f<>r a large " "nge of pl a sma parameters . 
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ti ';K:H!::AL 3I)i..lr.'~ ONS 01' TI£ !'"JU. w~n EQUltTIOtiS : :-1 All 

:::ilo:<>.:;ar:ous CO:ll 1';.,;\31"':' 3:AB IlE Al! 'niE 1.:::wF.1I H"!it'llD 

hf30NANCE 

0, 

AND 

V , Agnello , D. Colc",bant, !' . flefr"·Pro!voat, .~ . !~h~chenlco, S . Kul1 nak l. 

ASSOC IATION EURAT OM -CEA 
D'pofltmlnt d,la Physi'llll du Plasma .t d, lo Fusion CDOIl rol" 

S.r~ic. I .Gn. C'IIIn d' Etudu Nucl'ain 
C.dn 8S . 38 Gr . noblt SGt. IFtQl'lCI) 

':'hI! ablorptio n of an E.M . "aVI! I n an I nhoaogeneous co l d pi . ' .... s lab 

I. COTlGldl!~d. Pot perpemllcular Incidence , the absorption coefficient ;>re Bef\tl 

$harp ae Ollletrlc res onanc"" and dspend" strongly 0" the length of the region of 

"vanes""""". The ca.1 o f obl i que Incidence I s the n discussed . In a second part . 

we compute th" r"da tive l o ading of • !loll 'mpoa l ng an a x1 /11 waveleng t h so that 

t hl! accu'Ilb l l1ty cor.d tt lon /1/ h ~lf111l!d. II I s shmm t hllt thi s r ""l !lt.IIn<;e 

VIII'IU li t tle with densi ty grlld i ent II nd t.hII t t he lowe r h.Ybrld reson.nce _y boo, 

!Ml ked by coupling "'"ona""es . 

1. I n th~ fir st "eotlon. Ite calCUlate the refl~don . t ranllml!1s l on and !lbsorp tlon 

coeffi cients of an InhomogeneoUB co l d pills ..... lab tUg. 1) Ithe r e t h .. r .... queney ... r 
t <.It. +10,) I,, ' 

I.h" E .M. wa ve pa!lll"" through t he lower hJ'b r ld reaoflN'ce c.J1[ S ~ ~ ..:;.. ~, w"e 

In this lIIO<Ia1 the a cce!l ll l b l l i t y con,l1 llon 111 not rw. f lll .. d .SJnce t..he W.K.B. ID<:th 

cannot b<! uud near c ut oCf and .... onanc .. . we 101ve nwrler lc.U, th .. fu ll wave 

equll tion!l. Fe lt ool1 l11lon ll (*"tlcjl) have been Includ .. d In or<:ler to facllltllte 

COIIlpu tatl onll ne llr t he r """""nce . The equa tion. li r a int"grat, d twi ce . surUng 

i n tne vac".,.,. !'rOIl t wo d iff eren t Sf!tG of I nltld cond1tlon. / 2/. Wh .. n G ... 0 

each In l lllll condition e xcitea one .ade In th .. pI ........ i ndependen t f"l"DIII 

the o th~r. I n thh ca!le,onl), the e x t r lloM lna r y mode ( Initi al condit ion A) 

1l0~~"!I~e!l 11 r uonllnee . We have plott .. d on fig. :.>. the abs orpti on coe ffi c i e n t 

A, of the eJltraordlna r]' mode ve r llU.!! t. OeO/llllt r lc .... 1I0nancell a ppear when 

~ ....... 9r (1) 

wl>ere. ill 11 pol t ll"'e Integer . 1\0 III UIe wavelength In the vae u'" and n 
I s t he ave r a ge r " frllc t1ve Index I n t he !llllb. 't't1e II baorptlon II neg l igible if 

eond1tbn (1 ) 111 no t fulfill ed. On flg. ' Al ll1 plo t t ed versus U, .. /c.J f or 

t br~~ vlllues ., ~ the '7III xtmUIII de nai t y whe ll eond l tl on (1 ) III !I8~IIIf1ed . 'l"h h 

11&,,"" ~how" tha:. a con(lit ion f' lhU ror whiCh the vdu .. of ~ 1 III .... 1I1 ....... (50 S ) . 

~Ih; o<:cur a vh .. n t he leng th Of the r"g ion oC ev.,..."" .. nce la l uch tha t the ene r 8l' 

tran"" ~LLed by tunnellng ~ .. exactly equal to the energy reflee t ed. If thl ll l eng th 

Is ~DCI ' .... 11, \ h .. t unn" lIng la very efflc l .. n t IInd most of t he energy 1 5 trlln" mltte 

Cnnve r sely if it 111 " .. ry lll r ge th .. wll ve I~ prlncipll lly .... n ec!.ed . I n oblique Ine l ­

de""". \..he t wo .-.ode !l a re coupled In th~ pla,.m .. . 'nIe Inlthl cond ltio n ~ glvlIs r is .. 

t o • compone n t E,-. o f the E. M. f l ..td which \11 not absor bed by th .. partl clell. 

S I. l1arly the I n1tlal condition B II:lv .. II r ise to a c """""nent Ey which .... y be 

IIb ~nrbed by the !l1I_ proc .. all 118 In IN!rp~nd lcular Incide nce . 'nIe1l1l ........ r ks Clln 

ea.~;" ln flg. ~ whe re the absor ption c .... ffl c l ent5 IIBsoclated with Inlti lll condi ­

tions A and B a .... plotted versuI 90 , 

2. I n \hill section. t..he re$1SU VI 10lldlng Of IIn 0.ell1ato r coll inductivel1 eoupled 

t o a Onlts pIu "", alab ( see tig. 5) 13 computs d near the l ower hybrid .... .. onance 

when the a ccen lbll l !.y condition I II ..et. The .... ealculallona fo llow those o r 

Skl ppl.ng and a l . h/ but d lrtar In that the plllSIM I II now t rut..d all I nhoaIOpneous 

Thll approach Inllu .... 1I tha t once the .."imum pI a _ d .. n!l lt.)' 11 & ... " .ter th&n the 

low .. r bybrld ""Ion&nt dens 1t)'. the reSonance .. Il l occur a t II.OIIlII l"l' .. r i n the 

phS/llltt and no t ove l" " whole plateau. After /}/ . t.h .. l"'I!sU t.&nee ~II d .. fJned "" 

R _ ~ whe re V 1& tile colI vol tage IUIIpl l t oo .. lUld P" the 

ptwer dbs lpa t.e d In the p l/llSIM . ReSOnllnCIB a re reveal .. d by .. 1nl ..... I n R. £leeaulle of 

0» ."" .",= lbIl H), condl U on . t.hc field" ... , .... . . Itt'~ ,.., .. nt In the va CUln. U51ng thc 

r ull wa v .. eq uations and IMt.<:hlng tange ntial components of t he fJe l ds an their 

dertva t :l v,," .t the vll cu\n- pla"""" boundary . nd e t the eo11 e. R Is f ound to be : 

l'r "'''P (_ N:d ... /2<::) ~ • ."Tl", GI ' 
R = 4Z.L ~ N;"i 2.L 

n1 L. .... p (_N;d ... /'z.c) " in" .,.,Tla. 1 ... (6) 
" .~'" N; ... • '2L 

where "E' • • • L ' E~ ••• 
" . "pC':M,.)_ .. ,[ H:~CI .t)J J 'X,. \it )(" • . H. ', ) _(X, . 'Of J('>': . H. '\)) 

1 ex; _. ~'1(1 'K,~ + N;E:J _{"X; _ 1#)(. 1.: .. N:E;) 
X''"'lI'" \. ... • N. 

J . " ,E,.E.: are t h .. fi~ld s .. pl itud .. s lit the vaeuum-plesifIa boundary f o r 1IIOd ... 
IlInd 2. Z. '" Vp./ e.. , N ; "'" .. N;_I , N2 _ ~ Eo n.­
ge"""'':r ic pllre"lete r s a. d. 1. L h"ve be .. n defined on fill: . j IInd u... cur ren t 

c l ~t" l!>ut1on 1n the colI hII" been II.II.'1""",d to be unifo,.,... SI nee we Il l''' Inte r ... ud 

in the CII.'\ .. 11 .. L . t he resintance he~ O" .. n computed f or the fourl er component 

Hnwevel". high .. r Jroe r te rms " ann'> t be nel\ le~ted when D « L. 
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":'lIe v" r hllon Of the ruistan"e with de llll1ty IIrad l ent I !I I h""" In fig, 6 . Thl. varll_ 

tion le UIIlU atnce . when the .ece ealb t l1ty eonditlon 1" !DII t. the enerD absorption 

Is no t de p"nden t on " t unne llng e Uect. In fig . 7 . I t ""5 been a~l ...... d that the 

ph~ ... e xpand s IIt ... dll)' In the x dIreotlon and that itl denaJt.y d.cNlaU II in o rder 

to conse rve the number of particlel. 't't1e flsure showa the reli.tance d ue to the 

pi ...... liS It flUe the s pace up t o the coll l . At poInt A. ttM u:r.t.um denllit,. 

fallll bel ow the lowe r hybr id ... "cnan t d .. nsity and therefore. none ot the .... aOl\&l\oel 

afte r this po l., t a .... lower to.ybrld on .. . . It 11 .... n th&t in thl . c .. e . the ooupling 

re ll onen" .. s which li re na turd mooel oC the S),lItll/ll. 111"0' .. ore import.llnt than the 

lowe l" h.Ybr1<i s one • • The Il11j)Ortanee Of the 1"",,1' hybl"ld re llonanc l ""'1 b .. Jud8ed by 

oOlllpa r lson wi th the h OlllDgeneoul ca u which appea r s a a a dot ted Une . 
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LINEAR WAVES 

m;h!l. Tt:~':'"I3lLITY , TRANSFORMkTION ,HID EIGENl!:ODES 

IN AN INHOMOGENEOUS PLASYA 

V. Kopecky 

In~titute of P18sma Physics, 

NadellllynskA 600, Prague 9, C:uchoalovakis 

Abstr act: In Ii hot anisotropic plaama with an inhomogeneity 

across the magnetic field, eigenmodes are a superpoaition of 
long waves of cold plasma and short-wave Bernstein moces. ha 
a I?onsequence , lhredhold currents of beM< instabilit;y incresae 

compar ine with the csse of homoseneou3 plasma. 

As follow:; from tho linear theory , in anisotropic 
plasma there exist a branch ~ of potential waves of cold 
plasma for frequenciea w> uh (W( is the electron (:yc10-

tron frequencylwith the dia eraion I 
ILl=-t[w~+W: + (W~+Wl)2 _ ~W~w,kl/(kl..;.kJ ' 

where Wo is the pla.smB :frequency and \:; ... , \:;z are the transver­

sal and lon!5itudinal wave numbers r e s pectively . kl. approaches 

infinity as W £;oes to the hybrid frequency w~- w;+w~ 
A?art of the"se waves in B hot plasma thel'e exist w,.;ve branches 

'PB proplI.1;:ating normally to the IIld£netic field - the so called 

Eer--:'"te~n mcd e~ (::J ; for them): ... approaches zero as W goes 

to t~e hybrid frequer,cy. In:fluence of temperature on W1.lve:l of 

cold plas;]!:. sN'e£trs considerably only at \:; ... » II:
z 

in such a 

way that t!~is branch :!latches wi th the branch of the Bernstein 

modes i n the region of the hyhrid frequency. 

Thus for frequencies W > Wc there exist the r'es ion 

( ' ') , , , max WC,WO < W < Wo +WC 

in a hot anisotropic pl asma, where two k inds of waves with the 

~ame ~requ~ncy and sa~e k z but di f ferent \:;... can propagate (F i g . 

1) . However , ~ n an inhorr,o£eneous plasn;a thesc two kind S sre not 

i nilependent . Both we ve type s pr opagates i n re gions (1) ; s t th .. 

s3.11:e time the YiQvelenGt h tfc shortens when waves propagate fr om 

the region of grcllter densi~. y towllro1s the hybr id resonance a nd 

the wavelength of the Bernstein modes lengthens (Fi !". 1) . In 

the region of the hybrid rescnance, where the wavelengths are 

equ~l , 1:1+ cou~l iog of both WHve types takes place (2] : 'f '" 
: tpZ - 'PB ' where the superscript sigh :!: denote:!. a direction 

of t he phase velocity. 

2 
Ik(!) 

1 
0.5 
0.2 
0,1 

-2 
10 

-3 
.10 

o 

F:C . 1 . Uispersian curve~ for potential wave s in a hot plas~a 

f or (k zV"r p/wc)2 :lO-J and (w/wcf asapararneter . 

In sr. i nhomo&eneoUS plllr.ma ei " enmodes must tberef'ore 

be (i:; thE' ',','Kfl ap rrOy.ilIlation) a corob i nllt i or. of the sho ,·t and 

long w~ves. S(; lL:tians slltis:fying tran:;forlllaticn c ond i. tions ) n 

the region of the hybrid resonance (x = ! xo ) are 

if = 'f; - tp; einTT 
or 'f '" !f~ - '1'; einrr 

0"" ~t~ C :.>m~i r:fltion. He!'e n is inlecer am'! :t ~e te r~:ine:; ~he 

AND 
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q usn t um c ond, t j er, l( ",,,--.,--,,,,,,,7,;:;;---,-

( 
1) _ S)(o 2(IU.J,?_Wl) W,.(~)- w1 J d -5 ~I k~(W2- ~XW1_ W~(l()J k 2 d 

n-l TT-o 3v"/w~{x) x 0 'w2[~(x} - (.;2] ~ X. 
:i. l :_:. _;,c -'r,ea r ll th .. t " LlC)] cO;Jlti.ne d ~igt!luncde3 ca:: ",lso be t r-,, ­

ve Iling waves, energy being t ransmitted by the wave fc iT: on· · 

direction and by t he Be rnste in mode in the apposi le one. 

Beclluse in t he regi on of h<,rmonics at' the electron c;,-­

clo t ron frequency a wa ve dampin£ is !:lastly det eMlline 1 by the 

Doppler damping (being proporti onal t o (kl.V:,./Wc)2!-1 ) the short 

wave Bernstein mode s are damped marC! intensi vely th.m waves of 

cold plasma. Therefore a da..mping Of. ei ger.:noc!es in inhomogene vus 

plas.a will be ~ore inten~ive than that of mod es in ho~ogeneous 

plasma. In this way els o threahold curre nts o~ the beam inst a b i - > 

li ty increase. 

The threehold eurrent of s beam of the rad ius l' in a 

homogeneous pla~n of the radius R can be approximate ly deter­

mined by the rellltion tbr- ~C F '" 0 , where Kb is the insl!l.uilit~" 
incru.ent snd ~ is thtl dllcrement o f the waves 'Pc . I n ~he eu­

se of lnhOllO~neolJl plallll8 the condition of the threllhold cu r ­

rent has an appTo~imate form 

(2) "ibr/v~~ - tBR/11j~ '=' 0, 
wMre te ill the decreaent of the waves IfB ' 

the group velocities in the di rect i on o:f an 

the waves Ifc .. nd 'fa , res p~ ctively. Because of ta > 'le and v;:. < ~J. the incrllP:ent et the beam instability in an 

i nhoa.s-neoUl o-a. auat be &raatar and therefore the density 

OT curr.nt of a ~ must be greater. Fro. accurate co.puta­

tiona the following expreall ions for the thre ehold CUTrent :f 9 

and in an inhoBocen-oua ls,yer with the parabolic course of 

deneity 

I = 2,7mRw~(W~..--WI) 
i. LjV3rrewi 

where F and E lire c liptic integralS of the first and second 

Kind , respectively, Vo is the beam Yelo city, vTp , b is the ther­

mal veloc ity of a pl asma and belUl, re s pectively . Expression (4) 

agrees IIpproxima t ely with estimation (2). 

Comptlrinr: expressions (J) and ( 4 ) we see the thr'esl".olC s 

currer:t f~r fre quencies npar We in /:in i nllOlIIoeeneous ells!.' t e i"o{' 

'ITO/VTp time s i;re"'t.<>r . Fo:, frequE'ncies near 2wc in tbe c::.s€ 

of an inhomoceneolls pl .. sma t he threshold CU:Tent i s of ' ,h" 3 ·m e 

order 6S for frequencies Ileal' Wc and therefore (tro /V"rp)3 ti.r:.e:; 

ereater than i n a homocene:llls plasma . ..... lso plssm(; hea ti nl: in­

creases toeether wi th an increaae of threshold c\..OlTents COlr.ps ­

rine wi th the homogeneous case. 
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E.XPERIH£NT 011 THE EXCITATION Of' BlJCHSBAUM-HASEGAWA-RESCIMNCES 

F. Le",ter"l' 

IflsUtut fU!' Pl a smilphy!!ik, Garching b . )-IUnch"n, Gennany 

In a hot inhor:le>g(!neou l plas:n .. C:OlL,:nfl in a T:lagnet i c field rello­

nances kr,o;,-n as Bucnsbau;n-Hasega"'a-:nodes • 1 ~ Can be observed at 

the low fre ;!ue" . .::: ".de :le ::,'" e:ectror, cyclotron h llr:nonic f r e­

quencie 9 . "hc'; il:-C attrJz,; t cr.l t o electrostatic electr on pla!",a 

W311es whIch Can propagate per-rendlc'..!la r to the magnetic f ield 

(Bernstein wllves • 2 ~ ) . I! "p:'> " pH 2 .... 2_ .. c 2 ( .. hybrid dens ity). 

then !O~ frequeneiec ";"c.n-:. ( .. / .. " 1 .... here the B-H-re80nances 

are observed, t hese Wilves propaqate as bac"" .... ard waves. Thi, 

implies that in an lnhomogeneous plasl:liI COlUllUl and for .. near 

2 "c' these waves can only eXlst in the dense core of the column 

b ounded by the hrbnd layer. Wlthin this dense core these os ­

cillatI ons form a s t anding 1.lave pattern , which manifelltS itself 

in the resonances whenever the phase condition 
o 

j it l r l dr ;: {".. ",'7r 
lS fulfilled 1,),6. T~ 

It 15 genera lly a ssumed that the Sernstein .... ave5, which lead t o 

the oscillat.lons , are coupled to the electromagnetic fiald (It 

the hybrid layer L 4 j . ThlS impl1es that in an inhOllOCJeneous 

cylindrical plils:na colu:nn the g r oup velOCIty of the thus excited 

waves should be directed radially in .... ard, from the hybrid layer 

towards the higher dcn si t }' reg ion. Howeve r, Grubcr and 8ekefi Ls ] 
repor t the obse r vation of j ust the OppOSl te directlon o f pro­

pagation ... ·hlCh .... ould require anot'her eXCI t ation mechan i sm in­

stead of (I local coupling lit the hybrid layer. Th ey pl'opose a 

continous couplIng t hroughou t the volume .... here the waves pro­

pagate. 

In a steady state exper iment [ 6 J wher e the waves have bee n 

e xcite d by means of an externa lly applied high freq\lency c{lpacitor 

field, .... e obtained results which arc contrary to the findings 

of Cruber and Bekefi. In such a stelldy sta te experiment, how­

ever , the qroup velocity of a wave cannot be me{lsure d di r ectly. 

Fig. 
Experimental arrang~~ent 

' ... ·1 . -.,, ~ -------. ..--­. ... .... - - --• 
• 

'to .. " .• . • 11 ... 

...--­.--• • I'·""; 
_ , .... --r~ 

• i 
L­

t_ 

TherO!fore, a short microwave 

pulse , ... 20 nscc , 940 MJiz) 

was applied to the capa citor 

p1{1tes and the transient plas­

ma wave r esponse .... as observed 

with an antenn{l inside the 

pLasma . Fiq . 1 s hows t he e x­

perimental arranqement . Fiq.2 

shows a set of r ecor ded probe 

siqnals for different probe 

positions between the axis of 

the column a nd t h e .... all . we 

.... see, expecially f or 4 mm < r < 
o mm, four clearly separated 

pulses arr i vil'lg at the probe 

.... hich indicate that the ex-

citat10n is mainly a local 

one . The first one of the 

pulses is due to capacitive 

coupllnq trom Lhe capacitor 

plates to the probe. It is 

-.--.--;e;.-=i 

an elec:tromaqnetic signal 

which arrives ... ·ithout appre­

ciable time delay. The second 

and third pul ses are t he 

Bernstein wave pulses Which 

are e xcited on both sides of 

the pla sm,) column in the re­

gion o f the hybrid layer (at 

r""~ 12 m:Il). It is s,,"en from 

fiq . 2 that the .... a ve pulses 

travel radially in .... ard with 

Fiq. 

Pulse records at various probe 
positi~ns, .. /"'c ,. 1 . 89 ; 
• p02/ .. "'2.4; dIfferent sensi­
tl.vities a considerable time delay. 

Thi s directi on is identical to the direction of the qroup ve­

lOC:ity of the excited Oer nstein waves in a steady state experi­

:nent, i.e. away tr<X:I the hybrid l ayer toward s the hiqher density 

region. ~'rOOl the di spersion rel ation we Can calcula t e the qroup 
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Fiq. ] 

veloc:ity lGrEau/" ... as a fUl'lction 

of density. The time delay 

ass~~ing excitation a t the 

hybr id layer ~~en ill, 

-(~.\ \f!;(eJ .-if' 

Fig. 3 shows a compa rison bet­

ween measured and calcula ted 

time delays. When the two 

wave pulscs travel just once Compa rison b etween mea s rued 
and calculated tir..cdelays across the plllsma column and 

reach the hybrid laye r at the opposite 

.~. -

.~. ••• t----•• 

\:Im.) s ide of the column they couple out to 

\10 the electrcmagnetic vacuUlll field wh iCh 

we o!ISain detect at the probe without 

un appreciable time delay. This is the 

fourth pulse we see in fiS . 2 . His 

1<0 time delay is just twice the t ime de­

lay of the pulse at r - O . Wi t h the 

,~o p r obe situated outside t h e dense .• ,. cor e, we could detect up to 4 coupl ed 

''0 out pulses, which are due to lIIulitpl e 

r eflection of the Dernstein wave pu ltes 

"0 inside the dense plaslIIII c ore. One set 

of measurements ill p r esented in fiq.4 . 

'10 We see how with increallinq peak pla ama 

density (or d ischllrqe current) , t h e 
. -
.~ -

100 ,r,o '1 .... <1 
U/",' I 91 

1110 time delay of the coupled out pulllea 

increases due to the i nc r eas ins dia­

meter of the hybrid layer i n the 

column . From. the relative lIIIIplitude ll 
( ..... """ ..... " IO .. V/~ ... v 

Fig. 4 

Records of coupled out 
pul.!l e a for various den­
sities. "'/.c -1 . 97 

of suc c6ssive couplGd out pulset we 

can estimate the coupl ing coe f ficient , 

of z .f - "jiG"" ' N",ifv .. 
S r epresents a damping of the pulse 

dur:'nq one transit time frcra a hybri d layer to the opposite ono, 

" . 
~ 

"I :1,: 
"I . /\.":" '. .". __ .", 
!i§ts-~-: :: . ... ., .~ , 

lOO ill ... . ,.AI 

Fiy. 5 
Ccmparison between ex­
perimental and calcu­
lated coupling co­
efficients, 

I n fig. 5 the d ots s how experimenta l 

rellults l'Ieslecting dampinq, i .•• f or 

0" .. 1 . Th'" hea vy linea i n fig. 5 

correspond to the r e sults of }(uehl[7], 

who ha s calcula ted this coup ling 

coufficient for excitati on of the 

Bernsteil'l ~ves by an extr aordinary 

wave in an infinite inhomogeneous 

plasma . Taking 1<uehl' s parameter 

n!x (x ~_) (refractive index of 

the extraordinary .... a ve for x ... .,., ) 

eq\lal to n!x (r - 01 in our ex­

periment, we obtain the da Shed l ine 

in fiq. 5. representins the coupling 

coefficients expected in our experi­

ment . We find aqreement .... ithin an orde r of magnitude . Ma t chins 

our experimental results to this theoretical line .... ould 'live a 

reasonaule value of 0.65 for the neglected damping term ~ . 

'!'hes€! observatious, toqether with the r esult s in l"6] show that 

Ruchsba~~_Haseqawa_resonancr.s can be .... ell under s tood in terms 

of Sernstein wa ves excited mainly in the v i cinit y of t h e h ybrid 

layer . 

This worit wa s performed aa part of tI, e j oint research programme 

beb'een the Institut fllr Plas:naphysik and Eurat<:w. 
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LINEAR STABIL1TY OF EXpm)E~iT!A L DENSITY 

R. erocl and R. Saison 

INSTITUT FUR PLAS~lAPHYSI K 

8o~ 6 Ga r chlng bel MUnchen, German;' 

WAVES 

Abstract: The exac t d i spersion relation for a plasma with density 

profiles n(x} exp (-8X) in a homogeneous magnetic fi e ld B- l z Bo 

AND 

1s derived . As example, we c onSider t h e l ow-frequency drift instabi li t .. 

The problem f o the linear stability of a Vlasov plasma whose equl_ 

l1b1'ium distribution fUnction depends on space coordinate s l eads 

to an Integro- differential equation for the Laplace transform of the 

electric potential f In general , considering only wavelengths 

much larger than the mean Larmor radius R. Then, in the further 

limit where the wavelengths are smaller than the inhomogeneity 

length , one applies the WKB method. The most severe of these two 

limitations is, of course , the first one . 

In this paper we shall consider exponential den Sity prof iles n(x ) ':"" 

exp ( - ax). The results have a physical meaning for pro files with 

n' In ....... _a over a length L if the considered wavelengths ).K in the 

x-direction satisfy ~I':< t. . 

Since the denSity is a mono tonic function of x with -nyn. .. ete , 

the electrostatic waves cannot go back and forth in a finite 

region. Then it can be el':pected that in the dispersion relation 

the pal(t of the density profile with n-+"" will play an important 

role . In other words, the dispersion relation can be expected to 

be very similar to that obtained in the approximation of quasi-

neutrality . We will Show that the exact dispersion relation is in 

fact the same as in the quaSi-neutral i ty case. It follows that the 

proposed profile can always be used to get a dispersion relation 

valid also for jk)';R/» I , if the approximation of quasi-neutrality 

is reasonable . 

Let us consider a plasma inhomogeneous in the X-direction , in a 
~, 

magnetic field &-izBo with Bo. const. We treat the following 

case of equilibrium distribution functions : 

f.j < 3i (,,: ,,,,') "'1 [- ~ (x-. ",iIwoi) L U -"~ ; w, •• '1' S'/"i) 
where limg(v t , v, ' ) exp(/'j) _ 0 for any positive constant' :. 

Vi ....... "" I1 
We shall consider electrostatic perturbations , although the 

treatment could be extended to electromagnet.ic ones. I f the 

initial psturbation decreases faster than e - .... \.x.1 for ~I~ O(I) the 

same will be true 

times t . Then 

for the solution f (electric potential ) 

J ~(I(:>:.+~o..)x. ) 
dx. ~ 1(;l.) =- ~(i(.x.+'~a. 

at all 

and the integral equation ror ~ beco.1les 

(K: T Kt+ I(~) 1( Kll.) = G (w, I(ll.) + c..(w, k.1-tl<L) ~ (I()<.+~O.) 
where a contains the initial conditions and 

ti'i.e"J 1-00 
-iwtJ. i.1.(i"'-R) _II.V"~/w~(-!o - ~ V c,(w,Kx..)=..:L --:-J d,11T d.lle. ~ Co I('Vv~i- III .~i 

1i.1" fIIIa " L} 
It can be Shown that ~{ltzJ ha" poles in the complex kx-plane at 

\(x.. =_ K,,(w)+ihG.. (n.::'O,1,..!j._)where ko is a solution of 

with Im(k) > 0 

c.(W)K)l ik~,!(}) = o 
wherWiles in Its convergence half-plane. which i" 

the same a" in the"qua"i-neutral" approximat i on . The above con-

ditton is necessary and sufriclent ror the singularities . 

As an example we g ive here the "tabllity condition ror the 

low-frequency drift instability f or an i"otroplc MaxweU distri-
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butt on g (and 1 1- Tr.} ' ln t he range '\T~th'::; 17 I ({ V.e t~ 
rl 1ft-

wlch is the most unstable , and in t he li mit t <. KJ.. 'R~ (, (rfI " / rr. ~) 

whe re the local approximati on i s expected not t o be valid, one 

g e t s the foll owi ng r p.sul ts : 

or : 

with the re" t rlc t lon 

One sees clearly the stabilizing errect of k 1-

In the limit IK.L~.I (1, one obtains the known results (exept 

r o r corrections o f the order of r"(IC.d ) or the loca l approxi_ 

mation . 
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CHANGE IN THE POLA RiZATION OF AN E.M, WAVE IN A SHEARED 

MA G NETIC FIELD 

R. Co no ·C.Elie v .... ' -1.F iden .. - S . Zanfngno 

ASSOCIATION EURATOM·CEA 
O<:pallemenl de 13 Physoque du Plasmi et O~ .~ f~5.on Cor,trlll"" 

Cenu. d'Eludes Nud.,a"e~ 
Bo~~ POlla'e ". 6 . 92 Fonl0nlly·"ux·Rosos ( ;='~"':t'1 

~ I We delcrlb e an e Kperimenl .hawing Iflat on extraordinary eladrn­

m"9netic wove propagating OCn;lU" plasma column confined by 0 dightly 

Iheared magne t ic field i, partially converted in lo on ordinary mode 01 the up­

per hyb rid resonanc!!, 

A 8,85 GHz mkrcwove beom of rew hundred mW power wo. 

ProP"90ted in the extraordInary mode in lo 0 low denlity ( n = B.l 01 0 cm-J ) 

Argon plasma pn;lduced by 0 Radio Frequency djl(;harg". The beam Wcl focus­

led in th. cente. of t he dllcharge by 0 'Y'tem of teflan lenles . 

Th •• Iiihtly .heofed mogneti<; field w o. produced by superposing , 
to the main mogneti<; field (Zdireclion), e, f. GI 

o small componen t in the ~ dire<;tionpbtoi-

n.d by two coils plo<;ed in the vacuum 

chamber cl ose to the plasma dilchorgllt. 

, 

In f ilii. I .... . _ha .... the meo_ur.d 

componenh Bz and Bx along the diredian 81RAOI 

of propagation ~f the incident .... ove ~ 

(y axis) . The o.ymmetric <;onfigurotiofl I S 

for the main field .... 01 choMln XI CIl ia 

hClve Cl good CI<;ceuibility 10 the uppu 

hybrid rnononce. • ,cm • 
-~ - Variation of the magne ­

ti<; field ccmponenll Cl lang the 

di redian of propagation . 

In filil.2 .... 1It..ha .... (0) th. tronsmiHed pO'Wer of th e extrao rdinary 

mode..,d (b) the detected power of the ordinary mode when .... e vary Bz • In 

fig.3 .... e plot the power of ,h. o rdinary mode OS Cl fundiCln CIf Bx fo r the vglue 

of 8z c;omuponding to the mgximum Vg!"" of the ampl itude of the ordinory 

wove. 

,··v·-·, 
. 

'" , -" J 

'. , 
f.!.f..:.!..Re<;elved po .... . r of rhe exlroordl - ~ M"'l1ur .. d pow", o f Ihe 

nary made(a) and o f th . ord inary mode ordinory mode Vs . Bx. 

(b) Vs ~ . Fca ilthe <;yclatl"Ofl fre-

q uen<;y 01 the <;enter.F'. U~Ghz 

p ... W"3 torr oc .. ' ·10'0c:m-~. 
We note tha t thil maximum il very cia$(! to the ",in;mum tronsmis­

.ion af the exlraordinClry incident .... Clve Clnd the power of the ardinClry "..,de is 

proportionClI to th. Mluo", of Bx. 

A tentative expl(lnCllion of thase experimental rlltsul" may be found 

in Ihe coupling of the prin<;ipgl modes (I t the upp e r hybrid relongn<;e in g sl i­

ghtly n;ltgling magnet;<; filltld £1 j. At th e conditio" o f tota l exlinctio" of 

th e i,,<;ident wove thllt gmplilude of the o rdingry ele ctTk field is given by I 

AND 
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( I ) I E ORo l~e ( '1 )-:w~<~'~w+;~~ \ ~ 
\ EE~TR.I 0 w'3Vw!-(.Ji Vlf. e 0

0
: A ('10) 9('1.) 

where 

GI " Bx .. 
W .. incident f,lItquency 

Wc" aledron <;ydotron frequency 

(..Jp'" p lasma frequency 

W .. " <;u t off frequen <;y 

w~ (';la) 
( dc.":ZH) ondwl,j"upplltrhybridfrequency, 

0", '10 

a,_ 

Eext , " amplitude o f the ext rao rd inary i"cidlltnt wav • • 

In fig.4 We $l,ow, for 0 Iypkal exp.rimentol (:ondition, F:, F:, Fi 

and F}. We meg.ured the d.nlity profile by 19n9muir ",robe and the overage 

den.i t y by phose ,hift of an ordinary wove, 

(0}) va ri ation of F~ , Ft, F~, F! a long the 

dire ct ion of propggotian . 2 

(b) Plot of the po .... er o f th e grdinary mode \' • . (~) .Mea ­
sured (""lid li"e) o"d <;olculgted ( daihe . ~ ""e). 

We also show the calculated (from eq . ( I)) gnd the 1f,lIta.ure, 1 powe r af th. 

ording. y wave Vs F!0/F 2 no rmallud to thllt maxim um volue, 

By inspedlgn of eq . (1) w. note !hot the value of A ()t,l d.pend. 

on the gradient of F~ ot Y'" Yo ond cons.q ue"tly f~r th. <;g'e; described in 

fig.4 the p:>sit ion of the mgx;mu,", i"hifted from the dilcl\orlle center . Th. 

.. ,perimentgl .... idth is larger thgn Ihe <;a!culoted one .,nd <;ar, be explg ined by 

radig.1 inhomageneify "f thl! B~ fi eld . Ab""lut. m.a.ur.m.n t g,' th. focla r A 

giv •• f~H the <;anditians corre.ponding to th. moximum, (A 18 ), . lIp'" 0 , 20, 

gl <;<>mpored to the cglclilgt. d value from eq . (1) .... ith the experi' .ental de nli ­

ty profile, (A a ) colt. = 0,22. Exp.r l"'. "tol ern;lr. ond the gppr< .)";mot10ns 

involv.d in eo, . (I ) render the agreement roth.r i ll u"" .y . Refinem en t ' in .xp.­

rime,,1 gnd theory ore required-in orde r to hove definit ive con fi~mati ' n • 

Finally, this lel: hni q u. CO" be ..,!.IId tg d.t.rminl the local ~ .g la ida l 

magnetic fi eld i" g la roida l Takomak devic • • 

R.reren<;e 

{IJ C . ETlE VANT - I. FIDONE -

"A prop,»ol for m" a.u ring the polgidal field in 0 toroldol mgg nl l ic 

cgnfigu rat ion " • 

Inte rnal Report EU lI -CEA FC537 (1970). 
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AMPLITUDE AND DAMPING OF PLASMA WAVE ECHOES 

by 

M.Guillemot, G.Matlhi eussent~ J.Oliv"in, F.Perceval and A.Qu~meneur 

• 

ASSOC IATION EURAT OM.CEA 
Oepartement de la Physique du Plasma el de la Fusion Cont rol;'" 

Cen tr " d 'Etudes Nuc leaifes 
80;10 Po .. ~le n· 6 . 92 FontenBy-aux -Rosos (Flancel 

labo de Physique de s Plasma. - Focuhe de. Sciences 91/0R5AY (Franc e) 

Abstract: A theory taking inlo account diff",;on in velocity spoce ,hows that 

"'polial pla.ma echo .ex ihibjt, new features when e ither the second wove Om­

plitude or the dj,tonee between the tron.mitter. ore increased. Good agree­

ment is found between this th eory and "Kperimenl. 

Plasma wave echoes have bee " predicted IIJ ond observed i2J.A 
more recent theory f3), tok ing into account the foet that the electron free 

trojectory i. only slightly perturbed by the electric fi el d, .hows that the echo 

amplitude depend. in a non . ymetric way on the amplitude of the two initial 

waves. However thi s theory does not take into occount diffu.ion in velocity 

.poce (4). If~1 ,iP2 and wI ' w 2 ore reope ctive ly the applied pote ntial. 

and frequencies of Ihe wave s excited by the two "an'millers .eporoted by e 
then e choes appeor at fr"'luenci ... : f3 = n f2 - f, . The omplitude of the.e 

e choes i. giv en by : 

J{is de fin e d in ref [6J. 

If a re,onont echo i. considered (n = 2), f2 .: f
l

, one obtain. : 

Ewom..x ... <P'J2, [f~e<P2J"'''p- [D2(:1)1- e~~5 J (1) , 
r~ i. calculated from plo .... o chorocte ristics. 

The machine used for the experiment is described in 0 pre ... iou. 

paper 8.J. The londou damped wo ... es ore launched and the echo detected by 

probes . fig.1 and 2 show the dependence of -Ihe peok echo omplitude Emox os 

o function of the two primary wove. olOlplitud ... for 0 qua.i-resonont echo: for 

convenience .oke the frequencie. in exped_nt ore cholen .Iightly diff.rent. 

At lorge omplitud. of the second wove the peok echo omp litude reoche. 0 mo-

xlmum at 4>2 mox and then decrease s. A. predicted by Eq (I) the moxi",um 

A 

omplitude of the peak echo Emox il obser .... d when 42 mox t = c.$l: .fig .3 

check. thi. r ... ult. Theory predict< that the maximum amp litude of the pe ok 

A " echo Emox decrease. os exp - n (fig.4). The experimen tol dependonce 

of the pe ok echo omplitude os a func tion of the omplHude of the primary wo-

vel ond tron.mitter seporotion length, is in ogreemenl with theory . 

1. T.M. O'Neil, R.W.Gould, Phys . fl uid • .!.!, 134 (1968) 

2. J.H. Molmberg , C . 8 . Whorton, R.W . Gould and T.M.O'Neil, Phy •• fluid s 
11, \147( \ 968) 
M.Gulllemot, P. l ep';nce, G.Mollhieu ... nt , J.Ol i ... o'n et F . Percevol 
C . ~ . Acod. Sci. Pari. 270 8, 317 (1970) 

3, J . Coste, J . Peyroud, Journal of Plosmo PhY'ic.~ 603 (1969) 

4 . T .M . O ' Nell - Physlc. Fluids.!...!, ' I 2420 (1968) 

5. M.PeruJii, Thhe, Rapport EUR-CEA nO R 3639 (1968) 

6, T. H.Jensen , J , H , Mol",berg, T. M.O'Nell 
Ph)". FluIds.!,!, 1728 (1969). 
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NON LINEAR 

T£HPORAL t.AtIDAU DAHPlIIG or 1011 "M.VES III ... RGOII i't.A~HA 

by 

li;;uye" T. DZo.l nh "nd Roh~rt S . Rohd. It 

;)"partlle"t of Electrical [n,rn""rlnli.Uni~" .. sity of Notr .. [l4l:le 

Not .... D;me ,Ind iana ~6550 , U. S .A. 

Abs tract 

.. ~p"ri,""ntally by usin, uanding ""vu which ell" b. either self ""ciud 

or .. "t .... na11), excited by an electric ru1s ... Th" ""peri .. ""tlll .. esults "gNlI 

very .. ell with the theory of fried and Could.That h ,in a cOllhlonlns 

arion plillSi:'>a,WaV.,5 ..ay decay e"pon.ntially by .. "son"""t absorption. The 

decay NU 1." tke dllp.nds dead)' on rh .. rat io of d .. "tron .nd ion 

Ullperature T/ '; ,as predic t "d by the theory. 

Th" daQi'ln" by resonnant absorption of "l.ctrclu.tic waves in a 

collisicnless pI ...... predicted by !.andau in 19~6 has been verified experi­

mentally by Kalmhcrg and lIharton 1 and othe .. authors 2,3.'> for th~ cau 

of longitudinal ~l~ctron waves in space evolu ti on.Spatia l l.IInclau damping 

of ion waves has also been obser·,ed by "'on," ,Hotley and D'Angelo
5 

in highly 

loni:t~d ceslum rla~mas and l a t e r by Ale,,~ff ,Jones . nd Hontlomlry 6 in UnOn 

pIa"","". However, the te"'poral (,andau duping has no t been directly obsel"'led. 

fried and Gould 7 have shown that ion oscillatlons could bt! dalllped in a 

collis i onless p lasma if the electron Ur:lpera ture approached thn of thl 

Ions . In this paper the ,"p~rir.lental results on t""'pnral Landau damping 

of ion nscillations in collisionlell pl4lse>a will be discussed. It shows 41 

perfect agreement with tha theory of rrIed and Gould . 

• Graduate fellow fron I. t. T. ChicaGO 

To obs~rve the temporal da"'ping,standlng ion .. eVes have been used instead 

of travelllna a .... v~s as in the case of spatial damping. Also a r ilon gas 

has he"n chosen because of its rdativlly he .. vy mass. In this wJ.y the ti_ 

change of ion wav"s is rath"r slnw and the r "fort! , "",r e accessible to d"tec-

tion, The ellperim"ntal Se t up is s ho,," in fig .!. The argon plas .... generated 

in a duoplas.atron is guided into a h orae drift wbe by the c~ined action 

of an ,,1ectric field E and a lIIagnet!c fbld B at t h" or i fice of the duo-

plasmatrnn. The plas .... uncinate" on a posi tivdy biased grid .. hich refllcU 

ions and absorbs electrons. The electrc.q;net is capable of producing • 

uni f o"" field ~p to 3 kilosau:;:; oVer a distance of J feet .. ith a ripple of 

0.1\. The boundary condItions are s uch that standing Ion wavu can be easily 

either slIlf IIxcited or externally excited by .pplying an elllctric pulsll to 

the duoplas .... t ron. The backsrourxl prlluure i s about 10-& Torr .nd the den­

sity of th plasma is 101 part./per cc. In this range the plasma cen be 

cOndidered as collisionless i n the sense of theory. The supli .. techniques 

tORether .. ith the pulse tilae delay have been used to extract the signal 

from the noisy plasma. The e~perlmentlll results are sho,," in £1g.2 . As we 

can s ee,it shows a very a:cod agre", .. nt with the theory of trIo and Gould 

within the e"peri"",ntal error.No t e that the ~x~ri .. ental points have been 

noma1i~ed to the case of equal electron .. nd lnn temperatures Te ~ Ti ror 

T e' T i s .... ller than ij. 32 ,no e~peri .. ental points c"'uld be recorded sinee 

th., waves were h""vUy d""'ped . This obse !"Vation is also in aare"",ent with 

the theory. Other interest in, resul ts related t o this work will be presented 

and di5cussed at the confe .... nce. 

l-Malmberg and lIharton Phys .Rev. Lett. g , IB'>, (l96~) 
2-Kal.u...rg et a1. Pla,._ Phys . and Contr .fusion VoLI . ~85 (196&1 
3-Van Hoven Phys .Rev.Lett. 11,169 , (966) 
~-Derfler.nd Si...,nlln Phys.i{;v .Lett. ll ,I72 ,{1966) 
5-Wnng et al,Phys . Rev. 13J,AijJ6,(l96"'fi-.o.Ie"eff lit al.Phys.fluld.!!"l61, 
(1968). 7-rried .. nd Gould Phys. fluIds ~ , IJ9, (1961) 
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TEMPORAL ION \/IIVE ECHOES IN A COLLISIO NLESS ARGON PLAS M 

Nguyen T.Dzoanh. and Rob.,rt S.Rohde " 

Dep.ll'tn"","[ of tbetTi""l Engineering,University of Notr!! Dame 

Notr·. Oill'l".! ndiana 46S56 ,U.S.A. 

Abstract 

Recent "><periloents &t t he University of Notr .. D_ to "erlfy the 

th~ry of GOll1d and O'HeU on t he temporal evolu t ion of pl asma ",ave !!elloes 

<1Nl r eported . The experlm.enta l r esults agrn w .. ll with the t heory.flfO 

if18!J1ling 10n " .. ve9 are "I<ci1:ed s .. p~tely in time and decay exponentla.lly 

by t he Land .. u process. A third " "ve called echo s pontaneously appears lit 

e t itlo pred ict ed by the theory .The r ela t ionshi psbetween th" ampli tudes of 

three weve s are also satisfactorily ch.ck~ . 

A n810l pheru:.eoon directly iI'l'l'ochted t o th .. Landilu damping of pL'SlLl 

"oves , called e cho, " as r ecent ly predicted by Gould a nd O' ''eU 1 .Th is phe-

namenon ar i ses f l'OQ t he lIOn li .... ar nat U'l'e of the plasl:l4 . This effect is 

uni versal .. NI similar to other phenDIIIIIl\iII such as tt... spin ech02 ,cyclotrol! 

resonance echo 3 and photon echoes". In .. 11 che echo ph~lIcnelli!. , aacrosco-

pie quantities s uc h as the ehc'tI'ic field and charge density are dii/!lped by 

the p h,lo se .. ixing of microecopic elBllenU . Thh phase evolution can be J"ever-

sdd t o yh14 a lIOn linear .... cI'Oscopic effect i n t he 4bsenclI of collisions. 

Tfte e xistence of spatial ",ave echoes has been confinlcd ex~rimentally by 

Mall11bel'g at al . S for electron " IIVe3 a nd by Ikezi et al. 6 a nd Wong et aI. 7 

f or ion " a ves .The t el!lpDr al evolu t ion of plasl!li! \la ve echoes ha"e not be en 

cxper lMe nt a.lly confinllod.lt is the purpose of thh peper 1:0 r epor t r.cent 

re:oulu of t he experi .... nU donll a t N01:re D_ ,to verify the thllOry of Gould 

an~ O' Neil on tempora~ pl as .... echoes . 

• graduate "'11"", f .... 1.1.T . Chicago , Illinois 

The elIper iJl>ental set up is very shl.11ar to 1:hat used in the cempor a l Landau 

(\"IIIp1,,& experime nt descrihed in anot her paPllr of this confllrence.That is 

thll plas ma generated by a duoplas,,"a t l'On is guided into a drift tube by a 

combined action of the electric and lIllg!>edc fields at the or ifice of the 

duopla~tl'On,and is confined along the axis by a longitudinal or.agnetic 

fi e l d . The plasma tenllinatlls on a J>Dsitive bia5"d il"ld which reflects ions 

a nd abeorbe lliect I'Ons .The background prenure i s 10-6 Ton' and t llll plasma 

dllnsity is 107part /cc. To pl'O<!uce in a' short tiaJe , the cosine distribution 

In apace of t he "Iectric field called for by the theory,we hllv" ..... de use 

of s tanding ion wavos e"ci1:lId by applying s qual'll \lave pulses to the duo-

pl asma t ron . Te s tanding \laVIIS are t hus created Over t hll entire plaslOoa colWln. 

They wer. fourxl to bf! duped i n time and their frequency aDd damping ti ... 

could he var i ed easily by changi,,& the chllNlc1:"ristics of t h ll p l asN. Onc" 

t he boundary condit ions and the cha r actll r istics of t he plas .... a r e dete l'!l1ined 

the f requency of the standing waveS is well defi ned 1100 is i nc\"p"ndent of 

t ho excitat i on source.In t his condition 1:\10 standing wa VIlS launched sepa-

r a t &ly in time shoudl have the SiIIIe frequenc y ( fl~ f 2 ) or the SaDe wav" 

n,,!llber ( k
l
= k

2
) sinee t h" phase ve l ocity is t h" slUlle. The echo , if it axht s, 

"ould also havlI the aame f r eque ncy and the same \lav" nw:lher as thll pt'1lvious 

waves. Thus on the light of the t heory of Gould and O'Neil,only th" 3rd order 

echo could be cre~ted. That is kl~ k2 ~ k3 and ,.·1 , n: 2 " hllt'1l the 

sum m+n 19 thll echo order . 1 11" t ime t A for the IIcho to ~ppe~r is exactly t><Ice 

1:he t ille fl'OOll t hll launchIng of the first \laV e t o that of the s"cond .. "ve. 

( tft .. 21:). The lI"perilll8ntal results aN! shown in fig .l and fig.2.ThIlY sh()\l 

good agre,,"ent "ith thll th"ory.Othllr data \lUl b" shown at thll conference . 

~ 
l-O'lIl1il and Gou l d Phys.rluids !!,13~,(l9&8) 2- [.1.Uahn Phys .Rev.!£. , S80 
(1950) 3- R.II.Hill and D.I;.Kaplan PhY3 .R"v.Lett .lij,l062,(196S) . "-l.D.Abella 
e t aLPhys.R"v . IU , 391,(966) 5..J.H.I'.al.Jnberg "t iI. Phys.rIuids !!,llQ7,(968) 
6-H . [kezl and Takahll5hi Phys.R"v.lett.l!!. , IIIO,{I9&8) 7-A.Y .lIoog e t al. Phys. 
Rev .len .l2..318 , (1968) 
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SECO,W WAVE AMPlITUD::: A~ (AflSITRM::Y UNITS) 

Foeho amj,1imrlc A;; V.HtCS n.<: SS""T~ of : h ... am!,H.",!., 
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l:Ol';I,rlfEAR ECHO FHElIOMZNA HI PLAS~{A 

A. G.Sitenko 

lnsti tute f or Theoretical Physics, 

Academy of Sciences of the Ukra ir.lan SSR, Kiev , USSR. 

Abstract: High-frequency and low-frequeDcy echo oscillations ap-

peering in plasma under the e~ternal perturbatioDs are studied , 

those due to the oscillation transformation being analysed in de-

tail. 

As it is kl:IOWD oscillations of the I!I8croacopic quantities 

in plsSIlUl exponentially decrease in time even in the absence or 

collisions wheress the distribution function deviations from the 

equilibrium value 11181 experience undamped oacil!atioIl8. The exis­

tence of the distribution function undamped oscl1!stiOZl 1~ due 

to the fact that in plssms,without billary collisions,the equili­

brium cannot be set under the effect of the self-consistent field 

onlY , since the latter doe s not chaoge the enthropy of the system. 

In pla61I18 these distribution fUnction uodamped oscillations may 

lead to the echo effectG. The onset time and the shape of the echo 

oscillations in the collisionless plasma are dete~ed by the 

delay time of e:lternal perturbation s ,by the nature of pcrturba-

tions and the character of the arising echo oscillations. 

II'hil e considering the echo phenomena in plasma we start 

fro!:! the nonlinear kinetic equ~t:"on for the electron distribution 

fUnction and the equation fo~ the sel f-consistent electric field. 

The kinetic equation should be supplemented by tbe values of the 

di stribution function pcrturbstions for the moment -to " 0 and for 

(jump of the distribution function). "e choose the distri-

bution function perturbations in the form of plane 'Inlves and the 

amplitudes of the initial and repeated perturbations in the for. 

~,(~-) and ~.t(.- j • Asswning the e:lternal perturbations to be small, 

one may apply the method of iterrative apprQ:limati ons. 

·Kith such perturbstions that J,('-) are inte&ral functions U­

(t~ is the velocity co~ponent parallel to the wave vector), the 

damping electric field oscillations with frequencies equal to 

plasma eigenfrequencies arise iD plasma. The distribution func ­

tiOn perturbations being nonintegrsl fUnctions , singularities of 

the function 

(I) 

are added to those of the fi eld amplitude E ~ r ,which are de­

fined by roots of the diepersion equation. Location of these sin­

gularitie~ depends on the form of t he function s 1,(>'") , i,.e. on 

the nature 01· perturbations; it is not sffected by the properties 

of ploGmn . Thuc , in.the sen eral caGe , the f~eld aoymptoticB may 

contain the oscillations with comple); frequencies determined by 

the character of the external perturbation , apart from the eigen­

frequencies of speci:ic pl asma Oscillations. Taking into acc ount 

the nonlinear (with respect t o external perturbation) term in the 

kinetic equation, one obtains the following expression for the 

field ~plitude in the second approximation 

g(~ll - ru ... ~; "(1-'1)(,- I-I ;~ ;- \r~G~(I:, .- .r,;J { _ 4' ri€ ' ~', h. f_ (; (~ .£ .'),1 _ ;~·~'(H) 
" - ,,,I:'l' · k, 10 l E(i";;: iila~ \:l"It~ ,{"'J - "," ~ 'ltr Coi} I ,,-' .,"] l , 

• T' ~ ;Ji~; J,. " . (2) 

The wave vector of the quadratic signal is determined by the sum 

of the wave vectors of the succesive perturbations . For t " 
the e:q:Onential f a ctor in the i ntegral turns to a Wlit and the 

field ma l7,nitude takes tlaxi!!l.lWl va lUe. If, however , f differs from 

T' t he fast oscillations of t his factor result in zero value 

of the field sinc e the integrlou over the velocities i n (2) vani-

PHENOMENA 

shes. Thus ,inequality 'r '-..<;:- governs the domain of the appearance 

of the ec ho . '.'Iith the "ave vector k, parallel to k: , i.e. 

"l ~ , the echo becomes impossible.The immediate calculation shows 

t hat fo r the echo to be possible the angle between the vectors ~ 

snd k~ should differ from T by the value not greeter than the 

angle (Ic ., , ) 1 , y:heI"6 S is the he!!.t velocity of electron in plaSJIB. 

and k.~ ") !.:, • 

The formula (2) completely defines the echo oscillatioDS 

field. According to (2),in plasma there are echo phenomeDa asso­

ciated both with tho plasma spocific o~cill3tioDo and ~th the 

oscillations whose dispersion is determined by the character of 

tte distribution function e~ternal perturbations. Usi ng (2), ane 

can study the high-frequency and low-frequency echo oscil latione 

appearing i~ plasma under the influence of c:lternal cherges,and 

the echo phenolllena due t o the transformation of plaama WlI. ... es. AI5 

an e:lample,we preaent an erpression for the echo oscillation 

field in plasma. where the perturbations ~ e;lcited by e::lternal 

charges and all the three oscillations correspond to langm.uir 

frequencies (1,21 : 

The field of the .LnlJgmuir echo oscillations,which arise because 

of the superposition of sound oscillations and those of Langnuir, 

i s given by 

\ 01.\"\-/ _1~ ('l ~ U . ,...' -if--rrr;- e CoJ['t-v.(~- , )] , 

5,l,. 'f e-~ [t· ... ·) Wj [Q (l ·'n , 'f J ' 
(4) 

In nooequilibrium plasma penetrated by the beaa of cbarged ~ 

ticles and e:rposed to higb d.a..mping short-wve perturbetions, 

slowly decreasing or even increasing long-wave echo oscillationa 

may appear . 

Likewise,one may consider the ~cho oscillations which 

arise in plasma due to the Buperposition of the three succesi ,-e 

psrturbatioos separated by the tuIe interval!!. that are large in 

COlllpsri son w:1 th the charact eristic time of the oscillation dam­

ping [31 . If the wave vectors of the auccesive perturbations b: , 
;1 and ~, are not antiparallel in pairs,Cbe echo effecta are ab­

sent as a resUlt of the Buperpoaition of some two perturbations. 

Yet , the echo phenomena turD out to be possible in consequence ot 

three subsequent perturbations.lo this case,the oQJIIP.1anarity of 

wave vectors hocomes the requirl'lment which determines the pO!lsi bl-

lity of the echo effectr . Then , the echo oscill ation elec t rical fi ­

eld contains the longitudinal component as well as the tranaverse 

ons.The onset time and the shape of the echo signals appear essen­

tially sensitive to the delay times between tbe succeslve perturha­

tions. 

The study of the echo phenomena in plaama seems rather in­

teresting in connection with potential application of the echo 

effects for plasma diagnostics,for the investigation .Of plas.ma 

p~ocesses and for practical purposes in elec tronics and rsdiophy­

sics. 
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LINEAR WAVES 

Eleotrostatic waveQ 1'01' periodic inhomogene ous 

~lIat8r Bag" and "Two otream9" models 

" P. BERTRAND _ O. BAffilAIDl _ M. R. P&U 

Groupe de PhJ'lIique tb,<loriqulI lit PIIL,,_ 

Uni YuBi te de Nancy - 54 - HANey I'I!A.!lCE 

~ I In periotic inhomogeneouB plallll!.!l th .. ooncept of <li.par_ 

don rlllation t../(k) can be genet"aliud into a relation tJ{k . I() 

where Ie'i" the vaY"nUllber of the pel"icdic staadJ' utah. The solu_ 

t10n in tb. .. two d. ... "rib"d I1cd"l" 1. " .. ..tIT obtained UT introduotion 

or" Lagranglan lIodel. Resulh arll prllQanted and i t la aho .. " tlla1: 

in tb" ho ,,1:1'11"118 08.8e while the long wavelength hay" a saaUar 

cr"wth rde an inorealllld 1,,.tllb111t;l' ia found ror Ic./K _ 1/2. 

I _ r ... 1:1'od ... <>1;1on , Por one d.illllnaionnal proble .. the "lI'a t er Bag" 

lIod"l ha" bll"ll ,u::tllnaivel,T ,,"a<!. in analytical and nUllllrical work 

[1 _ ~. In thi" paper .. e o1eal .11h 1he prob18l1s ot the lonsi tud.1 _ 

nal .le01ro.1aUo 0.,,111. Uons in an inltOllogonaous lIed.1 •• Fir." .e 

.tu4,y • per1odi" iahr Be.g (i. B.) and .e oo.:pute the 11 ... d.111p.ruion 

relaUon. Seoolldl,r tlte "ao. ot h" 00101 electron atrea....1S..i th a 

per10dio .. "dlll.tioll ot denui1,r and Telo01t,r 18 studied and the 

pOlfth rate are oo.puted for d.1tferent paraaeteu of 1 nhollogellei t,.. 

II Lasr.nrlan torlmlll.tion of tb& prob1811 

)'.r the 1wo .boTe .enttonned problem, tlte <iplalli" is 

I1l1pl;' d ... orl bed! 

- 11,. 1he "Yolutioll of tlte two bou..odari." ot tbe contolll' for the 

• ... 1er Ba&" Le ot 1he ho str,,~a with 1Ia.ti1lU1II e"arg,r. 

- to,. t .. ~aa10 equationa ot th" ho strea. 1I 1n the lI eoood 

pre"l ... 

.-t~. 

('l 

Io 'both 0&11"& •• not, V+ a.nd V. 

I. ha .... I 

(;IT, l.)V+ 

"t + 't; "il~ • • 

th" Yeloci tin of t he ho 

(1) .... t "e IUppl&lleoted. nth tlo.e Poi .. on .qu.tion 

[If(~) - H1 (:~)J 
toeing reapeoti Till,. the el .otron and 10n d.enaiU ... 

be lon. proTide a f'1x-.d neutral hi,,« lIaekgound, hOIlOg.II.0UII 10 

1h. '1'. S. proble. ana 1nhollogen.oue ln th" i . B. ""se. 1i,,'I' !i(~) 11 

T1l" Unaarl ... Uon 1. p"rfol'll.d arOUlld an inh"."g<!necu •• te.ad..J .-tate 

oha.ra.o terieed b,. v+ _ ..j; 1I{..,) and the ele"tr*" n"ld Eo{x). Cen .. _ 

quentl,. (4) v~ (~,t ) . :!. 11(1:) + 11"t(I:,t) 

B(x, i) • Bo (x) + E (I: , t) 

• .- i ntr<i>d.uo.- ~ 2{x) the local pla.ua freque",,,,. and inntead of 

•• " • ...ud.1Il' 1he nllY Lagra.nsia.n -n.rl.ble 8 .Hh dQ • d..:r. / II'(Jt).'fbe 

'.11. and. t . S . • quaU.ne take r"p.ctiTel,. lI1.p18 torll " (5) ILJ1d (6) 
JtL. 'i)"t.. 1. 

(5) - uP + "19"· 4/p ( e ) £ 

(6) Lfe! iw)v2(i&.!iW ) €. .± ( -e )+ 4~eJ 11 

(c++E..l ·o 
E. and E_ being r"speotiTel,. th" eleotric fields a180ciated to 

ih. tlfO atre .... ILJ1d J the lIagnitud. of the ourreot oarrl"d b,. .ach 

urNII (u equ111·er1Ul1) 

III _ Solution, To uolTe (5) and (6) ."e UUII the Bloch li'loquet tran­

efor.:tion &lid meek: uolutionm ot the fona 

(1) [_ t E .... up i (le
o 

+ D )( ) X 
h,,_ .., 

.here IC ia the lfll.Tenuab.r of th" ate .. d,:r e"'-te pericdic molution. '!'he 

internting point in the atud,:r of p"riod.io plu!la 1e that ve deecribe 

the dtull.tion b,. a VUTe ot a.rbitrar;r vII.T"nllllb" r .1<" . Por a...hollopneous 

pl&Sall. the e1geDfl'equen"i .. are ..n (k
o 

+ n K) .hen n le th" so­

lution of the diap"raion rela tion. In th" Bl och l'loqu"t .xplllls1on 

.n. (ko + nX:) appear liS th" el ",.en"" of " diagonal1e"d lIatri:J:. Th" 

f.01 that th" 1nhollog"neH,. h periodic a llon a coupling b"twe"c the 

d.1tf .. ent waTenl1llbouol and introduc"e 11. ~hift in 1h" <lig"ntr.quencies 

)'or ~lIII.ll 1nh".ogenei t,. o~aoterl.ed b,. a paraaeter € the diagona.l6 

ne:z:t to the JULin d.1agonal of th" dg"nfrequenc,. !latri:z: a.re of ordar 

e a.nd va oan IlXJIlllId tbe dgenfl'equenc,. shitt ill suocesuiT" pOlfer 

ot E: t&kiog ]:z:], 4%4 etc .. . detenrlll&llts , Con aequenU". t he firat 

tel'llm ot thi " expansion can be obta1n"d ana.l,.ticall,. . Stronger ioho­

moganei t,. reqllires nU/urical calculation8. 

AND INSTABILITIES II 

IV _ Results, lie pre,.ent onl". the T.S. probl" .. r"gulta. !(norr £iJ 
hag treated a BO"",, .. hat relll.t ed problelD of counter.tr .... ing ione and 

eleotrone . R"d&ndu (51 Btud,y thie probl ". but treata oDl,. the allall 

Tb" !Jtead,:r " tate i.s de soribed by 1I{ e- ),:a(I .... £008 t.Jpt7) and 

114 e ) • J / e 1I{ e ) .. b ar e <JI" is tha plUlla f r equ ency corr.apond.1ng 

to the a'l' e rag<! Tll lue ot t he alectron dena1 t,.. '!'h. vaTe nu.rober K of . 

the ut"ad,y etate Bolution .,ut be t &klll! equ.al to "'r / a and is 

1nd.p.nd.a.nt of t . It can be "hOlm tbat I( 10 eJtactl.)' the ma.ti1lUll 

."aTerru.aber of instab1li t;r for the hOllog8n.ou a ( lE _ 0) call8. 

On ,.ig. 1 w" aho w for (, _ 0 (the ho.oeen.oua eau ) ~d € _ . 1 2 , th . 

equare of th" gro .. th rat" nOl'JM.U.ed to ""r1. 11.. 11 fUnc tion of tha 

ratio 1<0/ 1( . ko a/cJp . 'rhe appll.l'ition of & di.cont1nu.it;r at 

I<c /I( . 1/2 l a connected. with a re,or\ll.lIce coupUng betwe.n ] VIIT" " of 

reupeotiTs vSTonWlber u 1<, _ 1<0 _ 1(/2 1<2- x: and le]_ -11::0 _ - K/2. 

Tho DDCOnd .-aTe .h the IIt&tionna.ry inhollopoe1 t". 'Vi t ll " fr.quenc,. 

equ.al to :uro. The tirllt II.Dd th" third ha,.., & poo."th rate 'qual to 

,(.1::/2) ( t bdng the growth rate for the bc.og.naoua plallll8.. 

The 3 .. , .... u fulfill th" Xanle,. Ro .. e raJati.n . "or (;: s ll,,11 .nough 

the diacontinuit,. 1a gi Ten by It (1:/2) • (L (K/2) :!: '"" I" 1 t /4 
and for t • . , 2 the agl'e."nt rl th the n~ 0&1 r".u} te 11 11%0.1-

l"nt. 1"ig. 2 gi'l'., a co.par1~on "at .. "en our regult, and tho .. cf 

ROIJUJiDS. Whit" our;oJ are obtain.d through a I18T" ..... T8 interaction 

forma.lis.- (rl t h .-ora .......... n • .ded for gr_tIIr inha.ogenei t,.), 

.Ro"land~ 'I&k ... no .mppoai tion on E: but etud,:r onl,. the ca.e 1<0-> 0 

Por leo/K ~ .02 and . 04 t he apo •• _nt ia ind"ed. .I:cellent. Th. third 

cl1l''I'o "hO."D the influ .nce or ti.n1 te .aTel.n...: t h on Rc."l.nd. th.or,. . 
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LINEAR WAVES 

THM' ''i FOR TH !:: ;loST kAGNt.TO;'CouS! l C WAVES Hi THE TRAPS FOR PLASItlA. 

by 

R.V. Deutsch. I.Grosu and D'Zoler 

politehnical Inst1tut8, Calea 2 3 Au~u st I !>;r.ll,ls>l1, Romania. 

Abstract. It is shown that 1n the magnotic traps for plsamB,used 

in the experiments for the l ermonuclear reactions achievement, 

exist ring-like traps , havins 88 symmetry axis the axis of the 

trap . 1n which tha magnetoacoustic waves can be concentrated. 

It Is studied lhB s tructure and the fundamental properties ot 

thBSS domains t"or .f our particul.ar moaels . 

The method s of t he g eometrical optics can be applied to 

the study of th e fest magneloBcQu stlc wav es, whsn the plasma la 

dense enough 1n or der tha t t he masnetohydrodynamics methods may 

be us ed-the sizes of p18~a belng much larger than tha wave­

length, and the AltTdn velocity much graater than the sound 

velocity. By ap~liing thie method it re aults that a plasme 

colUIIW travereed by elactric current, is at 8&lIIe tUDO a wave 

guide for tha fast magnetoacoustic wave s/l/ . Consequently, in 

the plasma column from the toroldal ayatems(Zeta ,Tokamak) the 

fast magnetoacoustic wavae, whoae wavelength le smaller then 

width of the plai!lllla columns, are also expactsd to be guided by 

the column. ' in the systems wl th elicoidal symlIIetry( stellarator} 

tor the ortogonBllty condition is not fulfilled, a permanent 

tran3iormatloo ot ths three &aiDet~~4rod~a wavea, which 

appear in the homogeneoua plasma, ls expected to take place, 

tact which can lead to the destruct ion of the magnetic aurfaces 

/ 2/. The fsst msgoetoacous tic waves can propagate independent 

from other maonetohydrodynamic wavas, ~to the magnetic traps, 

which prasent an axial ')'Petry , ;, -'" and into the multipolar field s as 

well.The study of the perturbati~ 

ODS propegation, through the geo­

metrical optics method, as far ae 

the fast aagnetoaooustic wave, are 

concerned, is reduoed to solving 

the Hamilton-Jacobi equation which 

in the case of the uia! symmetry 

oy.t ems, can be written ae It 

follows 11-3/: 

(;#(:~.;~Jit-)' ( 1 ) 
-~­

~!...J,{~)~It..!L-_~..E._ 

I~ lD .a 
>. 

Because in the case of the magne­

tic traps with axial symmatry 

U:'U(r,z) , the coordinate If ia Cyclic Fig.l 

and from (1 ) resulte: 

(2 ) 

de being the leng th element mea sured along the ray , and C( i& 

constant for a ray. ilaving the inequalit y rd((~ds , it rasult..a 

that tha rays cen be only in domains where: 

-%-<cx. D) 

On Fig.1_4 we repre sented g~hically the surfaces -%- =const , 

On whiCh the reflaxion of the rays with different values of tbe 

parQmeterC( is producad, wo 11mittod to only four rield modols 

when rots:O. On the Fig .l we rsprosented the surfaces: 
. J~(.~.r ) Ch2(~z) 1- JiO[.r)Oh2 (kZ) 

108 2 2 ·C (4) 
• r 

Corresponding t o the traps characterized by: 

Br"'BoJl ( kr lch{kz ) and 1jr, "' - 80J o t lcr ) sh( kz) ( 5) 

AND 
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OD the Fig . 2 surfaces: l~ 

I! (krlcos2(kz)+ If(J[r) sin2 ( ~z) _ 12 
l og 2 2 C 

• r (6) 

are repree~:d~ths traps with 

Br"'801l lkr}cos( 11:1.) 

00' 
Br."'Bolo(kr)eiD{kz) 

On theee figures wo alao indicat ed 

the field linee of the magnetic 

fielO . On F1g., and 4 the surfaces 

-¥-:c~nst fo r the field created 

by t~''::~Ot1C dipolu at the 

dietance 2a.Fig . , corresponds to 

the parallel , and Fi g.4 

t o the antiparallel ones. 

The surfaces -¥- "'const era 

cheracteri~d OD these figur -

res thro~ the constant va­

luee of the expressi ons: 

l og j{v(kV)( Vr2+\z_a )2 • 

! Vrl.l ( z+al)r (8) 

In the figures 2-4 can bEl 

.. an thst in the 1'01. plane 

there are domain s which 

eurroW1d l11nilltume of t he 

-¥- yolues. The traps, 

having axial &YlIDIetry,these 

domains are ring-like, 

baving os their axie, tha 

llJDIIIetry axis at the trap. 

Let uS consider t he circle 

.blch links the minimum 

'fuue points otet (c:tmin ). 

J'rom(2) it results that for I. 

the angle 8 formed by the 

ray with toe tangent to' the ~ 

c ircle Ql.min it results the 

r 

2. 

ex . 0 

1.' 
1.< 

• condition: if 9Ce._ar.ccos 01.: 
tbe ray can not leave the ring-like doma1n 

Fig. 2 

Fig.' 

J ' • 
Fig .4 

-15 

-J 

-, 

( throush Olllm we marked the value for the limite at the 010-

sad domain). 90 has the valuae indicated on toa Fi g.} and .(. in 

tbe csee of the two dipolse BY.t .. s. So, in the magna tic traps 

tor el.~Q eliot ring Ilk. tc-~ tor the taat magnetoaeouetic 

perturbationa. A qualitativa otudy at the equations aolution (l ) 

. sn._ that in the coss 9>B., a 11m1tation of the pert urbetioDs 

propagation can appear, not only on the surfaces ~CODst but 

also in toe direct ion of the 02 a:.:i s /4/. 

/1/ R.V.Deutach , ~,Rev. Houm~,6'-11 , (1970) 
121 R.Y . Deutach , . . Plasma Physic s and Controlled Nuclear 

Research, Conference Procedinga, Novosibirsk 1-7 August,196B, 

'fol II pag. 181-19 4. 

/}/II.l!!asahhha ,. .. Radio Science Journ . ot ltesearch 

NBS/USNC-URSI,69D,8,l133 , (19 65) . 

14/ R. V.Deutsch, ~, ~,Beitr"gs aue der Plaama­

phy81~ ( to be published). 
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PROPAGATION OF NANOSECOND 'jo,'AVES 

ON PLASMA COLUMNS 

B. A. Anil:in 

WAVES 

I on Phy.slclS Laboratory, Ba c is Ki drii:'; Ins titute o f Nuclear 

Sciences, Belgrade, Vugoslavla 

Pu}se ~~surements on wave s upporting structures have the 

geaeral advantage to g ive information On gro up velocities 

dlrectly. Experiments with a wave packet in the dipolar 5urf ... ce 

vave mode have been reported recently /1/ . The wave packet in 

t hese elCperiments was obtained by passing sub-nanosecond pulses 

through a band pas" Hlter set. lit. 2 . 2 GH~. It w4 11 proved expe­

r iment.a lly that the wave 111 actually o f the dipolar type and its 

grpup velocity was determined 1111 a function o f ~/~p. 

This r e por t deals with the propagation o f nanose~nd wave 

packets in the axially aymetric TM mode on 11 positive column in 

mer~ury vapour . The experimental set-up is shown in figure 1 . 

The tube dial!lete ru are 12 . 00 and 1S.4 3 mm, the glass 1s pyrex 

(rg .0 ':,8) and the temperature of the me rcury pool is con trolled 

at 20 C. Wave s are launched with a coaxial coupler, to prevent 

excitat.ion of modes with higher azimuthal var iation.In r eception, 

a silll i11r coaxial coupler was connected to a sampling osc illos­

eope, the ve r tical and time outputs of which are linked t o 

chart r ecorde r . In contrast t o the el<periments described in / 1/, 

nqthing was done t o select a speci fic frequency range from t. ... e 

4 V, ] nsec pulse. ,\ typical record of wavefo t'1n5 i s shown in 

f igure 2. The general ir:.pression th<!re is t hat the waveforms 

can be described well e no ugh with a sine wave in a Gal,ls.s i an 

<l nvel.ope, which spreads gradually as the pulse progresses down 

~E: positive column . The frequency of the wave,measu r ed at the 

m!,ximlJJn of the envelope, changes with discharge current,but the 

ratio of frequency and plasma frequency is ne a rly constant and 

varies between 0.1 4 and 0 .19. We conclude that the launching 

IlIId receptio n of a surface wave with couplers o f the type sket­

cbed in figure I. a r e strongly frequency sensitive pro cesses, 

wlth . a p r ollli nent resonance at w/w = 0 . 16 which selects a narrow 
. P 

ffequency band from the broad spectrum of the 3 nsec pulse. 

Ti_- space d i agrMIIII like the one i n figure 2 have been taken 

at discharge cur rents of 12.5, 2S, SO, 90 and 120 mA. The val ues 

of f requency, wav elength, phase and g r o up velocity obtained from 

these dilogr ll.JlLS are listed in the t able be l ov: 

mA ' 

12. S 

25 

50 

90 

120 

J50 

490 " eo 

x 10 9 

. 169 1.0 0.64 

.163 1. 5 L O 

0.6 4 

0.63 

1.7.6 

18.3 

,. 
0.214 

0.206 

0.76 0.49 

0.82 0.S2 

700 11 0 . 163 2.3 LS 0. 63 22.7 0.167 0.88 0.56 

930 140 . 15 1 3.2 2 . 3 0.12 23.3 0. 162 0.92 0.67 

1080 16(1 .1 5 1 3.8 2 . 6 0.68 2S.7 0.146 (1.94 0 . 64 

The r a ti o of g r oup and phase ve l ocity is nearly constant 

and has an a ve r age value of 0.648 for all discha rge currents.The 

theoreti cal r atio v",/vp is 0.6S9, de r ived from the disperaion 

relation for 8a E 0.2 , a ratio of glass tube radii of 1.3 and 

pyrex glass ([g .. 4 . 8). All o ther d"ta in the table are also 

CQnsisten t with the dispersio n properties of the n .. 0 mode. The 

frequency data in the table lore deri ved from waveforms recorded 

3S cm f r om the launcher. There is ' a constant tendency of frequen­

cy .. to d r op as t he d i stance between receiver "nd launcher is in­

creased. 

Seve r al auxi lliary experiments were carried o ut.The lineari ~ 

ty of the phe nomenon wa s chOCked by redUCing the pulse genera t o r 

level to 2 and 1 V and comparing the resulting waveforms with 

the record obtained with 4 V. That the wave actually has no 

azimuthal vari"t i on was proved with a wire probe wh ich produced 

the same signal irrespe ctive o f angular position. An attempt was 

made to launch the n .. I mode with s plit cylinder couplers in 

transmission and receptio n , but the polarization ef f ect wa s no t 

observed a nd the time of flight was exactly the same as with the 

axi ally symme tric antennae. Thili is at var i ance with the result 

in / 1/ , where the sensitivity wa.s not limited to 2 mV by the 

sampling oscilloscope, due to the us e of TW'I' amplifiers. Tran­

smi s.ion was a t tempted wi th the discharge tube switched off , 
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and the near fiel d was measurab l e 10 cm from the launcher and 

not further. 

Several assumptions regarding the resonant phenomer.on ":' 

f /fp" 0 .16 were test ed . The fi rst i dea was to compute the am­

plitude of the su~face wave f r om the residue of the su r!a ce 

wave pole in the complel< wavenumber plane, wo rking with a fOOde l 

magnetic current ring launcher. and see whether this exhibits 

any peaks in wavenumber or frequency . In fact a. maximum ' .. 11.5 

f ound , but not <It the right value of w<lvenW!lbe r and too br-oad 

to account fo r the observed resonance . A second possibili t y, 

that the whole length of the guide is in resonance due t o r is­

match at the coronet absorbers, was eliminated by r c pl llcing the 

terminations wi th metallic reflectors, which proved not t o <If­

fect the waveform. Waves we re launched by applying the voltace 

puls e between the anode and a metallic sleeve a r o und the glass 

tube, and two axi ally dlap laced copper rings . Compared wlth the 

coaxial couplers, these launching methods differ in efficiency, 

but the frequency r emains basically the sa.me. It was f~nally 

Observed that the wave f orm cha.nges when the length of the coa­

xial couplers is vari ed, Which led to the asawnption that t he 

reson·ance is related with axial standi nd waves in the couplers 

themselves . This hypotl"1e.is is also supported by the observa ­

tion that the waveforms depend on the rela tive axial displace­

ment of inner and outer coupler electrodes and the fact that 

very short couplers la.ck the selective property When the 

distance from launche r to receiver is small. An important rol e 

seellls also to be played by the comhined effect of launchinq 

effi ciency and atten uation , which tends .t o eliminate very l ow 

.md very high frequenCies from the spectrum. This effect is 

position dependent. 

Thanks are due to Prof . K E.Lonngren, from the Unlver . tty 
o f I owa for discussi ons of the subject and communication 0 1 
d ata prior to publication , o! nd to Dr.M.Vojnov i c:! a nd A.!:rebel 
f r om tne Electroni c Laboratory of this Institute, for tl' e loan 
of a s""'pling oscilloscope and nanosecond pull!llll generato l. 
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JNFLvn;CE o r .\ COLLI SIOKA L PUS'.t\ BACKGflOC;n 

(, 1' THE TIVO- STREA.\! INSl'A.DILl'l'Y 

Errk Inftld and Andrzcj Sl.:o ru pskl 

rnst1tu~C o f Nuclear Rese arc h, Hula. 69, Warsaw, Pola.nd 

Abstro.ct. The cl a 9s 1tlcati<ln ot the two str eam instability 

Into convective nnd absolute t or two hot streams and a col ll-

910nal plasma background Is out l ined . The case of cold st r eame 

I S solved completel y . -rh e 00111610",,01 backg:round ha.!! the ef­

fect of quenching the abeolute Instll,bUlty tor 80llle IItrealll 

paramet ers. 

We will , lye a me tbod f o r finding the class ifioation of 

the t.0-81.rllll4 inetablllty Into CODTl!c tive and II.bso lut e .hen 

the e ffect8 of a col11&lonsl background are included. The 

'lfbo1 e poin1. o f the app r ooch le that It CWl be uBed "beneyer 

the prDble. bae baen eD l ved In ~he absence of ~be background. 

We will de~onatrate our proce dure by aolylng the problem for 

two cold , trea.aB. The 88111e could eas ily be done ror hot ODes 

In the r e aODlUloe lIodel, as the required solution In the 

abs ence of a. baokgrouDd le known ~ 1 1 . 
Consider a c old. plasma co.prieed of . obile elect.rone and 

i-.u.obile Ions. If the effect of e lectron-ion co1l18ioDe, 

which 18 lIore illpor1.ant than t hat ot elec t.ron-electroD 001-

11elons, ia taken IDt o account the dl,peraioD relation uaual -

11 uaed when charged s t.rea.JII ara p rluent la 

D{k. w) .1- W;w «("' +t ,; ) (1) 

Bere ........ IUld .J aTe tbe plUM and colll11110n frequenciee 

ot the plaa_. ( Recently thla torwula hae been a een t o be 

justified When the ~e.perature ot the elec~ron8 1.n the pluaa 

il1l '.all, all oan be ahown ualllg [2] J . 

We are on the b o rderline between absolute and CODyectiye 

Inetabllttlea It Co. . t\et1ned by 

D(k, u) .O , 

1111 real [31 . To tln4 W, we lolye the second equstloD 

tlret: 

2F( W /t) ' ~ ( w /ld F'( w/ld" 0 

(2) 

(3) 

and get (.,,0 I t .. tIp) , where p etandl tor t.he parameters ot 

t.he Itreaas, and 

equation I n w/ k 

le a tunotton ot p 01111 . We obtstned an 

e'nn though (1) .as not ot t.hat tora. 

Denota by w~ the yalue ot W o whsn t.he background i a 

abaent, Por tbla bacll:,roQDd _ free caae and two or 1II0r e 

etre&lle, trolll ( 1 ) and (3), 

w: 2 
.. r2

( p ) F [ 1' (p) 1 ( ' ) 

11' we now ~pre8s ~ a a a tunctiOD or ~ .e obtatn 

troll ( 1 ) and, (3) , I 

I ( (5) 

Stnce we are o n the bo rderllne bet..een abllolute and convecti-

ve Ina tabl11tl ea when le rea l, we have reduced the 

problelll ot claasltlcatioo to that o r ti Dding _ tor no 

plo.8111a backg round. Til e ba.ckground moves the line or marg inal 

absolute instabi11t)' rro l~ the real _ ax18 to the line (5) 

Par_etrhed b)' .""':, 

(5J 1 8 reln'ant, L e , 

real (strictly speaking onl)' a part ot 

ou tside tile interval 
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1/2 1/4 _ a f 1/ 2+ ,' 1/4 - 1 Tb il follo1l''' 

tTO. an argument conoerning branones/ . 

AP an 111uat ratlon, t or t.o oounteratrea.sln, 00 Id beams 

In 8 oo lll s1onal plaolDa baokground: 

(6i 

Introdllce . -~, 

whiCh together ,,1th a , determills tbe prol)l11II.. Sol\'ln, t al 

we get from tt) and {tI} 

(7) 

SubltltutlD1 tbis "aluI ef Cl'Ql lato (05) _d Iltll1nat1.a, 

no we obtatn an squatieD ror the •••• 1. In par_tlr I'paol . 

la Pia.1 tbl1 Hoe ta shown tor r ... t , e 0.01 • Wbea 001-

11810ae are abaeat la ~ 0) tbl1 lial le y ... 0, ae la thl 

o~e or no baot«ronnd. 'hua if tbero are no oollialoDl 

addiq a baell:l':roQDd lea"e8 tbe Cla.alltloat1011 tmatteotl4 

(l11:oept tor "t ... -"'1. ' whiob -e .. ill not ,0 tnto blre). 

Retereno.a 

B. Inteld, A. SII:Orap~l, J . Pl .... Pbralca. 1~ pr1at~ 

Huolear Jl'n.aleb ! . 25 (loU). 

L.P. SbkOTOrlty, Pbye.P1aite 11, 2'54 (tge8); ~.Yateuda 

Al. 1081 ( lie9) ew, 

II..J. Brt"a , Bleotro_Stro_ InterlleU"" nth Pl __ e, 

11.1.' . c..brldge, WUa. (19"). 

0.5 r-,---,---,--,-,---,---,.--..,..-, 
y ne 

-

O.l \ -

0.2 ne e -

0.1 

O~, ___ ~, ~~~~~--+_' ~I~ 
2 3 4 5 6 7 

1/0" - Wp/w" 
Fig.1 ( ,-1, S -001) 
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Oepilrtement de la Physoque !lu Plasma et de la Fusi<>n Conr,OIee 
Cenlte d'Eludes NI/cle, ... ..,s 

Boile Po.ta le " ° 6 . 92 Fontonoy-au x-Roses I F ,~""e) 

WAVES 

Abstract, F'reuure-grodle"1 driven drift woves hove be"n ob. erved in 0 calli · 

.ron len, low-densi t y. 5.40 m long plasma . Comparison. with the theouuicol 

pre diction •• how 0 realonabl. ogreement . 

Experimental apparatus ond macroscopic. porometer. ,The "><perimenlshove be .. " 

performed on the ODE devic:".An hydrogen plo.mo i. created by twO magnetro" 

sOurces located 8.BO m apart at each end of the oppo,otUI . The plo.m o diffun. 

through Iwo cusp fi.ld, into 0 5.40 m long central chambu immened in an 

homageneaul magnetic field B~.$ 5000 GI.A differential pumping Iy.tem en~ 

lurel a bal. pr ... u •• Po " 10-6 mm Hg: the observed frequencies are larger 

than any col li.ion f •• quency by at lealt one order of magnitude. Ma.1 of Ihe 

mealur.m.nh, we.e performed uling spherical ( $ = 0.5 mm) coo"ioJl y .hiel~ 

ded longmuir probes. The wave porentiol wo. detected wilh a high impedance 

copacHlve probe . The ion t.mp.ra lure (Tt'" 2 eV) wo. mealured ei ther .pec -

tro.copicalty (Doppl.r broad.ning of Hf1) or with gridd ed probe. On th. a~i. 

"orange. from 108 to \010 cm-3 and Te . 14eV. Bothnoand Te e ~hibjt a 

Gaunlan radia l profile wlth'il"a/"a " V Te/Te = 1 cm-I.Owing to the langl-

tudlnal . ymetry of ,h. e"p.rimenl, no, Te,Vna/ n a and 'il Te / Te are conJian' 

along rh. col"mn and rhere is no curtent parallel 10 Bz . The pla. ma potential 

va ri a tion l Ihow Ih. ",llIence of a radial electric field Eo direcred inward 

and increaling linea rly with radiu •• At 2000 G I , Eo = 6 V/cm (ot r .. I cm). 

Characte,iltle. of Ih. wo"''' upecred in this e"pe riment : AI il well lenown, 

in luch 0 calli.ion ~free, low-prenure ( P<.....;"'~) pla.ma, preuure-gradi e nl 

d ri ... en drift wo ..... can be unl'able ; Ihole wove. hove Ihort tranlvene wave-

lengthl and la rge but finit. parallel wavelength . The di.pe .. ian relali on in 

a plane geometry hal been .olved, uling the mea.ured macroscopic parame-

tefl. For 0.1 (\.cl r~ ( 1, and when the parallel waveleng th increau. from 

0.20 m (marg ina l liability) to 8.50 m, ~ the growth rote inerealel f.am O. 

to 0 mc"dmum of t "'w ... 4 . 105 I _I, - the pho.e d ifference6f belween the 

per turbed denlity "1 and potenliol 411 increa.e. from 0 la 40· ("I leadl"g) 

- I he para llel phale velocity increale' from 0 . 1 VTe to 0. 5Vr. (VTe,i .. e lec-

Ira", ion therma l ".Iocily). 

The E:. x i~ rOlot;o" wal ignored j" thi. warle; it ha. be en .hown, 

in a "ylind""al wea,ne"y f'1J, Ihat .u" h a field .Iightl y i""teolu the "'0"' -

mum growth ro le. 

Inllabi li tiel: Th. filii ' 1 a .how. a typicallpeelrum of plasma ol(:illatfO<'l in 

Ihe gradient. Hereah", We will di.tinguilh the 50 IeHz mode or 'flute modeM, 

and the 100 and 150 IeH~ mod .. or "d rifl moduM• The drift model or. much 

mare lenlllive to Ihe ellperimenlal "andilions than rhe flute mode. They can 

appear only ..... h.n the bale pre .. ure il 10 ..... enough (Po ~ 5.10- 6 mm Hg ) and 

when the .0urCel a.e ap.rated Iymeldca l'y (fig . 1 b) . A "ommon fealure of 

the flute and drif l model il thei , radial pOlilion (m a"imum amplilud e at r ., 

10 mm) a nd .ldenlian (about 12 mm). The flut e mode is nol affected by rhe 

variation of the magnetic field (1500 "Bz.::s: JOOO GI).I" frequen"y i. equal 

to Ihe calculated electric drift frequency. The azimuthal and radial phole and 
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amplirude mea""emen~. show a pure m " I p'OIiJ reu iv. azimuthal and sla~ i"n _ 

nary radial mode. Using ,everal probu ~ at.ful'y alig ned olans 8z ' the phose 

ond amplitud e of Ihe pe rr u,bed denlity were ... eolu,ed wilh 0 lod - in ompl i_ 

fier . The ,eferen" e p,obewaslacoted at 2 ... from Ihe median plone(fig.J 0) . 

Thole meo."remen h yield 0 parallel wavelenglh )~» 2 L (L '" plo.ma length: 

5.40 m) . finaly the perturbed den.ity and po.enlicl are out of phale by 180°. 

frcm rh .. e observation. we conclt,d . thal Ih" mode i, crealed by Ihe radi ,,1 

electric fie ld.F""hermore Eo will Oo.,pler- shift th e higher frequ enc ies ob.er-

yed in Ihe laboratory frame by 50 kHz. The drjf. mode f, equendu de"reale 

when increaling Bz; ",buroe.ing rhe 5:lIeHz Doppler-Ihift yield. a I/ Bz depe,,-

dance (1 500.$ Bz 63000 Gs) a. ""peeled f, om thl eleclron diamCljjne t i<: drift 

velocity ( VOE ) variation. Th e .wa mode. propagate along the\f,Edire~tion with 

m ,. I ( 100 IeHz) and m " 2 (1 50 kHz) azi ... utho l model, and ate Ilarionna,y 

along Ihe rad.u. (fig.2) .Paro llel m.a.ur.menu clearly Iha ... a nod. in rhe mid-

die of Ihe column (f lg.3b and c). Both ... ad ... have a .randing wa¥e ,' ru"rure, 

wilhA .. -==-7.50 m, which givel a parallel pha.e veloci ty "ph ~ 4 _ 107cm/ ., 

ro be compared with VTe _1.8 " 108 " m/ •. Moreover, 'he perturbed denllly "1 

and potential <1>, are our of pha,e by ll'f z 10 ' It 10°) , n I leoding }. Th e de­

tailed camparl.on of rh e ""pe rimentol ."ults: 0.15(kJ.ft .V~;tlt; f';. <.0.25, 

';\" ,'/ 7.50 m, f '" 50 and 100 kHz, Vph !:: 30VT1 C:! 0.4 \IT E ,w ith theory lead 

u.lo condude that driFtwaves deve lop in Ihil co l lision free plasma. It is 0 pl eo-

IU", to thank P. Mayen for speclrolcopic mealuremenl, and M .Occhionorelli fa, 

help in ellpe,imenl. 

ReFerence 1 (1/ H. Luc - Rapport EUR -CEA-fC 428, 1967. , 

1~ 
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INflUENCE O ~ TRAPPED PARTICLES ON THE DRIFT WA VES 

by 

A .Soma' " 
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~, The .tability of the d,jft mode. of 0 c:olli.ionleu mognetical'y 

confin ed plo.mo .Iob i. con sid e red when ,h"a, ;. present and the field in l ,," _ 

l i' y il mod ulated . In rh .. obuence 'J f such 0 modulat ion the d , if, model 0,,, 

genuolly <;ony"cl,,,,, and strongly lo<;oliud in the direction of the plosma 

c onfinemen t. The field modulation ' "I.oduc e, a c:oupling be tween rh",,, loco-

I i u t! (:onvecl jve modes. Under proper c:andi' ions, unstable e igenmodes con •• " ;ng 

of <I seque nce of con""cliv" lo calized mode. moy exi,' throughout the plasma. 

I. InlroduCIi:>n , The modulolion of th. magnetic f l.ld intenlity in 10.011:1 0 1 

configu,otia'll prod\Jcu ~nlloble mod.s f1J ollodared with Ih. curvOlure ;)f 

Ihe line . of force. Thei , pha.e velocily ~ a cral! the field il of the , om. 0, · 
'" 

d., a. Ih .. c~'vol~re dri ft v.locit ies Vc. Th .. fi . ld modulation ha s 01.0 On in· 

fluenc e on Ih. Slobi li ly of Ihe drift mod .. . cou . ed by the plosma confln emenl 

;)nly, f'lJ, f'JJ, who •• phose velochy ~ i. of the l ame o ,d.r 01 Ih .. diomo · 

"nelic v.loclly Vd» Vc' W .. con . ld .. r thi< ques lion in ,he co,. of 0 coll i. ion-

le .. plo.mo .Iob 01 0 uniform tempera lure T , confin ed in Ihe di r. c lion OK 

(["OlI/'tI )x.r i
: L ) by 0 magn .. ti c fieldB parol 1.1 10 the p ion. y, "" Th .. 

,lob i. uniform a long 0 ... and p .. riodic along ay .... ilh Ih. p. riod 1f1 /"1 t:. L 

The angl .. 9 '" (8, od i. ,mall but fi ni , •• Mognel1c .h.ar (fd9/dltr' .. L, p L) 

h pre ... nl . Th. magnetic fi .. ld inl .. nsity depend. on Ihe obsc ino -f along Ih. 

magn e tic line. po"ing Ihrough (y '" 0 • 2 '" 0) m 8 _ ..QJ!.co,(Hu .e) .... h.r. 
-1 g ~ 

H" <0 Hy.in&Nl. and ~)(li.-c « (tlBB )'A ~ 1. 

11. Specifocolion of Ihe mode, An . 1.ct ",IIatic mod .. per turbing thi , equili ­

b ri um corresponds 10 0 pOlential o f Ih. form: 

I/J(~,'j.z,~)= e..-~[i.("'~ .. I<J~-+ le .. 1;)] ~ ~IL(") ~p( i I1.HJ., ) ... (. .r. (-I) 
The component Kit of the vedor (Ky,K z) a lo ng Ihe magnetic line. dep. nd. 

On K o.:K
II 

(lI) <0 KT -r-+ Cite,where KT ~ K » K i, the IllInsve ne compone nl 
I y 1 2 ~ L 

of thi s vec tor. We ouume that KT N -1 »C > H,. (p. ,. 4 =< 
e.~ ~ ..., tl...v .. 

.,!. : .. i w~" '!.,.6e ; q i. the charge an d m is the moSS o f the particles). 

Also ~ w<~ » W ""' )(T VJ : ...J ¥. (~"W) . Then Ihe bounce fre­

q uen cie. wr..J (4{i)'J,. H. Ifll.. of Ihe trapped particle. sotisfy , Wr , « W«~. 
U. ing the variational method reported in f4J w e oblo in : 

(2 _ DlJ"l.~ _ o(u) 'P .... Qc.) - ~ ... oC,1I.' .... <P ... ,p:) -:: 0 l21 
In lhis .. qu o tion (i.,..; i'lhe usuolopen>!o, w ... ...,kr "' .. J'[ <J 1 

(1(. (.0.) ...... H.) 1Ii.: 

z ( I<~ r.~. ) ~ where J(.<) =~J':.~ (- ""L) dw I ~.): (~K-... )rJ .. )ond 
n .. _ .. "-_<AT 

2. l. d~ 
k.J.. KT . Th .. q uonliT y 01",.. .. is given by : 

.J. " 

".,(Xl 0 (w ''''Q ,IHI( I' ''''''['-",,~.'(~!_-",O'-.i'-~i~ne-~'IJ' ' >.. ~ (I., .('RI, " ,)L ;i'\!Jf \) 
JOT ...... '<. (:I. ... ,. HI' u; 6 T W ... ,. "'~ ~ 

where», ..J (';.a/z.;. Ih .. fraction of t rapped e lectrons ;-- meanS lime ove­

roging ov .. , the trajectory of on electron a long Ihe line of force pouing Ihrough 

(Y""o, :z: = o); u;, is the lime ove, oge ve locity o f ih is e ht Clron ·if it is 

circulo! ing and W, is it s bounce frequency if it is trapped ;( >. and < ) , mean. 

averaging Ove r ci rculoting ond tr(lppe d e lectrons, respect ive ly. Fina ll y, 

AND INSTABILITIES 11 

III.Di scussian : 11 ~13 .. o. ct~ .... ,. 0 <lnd (2) delerminsth e poten li (ll of 0 

d.ifl mode loca lized near rhe plane It "' x" .... her .. . k. tr.)+ rti-l'l ~ 0 i5.!. 

(;Io.e 10 Ihis plone il r .. c .. ives 0 power N pr" .!! Fro m el ecl'OIll. However g.nero l­

Iy this pawe . i. convected " I(lng Oa wi thoul r.lI.xion I(lW . fd. the r .. gion 
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wh.r. i. is .trongly ab.orbed by ion 

Landau do"'p ing . Thi, circumllance 9 .. n"~(llIy preven ts the mod .. from .lI[, llng 

a. on unllab l .. eigenmode . If ¥* o, Ih .. funClion!l("e (1;1 ,. olt (x. x .. ) i , 
lound 10 be more locoliz ed olang aa, in in le ..... o l. 1>' ...... ~(JL)r..«p . 

,..,. V't.4e 68 '''' 

,I":l.e 10 the ab.cillOl! .:z:"x. ... , %: .It .. ~,. "': J<,," ~ ., ... AI.o, the coupling caeffi -

ci . nh .t ....... (x ) =A("lO - :....,l::_x..)p, e not le. O. They hove Ihe i, maximum 

'~ (M)"b ~I \ for x = ~ ,and r .. . oin thi, value in On Inte rval . a ~t l. 

...., 6 ' = %., ' H. L.J D _x~,.~ '" r~A ; . Ev.n Tually, th.y allow the pow e r dr i-

v .. n from .. [eClron. n.or Ihe ptane .It .. :or .. by Th. campon.nl ~ {l;1 , 10 be 

~orlly transfe rred 10 the c"mpan.nh <Fh,(x) before b .. ing damped in Ih. r."ion, 

P: _z .. ! G ~ Th.r .. fo,e th .. y alia .... rhe e~ill.nc e of un, lab l ... igenmodeJ ·of 

Ihe form (I ), cono iu ing 'Of a ,eq u.nt .. of coupt.d compon ... " 'P" (J::J • Th.n 

oR. R~) f .... (::r.) " e,,/- ·,n 6 r ~-.):"".l ' 

.... here 8 i. 0 conslonl, and 

Th .. struc tur. of Ihe 
func tion f'(x) 

[,_., - •• (%IJI(x) _ L 11 (., x_, !"'j 1(X_n 5' ) "'~ (;'.),.1" ... 
. w,' " "'( '" L ) f" Po' ) w ere 01: "the operator ~ et k.Xir.li Zl..~. Th. function 

Ol; i(z) hos ° chorocte , irtic ,cole ), t'u; fo r any function f(x). Writing 

f "" f' • f", wh .. r .. f' and fH hove 0 chorocteridic scale 1. (""', ond ,.J f' , 

, •• pe.;!ivel, , we hov .. : f"tx ) . l (-<-- _ ..!) ~'(;1t) and the fun c l io n 
Z _ """ ... (X) ~ 

r' (x ) is determined by : 

(2._01;) r~);:. al; r(~)..j. ~o A(.k,x-t\ ~·)F'~_t"l~·)"q.('1I 8) (4) 
, , 

Assuming thot 2. _ 1.) ... <.>'4 '4; Z(~)= Q, the op.rotor 2- 0(; ma y b" 

re ploted in the l. H .5. of (4) by _ Z '( IC~ (t!.) , •. ~ _.::: . (Z', •• H _ if....), 
" I .... d..~ b6 ' z ..... 

under th e condition that HlI) be 0 d ivergen l wove for II .. :!: 00 • rh.n lhe 

..q ua l ion (4) may be oolved u.ing 0 Gr .. en'l fun ct ion .... h.n ils 

R.H.S. is known. Using on ite ra tive m .. lhod, w .. f ind that Ihe considered 

undoble eig enmodes act ually eKllt, (with eo;. n), if: 

L, > l..S 
L rc, c+ !'a )J~ ( :~ }r. 
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LINEAR WAVES 

ELECTRON TEMPERATURE OSCILLATIONS IN DRiFT WAVES 

AND THEIR EFFECT ON POTENTLAL MEASUREMENTS 

R. W. Motley, R. F. ElIi., and D . L. Jauby 

Plalm .. Physics Laboratory, Prince\orl Univltrllty 

Princ",lon. New Jertey 08540 U.S.A. 

Abstra ct, Electron tempera !ure oscillations i n drift wav"s can g r eatly 

modify the cOl lation between den si ty and p robe floa t ing pOLential. Evidence 

for such effects in Q machine plasm"l i l pre s ented. 

The .. .. I .. tionlhip between the nuctuating den a i ty, n, and potential. V, of 

drifl wav", i. of i mportance, sin.;e the r e i. a net radi al traD 'porl of 

p la s ma if n and V are not exa ctly in pha s ... Phase rel&tion8 of dr ift wave 

quantities in Q machine alkali pliuma. have been reported by Ch", Head " I , 

and Politse r [I), eheD [2:). and Rowberg and Wong [3]. The experime ntal 

results are confusing, with var ious valUes of 6 (phas e angle by which 

density leads po t en t isl" s uch a s 40
0

, - 0°. and 5 to ZOo being reported 

by different g roup •. 

Sueh meilsuremenls of philse a nd magnitude of fluctuating qUilntities have 

traditionally been don e with Langmuir probes. W e believe that e r rors can 

arise from the identification of the floating potenUal V
f 

(which is actually 

measur ed with a probe) with the Ipace potelltial Vs (gi"!!n by theo r y' . T h e 

.pace and floating potential Huctuation . a r e not identical ,f the electron 

,a . is not i sothermill . but are r elated by the equation 

_ kTe 
V + S-

f • 
11) 

From this r elation i l i. dear that a .ignificant phase anale ",ay exin 

betwe en floil l ing ilnd Ipace potential unle •• the e l ectron tempe r ature 

fluctuilti ons a r e much le .. than I/s eV!k . Recent theoretical w o r k by 

Taili, Perkin s , and Sti" [4] and Gravier, La"al. PeIlBl, and Renaud [SJ 

ha"e shown that temperature fluctuations are impo rt.ant In determining 

the pro pertie s of colli.ional drift wavel in Q machine • . A typical ampli_ 

tude of the temperature osciUat ion. T /T. i. - 10 _ ZO'" of the potential. 

eV/kT
e

, with a phase shil t b etween temperature and dc n sity greate r than 

'lOo . 

In the abaence of definitive experimental inforn>ation on tempe ra ture nuc_ 

t"ations We have ca lcula ted the phase angles between den.ity .• pace poten_ 

tial, and tempera lUre from the linea r slab model theory. The theor y, 

.imila r to that of T aai et a l. (4J d r opl thl! iaoth" r ma l a"p r nximatinn 

fo r the electron fluid. The r ela t ionship between electr on tempe ra t.ur e 

and the o ther va r iable. i. calculated from 

the electron heat flow equation given by 

Braginsk ii [Ill. The amplitude and pha.e 
./ "', '{t . 

of the floa ting potential are then calculated ~ 'if 

(ram Eq. {i). Typical reault. in the fo r m 

of vector diagram. o f the den.ity. potential and temperature o.cillation. 

H 
are I hown in Fig. I, for conditions of maximum wave growth (n" 10 

cm- 3 All "Z SO cm, <;.1 n/n " _I cm-I). The density fluctuation lead. the 

AND 
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s pa ce potent ,a I by ZIO ,n approximate agreement with the previ"". relullS 

of the isothermal theury. The tempera ture, however. lags the space 

p otentia l by a large anGle and the V"<:lor .um of Eq. (I) then implie l that 

the density ~ the floati nll potenlial. which !B the quantity actually nlea._ 

o 
ured. by about 10 

We have meatured the r e lil(LOn.h,p bet .... een density and fl oating potential 

for the collision"l drift mod .. Over a WIde range of cond i tion . in a Q mll_ 

chine pla.ma of length 110 cm ~nd diameter 4 cm. The mea surementl ilre 

in approximate agr eement with the nonuothermal theory on the follow;"ll 

point. : 

(11 Thl! amplitude of thl! flUctuating pote ntial eV/kT '" I 4 \;;:/n). 

(Zl In the reSl fr ame of thl! rOluing plaoma (Er ~ 0) the denSIty la'l ' Ihe 

floaling pote ntial by an angle between 0 and 8°. If the isothermal theory 

were employed th, " w"uld ImpLy a net radia l ~ o f plaslTla. conl r a r y 

to experiment, which showI an increase in the rildial los s r a t" i f drift 

waves are pr es "n!. 

(3, The phasI! angle hetween density and lpace potent ia\. infer r ed frOlll 

the theory. IS s ufficient to p r ed ic t the lTlagnitude o f the rad,at 1011 ml!as_ 

md .. ,."moo,"H,. U ,1'''''0 "m"w"" . ..-----~--;::;_ I 
fluctuation s ar" omItted ('jI,nor1nl!- the differenc e :~r ;, -.~~'''.~' .. . ---~ I 

10 sign\. the predicted flux '8 .. bout 3 _ 4 timet.j ._... . . ....... . I 

'bs/." .' , , ___ 11 • • -., ........... , . 
Figur e Z thowl detailed relulll of experimental ' • -------:-... --- :j 
and thl!otetical phase an~les as ~ funct ion of pliltma denslIy a nd illull r ates 

point s (Z, and (3,. yielding agreement on both di r ec tion and magnitude 

of the pha.e angle. The re~ult, of the isothermal theor y a r e ah o dia_ 

played. and ar e not compat,ble wilh experiment. 

The se data prov,de Indi r ect experimental s upport (or the occurence of 

temperature 0.ci lla lion6 in drift waves a nd show that it is not pouible. 

in general. to ,dentify floating a nd . pace potential olcillation, in long 
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COLLISIO_~Al OnIFT INSTAllltHY IS A OOmiOCD PU,SHA 

AId.' S,,,'cnc,ni 

[stitut~ J, _'1~ .. ,·a" i,·a .!~ \I ·rn"'~rsi t ;, ,I ; Tr i~ 5 \;" j412, TricHC. ITALY, and 

Lab" r~{ " ri Gas lcni::Hi dd CSEN . 00044 rrascilti, R""'~, ITAU. 

~: lie con-,<d,-r the infl"e"ce " r the cathodes on the drift instability 

or a Q-.. achinc pla. '""-, in ~-h i"h ;a"s are coll i "ionl ~ ss, ""il~ clectron~ are 

coll isio" d",.inatcd. wc prove thoo t only le" rich pla ....... can s upport drift 

"",'CS "'ith parall el .";"clcnt!!,th of the oroer o f the len~h "r the "",chine' , 

The ;nflu"""" of the cathodes of a Q-.. u:.hine on the drift in_ 

stability has !>..en studied both in the collisit,""l ""l:iAe, usu..,. flllid "" .... -

tions', and in the eolli ~i "nJ e 5S r eg ;..." using, Vhsov eq ...... ti""2. n .. , influe!! 

cc of the pht". in the t .. " cas". i s difhrent: in t he u.terwediat" f~ 

eJ region, for a collisionlcss ph,..,. no diff" ..... nc~ i . found to..t _.,.. illn and 

~l~ctron ric h sheaths, ...tul" in th" collis i o nd re/!;- It i s found dlar -:1y 

ion rich phs.as u.n support drift ins tabilities ... ith ... av" IC'fl~ o f the or­

der of the I " ngth of t.he IIIiIchin" . In this no t" ... c "nomd the treat..-ent of 

r .. f.2 to the c,,11i5ion;o.l r eg ille, intrOOucing the eff .. e t ef deC"tron co lll_ 

.icns by a Krook tenll ..nich cons e rve. the ru-ber o f particles. 

The eQ.uilibri •• distribution fun ctions for iOftI and electron. 

loca lly .... """ll;an, ... ith "li~t deMity and t..-peratur" ,radirntl in thoe 

x dire c tion. Char!:e neutrali ty hold . at the cquilibri ... . The 10", ('), ,onstant 

and unifo .... , eH<'nwl .aytetic field points in the t di .... et ion: F'O ~nd ,... l 

tion fUi1n l~n f r e ad .: 

'"'""--ity , "I do<- el " rt"""- i ",, eoll i ."." r .... 'I"<''''")'. rt... penurbHti ,,,, is elertro­

~tic. ill ~n:u~d Q.""'nti. t ••• ~ ..... rouria :HloJ.l i xed in sp;!.c<' and ti ..... The 

" .. tl"" I ll..,.. t kn k ~1.eoI by intl.rat ' '''' al~ th~ unp<"rturbed o rbi ts . 

10 d\.e l ia..it u.",«J1 ..., ~bu.ill th-" fell_i. ..... xp ...... ;,m: 

Zk:fI.!!. • .!."I ~ ~ P~ ik=" l ~ Lk} a l~.!!.,~j + a2"1.!!.,.,1 .• 

I" 

-..ftr...., ai' a
2

. b
1 

and b
2 

a rc co.,rfid"nu independC'flt of., and n{.!!.,') i. tho 

'ouri~r co~fficient o f thor pc~urbed d ectrun d,,""ity. -n,,, e.:,","'on of c 

CUI be lKlticeabl y ~i.pli f i .. d ;;hoosin/! unn,; •• YClurie r ... r le. of COline, ". 

u... len~h lL, ~o th't,' .. k, " niL, 4>n'" +4>_n' 1/1th thi' choice VIe pt, 

f n = a ll4>n + bnnn + _f.C a
nll

4-. + b ... nll ) (3) 

...ne .......... in t roduced the s upers.:ript e · to .... rk qL1llntities ",hrrin ,; to c1ec-

tron •• f or th~ ions, wie h are a ssUlled collisionle •• , ..., A~t: 

III 

{b( 

~.~ in.ert no ... the e~press i o n 5 I ~I :&nd I,l fo,' ne a nd n' on the r .h . ~. of (b) 

and add eq . (S) 1tUlti p L, ed by ~'I~: n. '" ~::' l and s ......,d "p o'e'· ... Uunj[ a­

/Eain ~q. lb) ... ,. /EH the f oll" ... i,,!! .'quati~" r"r 4>: 
iiln,..,)~ t f '" et! ~ 0 

n ... "'. m 

Th" di'~rs;o" r elatio" r eads then: 

det!D\n,uIJnm - iX, ... 1 ~ 0 

(71 

IS) 

Io'h e ..... Snm i s th .. ~ronek .. r ~),.bo.L, .... d o ,w t .o:ive he ..... the /E~ net"l e:q>"" ­

s ; "n ror 0 and 01 .... tu"h a,... ~xtr .. "", ly ..... ss ; v" . We . illply noti"" that for kO 

thc d is~n;on relation 1 Rl r ed" r .. s t" that or ",· f.2. Th r err .. n of tM ca-

the di s pers i o" relation of the 

unbound .. d p,..,bl ~ .. , 

f or si llpli,ity ..... ,onsider h .. r~ only the ,, ;o. Se of no t"lIl'<'rature pa.dient. At 

inte ...... diat.· !r<· ""cncies. in the usual liotit " "nu" l , uV ,,"l n" / L)l , th .. e x­

pr"s~ ion ,,1 Dln'''''1 I S . f o r n<O, t ht, 1,, 11 ~ ... in~ ~rh': 

AND 
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, 11I'nll 2 2 2 
- 2 (IT) - 2i .... " j["Dkl ' 1 

'" 
n(n,..,j - bll 

Ud "nu I - ·~d -[IT)2- Z;UdV] , ( 9) 

'o'h .. r .. : k
2 

= k
2 ~ k- b = I "( ! j,,x pl , , , Z) ; : ~ k~R~ 2 J . is the Bc sse l 

functi"", of oroer =ero, u th .. el e ctron thenoal sp<."'ed, R. the ion I...or.(l" r a_ , , 
di u5. "0 the ~bye l e ngT h, U~ t il e usual d r i f t fre q...,n~y , Le t Us notice t hu 

the le ..... o f ordn (t'n u / L>') IIlYe tn ~ real part o f tf>e f r e~nCJ, ...... Ue tne 

.. ch s .... ller te, .. . of oroer u/v ,h'c the ~rovth rHe. rh" .olu tion un of i)..o 

for tp() ..., ~et : 

_ I" Udj n(o,u) - ink . + (I - b) {I + "LJ} t.,t/ (<..>+1 .. ) 

The loluti.., y, of i;(o,o)oo() i. tho r-u..i/lf; on,, : 

y, - -t.t..(I-11)j O.~k2+l_b) 

( 10) 

( 11) 

( 12) 

Let UI Ut .- .... far tkM .ooes I.re affect";; "y tne catho­

iel. "e c .... ider h"...., onl y the two ert,-- caUl . r a.pletely tra..,..,d elec_ 

t ...... ( ion rich ,10..-) and. oo.phuly t ""Jlf!ed i_I l deet ...... rich ,1 .. _ ) . 

.,. ·c ..... letel' trapped" ...., ..,an that tlR trappin.t; ape-ed i. _ch hr"er tllan 

t;bt, t.hoe.--.l .peed.of the t,.,.pl'*! .potciu. In tMle two ca.u the Oi.'. can be 

I n t:M f int ~ only tlw! u... contribute to the «' s , a nd ... e 

" '" ;( - -2. [1+(_)"11I 1S S 1>(1 +-) 
"Ji<.LL n. LJ 

~ tu.. ... not i.r.fl " ,,"ee the <irift "';'es (ne ither frequency nor ~rovth 

.. t e) if, ,, /~""',,/ v. 111;' "oro:Iiti"'" io c ...... tibJ. ... ith the llNlced i nS ClnU, 

.. tut ;0. relli.., ~xi sts in ...... ick · eh" rOllrier te,..s ... ith 1010" n are .ode. of 

th~ ~unded pIa.""" ... i t h the,...., characteristic features o f the a nalo gous 

OIOd e s of the unbo unded problem. [t is a lso easy t o sho ... that t ne [F() mOOe i s 

n"t destabilized by the sh"atns. 

Let li S consider n_ an elec tron r~eb pIa ..... [n this case the 

order of lMgnitude of the ;". turn. out t6 be u/ VL. rh" cond ition tha t thue 

t".:.... be uniJopor tant readll' u/ vL«U;;J, "rIhich i. durly inco.patible witb 

ou r pnvious '<SK"ptions unless n is hr,,,. -n,eIl tllr u-.! 'rift inat.ability 

of ~" c.l e ctrcn r i d, plasma i . not ,"odified by the cathro<Uts ( neither in fre_ 

q-ncy, nor in ~ro ... th rat") only in t he trivial ca.e of a pIlr&.lld ","vdenllth 

...,h ~.hr than che len,!!t.h o f tile .... chin". 

'.r.(]Ioeo:o, Pla_ """" L l'IJ (1"5). 

1 Lkrtotti If A. IIoc ... ti .. i , PLu. "",-•• .!b 39 ( 1970) . 
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COLLISIOHAL DRIFT WAVES IN TilE PRESENCE Cl" NON 

UN IFOR~I RAD I AL ELJ::CTRIC FIElDS 

G. BardoUl and M, f)obrow ol llY 

Utboratori Gas Ionhzati (Associazione EtJRATO)I_Ct<"'E N), C. P. 65 _ 

00044 Frasca ti, Romc, Ita ly 

Abs tract: NUlllerical results arc presented on the stabil ity of a 

10w_ " magne tized plasma column, in col list o n-dollinated regille, 

i n the pl'csence o f radial non-unifo rm electric field s . 

There has been recently much work on the influence of radial non 

uniform electric fields on the stability of a low- f plasma co­

l unm in a u niform magnetic fie ld. Q-maChine experiments have 

poin ted out the existence o f oscillations loca ted in regions of 

la1'l:"C electric field grad ie n ts and not iden t i f iable wi t h drift 

type ins tabi lities driven by gradients in d ensi ty or t emperatu re 

I 1 .. 5 /. Theoretica l work 0 11 the influcncE> of such non uniform 

fields on stability , based on WKB approximation, /G ,7/ has not 

give n signit~cant changes in the properties of the wave with r~ 

s pect to the field-f ree case . Local solutions cease however to 

be valid / 7 / f or electriC fields and electric fie l d gradients 

such as those present in the experiments . Very recently resul ts 

of exact solutions of the eigenva lue problem of stabi l ity have 

been r eported / 4 , 5 /, aiming at explanat ion of experi~enta l 

observations of flute type oscilla tions at the edge of the 

plasma. We have undertaken the numer i ca l solution of the 

eigenvalue problem of s t ability of co llisional drift "aves 

in the presence of radial non unUonll e lectriC fielde. I n the 

usu a l cylindrical c oord i nates r, e, z with ~gnetlc field B 

along z , and for electrostatic perturbations o f the tOnll Alr.e,.,I). 

. A lrle · lf"d .. ~ t.'J, wt , the r dependent part at the e lectrostatiC 

potential 'f is governed by the following e quat ion / 7 . 8 /: 

( 1) 

_ ." 11.,:"kT. ~ , 
where 'f _ ff,oli~ ~' ~."'I71 '~ is the sca le of va riation 0 

de nsi ty profile and the coefficien t s P{~ l''1 If;1 a re given by t be 

f o llowing e :zpressions 

(2l 

u" - W 'Sf I' ,.... • { . , n' '-',' !t'-", <{,' --,' ~Q"'~J. '1 11,1 - (u. "",J(,,~ ;, . OS , 'T l:rt' - i:'-"fii"'~i"'TJi"" -. 

-i-[ .. { (t.~).~J-;~':':<.lD[&"';'~~J.-3t{,",,~14_ "::':'D ~(: J (3) 

wbere p r illes denote f, de r ivat ives, ""'D' .": + +*is the ion 

drift f r equency, w1 - ---f- r .:r l is the freque ncy o f rota t ion 

due t o the radial electriC field E • w • W' <-T a nd c- . .. ':0 "I' 
o • VUe 

with ''ei the electron-ion co llision frequency. Solutions of ( 1 ) 

are t o be subject to the boundary conditions lif 1 __ 0 at (-o_. 

l'f l --~I as f, _ O . 
" e report here SOlll& prelillinary results o n the solution of this 

prob lem . 

Both density and elec triC fie ld we r e taken in Gaussian form (d!! 

tance be tween respective aa.xiaa being t ake n .. + LIt and ~.J , 
with ~ typical e l ectr iC field sca l e length ) . Unstable eigenval-

, .... '_. 
ues of ( 1 ) are exa..ined i n terms of the two parame ters W~_ .... , ..... 

a nd ~ 

In the case without e lectric f ield results seelllS t o be i n r athe r 

good agreellent with what caD he c alcu lated from l oca l theo ry (one 

has two branches . o ne of whic h is s table , the o ther unstable) . We 

bave f ol lowed the stable branch after introduction of a GauSSian 

shaped e l ectr iC fie ld , u pon increas ing its max imum ampli tude. 

In ' cases \..,1£ > 0 , corres pond i ng to a n electric field drif t 

in the sa-e direction as the ion dia aagnetic drift , the unstable 

collis i o nal drift wave (pres e nt at w £ .: 0 , if E* "* 0 ) appears to 

be modified upon inc reas ing the elect riC field: botb the freque~ 

AND 
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cy p and t he growth rate ~ a re decreased with respect to the 

field - fre e case. One example of th is is shown i n Fig. 1 where 

~ and '( (normalized to maximum drift frequency) are plotted a s 

fu nctio ns of E ' for 

W.f ., 0 and v, " • 1 

(these curves re_ 0. ~ -

ter to ! .t,~,t 0. - /J _ 

and n - nUlllber ot ~o 

radia l nodes of the o.~"----~~~~'~~W~.~"~~~~~~~~~~~~-eigenso l utions - 0) 

There is t hus a te~ -0. ~ Wo:·) _ 
y w~~ O 

dency t o s tabillza_ 

tion by the radial 

electriC fields (at 

• Fg. l " '" 
least up to values of WE, where electriC drifts are s till compr~ 

ble with diamagnetic drif ts). 

FUrther work, bo t h exte nding the r ange of e l ectriC f ield allpli.., 

tudes considered and isolating the electri c fi eld offect from 

the effec t o f denSity inhomogencity. is in progress. 
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crl- 1AC;';::Pi,,71:; : :. l co;;nOL e r t, il? in~:-Yp<: I: i:: ,AJILT TY I :l ".:: 
I, . I:'J'ICr,i.: ! ; crll:~ L('I' .- ~ f' LAS" A 

\., , 
,~ . rri :z:. G. "i.illoor , J. ~ . Cor-b in, aml F . S. Pal~er, 

:,erOSr<'lc e '!e s e «:'c il La ~ ora tories. " PAri: . ~ .. yton, Ohio. ;';5;" 

~. :'~d ~ r: ... pe r i !:l concerne <.! with t he sta!' i li:z:ation o~ a 

;.!rift-type instat- il ~ ty a t t he ed,.", of a '>~,ach inl! plosr.\a cal-

1I,,",n <.! Cll! t o 1"'1I<1 iIl1 e l ectri c f ields. [xperi r. .enta l re su lts ",re 

cor. f.<lrt.' C: "ith re c ent t heories anG the excitation am. stahil-

ization r.ec hanis !':". is .~ iscu5set: . 

I n a p revi o us experi " ent<'ll work1 ) it W'"S shown that a 

d r i ft-t v!>!! ins tllhility can be ~tab i li:u" c cu e to non - uniform 

electric fie l" s ..L. t!. . , 'his paper 'presents recent investip.-

at ions on the c~araeteri s tic5 of this instability and 1:he s1:at. -

ilization ~,echan is r . • performed in t h e Cs p laslna colullUl of a 

2.50:. lonl'. sin,le end~d (, -nac!"! in",. At plas:na dens ities 
, 1 0 -) 

n ..... 1 x 10 cm 

'" : 1 mode and 

with a k .L " k ll 
Fio. 

j 

2 , 0 1 2 
~((cm) -+ 

9 n I", """, ' 

11«., •• ,,, , 

i n the direction of t he dillmar.n",t ic electron drift. The os-
, 

cilIat ion amplitudes n peak at larrest density gradient Vn 

.md largest non - unifoMllity of the ra<!ial electric field Er' 

di~cted t owards the plasma axis. Fir.. 1 shows typical and 

directly recorded radial profil",s r.leasured with a radially 

d riven probe near the center of the machine. 

By applying a d.c. voltage VI' between aperture ring lind 

ioni7'er plat"!!' thE periphEry 

potential and the radilll elec-

tric f ield 1:1' in the edr.e r ep- _ ~ 

ion could b e variEd without 

any observablE influence t o 

the density r;radiEnt. As se En '0 

from Fi, .. 2, at small Electric 

fields which corrEspond to ne r.­

ative VI" the oscillations 

have smallest freou encies and 

lII r ges"t ampli"tudEs lilnited by 

the onset of a turbulence in 

[iIMH'.1 

t 

•• . '.70 '0· <m·' 

05C'UAT'ONS 

_~T 1';" 

the whole plasma column o"-__ L-__ L-~L-~ __ -" __ -" __ 

(noisy oscillations) . The 

ne,ative rr rrows wi"th VI" a nd 

the oscillations increase in 

fre quency with simultaneously 

decreasinp a mp litude IInd dis ­

appear finally. lnstahility 

p' rowth r a tes 11(1", Ir.ells ured 
o 

fron: t!lE os cille tion I' r o\>lin;o 

• 
-, 

F10. 2 

AND 
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in time, w:'en VI' is switched frol:\ tha q uiescent plasllla state 

t o /:lore ne r.a t ive values, are shown in Fir . . 2, bOttol;l . The 

plll5r.1a is stab le under collisionless condit ions. In the coll­

isional region the .o;row th 

rates incre ase with thE den-

si ty ilnd uec reaSI! with in-

crEasinr; VI" )al:1piu g rates 

are shown in tile 10\~l!r por-

tion of rip:. 3 . They were 

derive d from the oscillation 

decay, if Vr is switched 

from a fixed value to various 

more posit i ve values, at 

which the pla5r-a is quiescent 

under stationary conditions. 

, ..... ~. 
-"1''' ""'1 

... . . 10· ... · • 

'.' 

- FIQ . 3 

The i ncreaSE in bV
r 

corresponds to an i ncrease in the negative 

rr' The uppe r curve of fi~ . 3 s hows "rowth rates of the same 

fixed instabili ty states, which do not vllry if thEY are s wit­

ched on from dif feren t VI' i n the q ui escent state. 

The instabil ity causes enhanced r adial ion fluxes which 

grow wi 1:h ~2. rig . lj shows the radial .plasma d eMit)' vl.riat­

ions itn when the small arnpli1:ude instability is suppres s ed and 

amplified by a feedback method"). Much bigg.r p11.8 mll 10Bses 

were observed in another machine in connection with azimuthal 

Clode j umps m: 2 

va riatio ns!> . 

1. const rained by a ithEr B-field or Er 

From thE experimEntal r esults o f this investigation. we 

conclude that WE obSErve a weak co llisionGl drift- wave mode 

with .. A It B much largEr than the ml.chine length. In .. greement 

with the theoretical work of Pobrowolny2). WI fou nd i ncr.adn g 

de stabili7;at i on with p;rowing 

plasma density and decreasing 

B-fie ld . The drift-wave freq­

uencies are Dopple r shifted by 

an Er x B drift due to the aver-

IIgEd negative Er at the posi tion 

Qf highest exci"ta1:ion . · Accord­

ing t o Nocentini 3 ), both VEl' 

(for l/k J.. »rt.) and V2Er' with 

the lIame sign as '\I"n, should act 

a s stabili :dng terms . These st-

abilizlltio n conditions are ful-

fillEd in o ur experime nt . Vn, 

"'Cl" Ilnd ",2Er were found to be 

always ne ga"tive and largest 

aroun d the peak oscilla1:ions 

iiJcm'3 ) I I .""~ 
'hIO' I 

I 
SIlpIN"UIJon 

I 
~~~~ 0 +':::;:::t~~4C;;'; 

I 
\ /i~··.)AmpllfH:a'ion 

.:,'1 , ,~I '" ~5'~~: L 
'13210123'1 

--- r(cm)­

Fro. 4 

and the A..1. is about 1 order lar,;er than the Lal'lllOr r adius r
L

, 

*On leave from the Inlltitut fur Plas~aph)' sik. Garching, Germany 
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DYNAMICAL AND FEEDBACK METHODS 

DVIWlle STABILlZATI011 OF PERFECTLY DIAMAGNETIC PlASKAS 

" 
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Centrl de. Reeherehes' en Ph,siq","- d"5 riaSOIaB 

Lau.ann" S ... it~,"rland 

~: As the \/grd "pule""ly" in the title impli" . thi. pape. is prima­

rily concerned .,ith theoretical .... de la . IIOVI!VH experiloental aspect . o f the 

probl_ an di l "uud briefly at the end. 

Thoon ~n lII&lIy l'Iuilibri .. "gnHlurat i on! which describe the confiDeWoeDt of 

perfectly di ..... gn.ti" pla ..... . ( s .... ) by • magn",,;c [hid. Hovev.r the tonH­

I"ution. without CUlPI and of finite vol ... e. that i . dl thou. of practical 

interen, are unatable. By vary;n, periodically in ti.1! " .. n a i" par_ten 

of tba <:o"Hn_nc I" .. or an of th. I .. rface dafonaatinn mod .. bee"," 

nable. Thi. i ... !lac We ..... 0 by Dyn ... ic Stabil izat ion. In practice tha one 

par_ut that c'"" l>a o. c:ilhted i l ch" .... gne-tic Field. Th n ·e b u ica lly 

diUannt t yp .. of d~ic lubUiution of pla..u. have bun pro poud. 111 

tM fint t1P" tM confinil>.ll lidd po ........... DO stottic ca.ponnt , ita dir.c­

tioll rotat • • i ll the pi ..... CaIIl."tial to the plasaa . urhc • • tn Cha n eo"",, 

tfPa lObe fidd eon.in. of • Hatic and an o~eillatillg caapon.nt pe.'1"""",,i­

cular co a ach other, 10 that eh,. """t fidd al..., cb_gu it. diraction ""rio­

dieaUy. In cha thi r d t)'pl tba !Mpatic field do.,. not ch-r,a direction bu t 

it. inte,..iey i. var,.illl periodicall,.. Although it i. probably 1I0t ",,"cnur}' 

.. 10 aU_ thaC the vari.tiolla a r e s inusoidal . In all three casei the equa-

Cl"" of IIIOtlOIl for a l iven d.tc ..... tion ,.,de has the fOnll 

, 
0) J R{c- c') yet ' ) dt' + ex + Aeos",c) y(c) -0 , 11. >0 

(Tha lab.h Oil 11. , X, A and ,. . identif,.in, ch. "",d., hive been Supp, .. .,.d ) . 

In chia aquation R(t) repra,eott t!l. preUUH. rupoIIu of tha pia' ... due CO 

a ddo ..... t ion yet) ,;bieb b ... tbe £0 .... of a unit ot"p in t;'e. The l.aplace 

tran. fo .... 1(. ) of R(t) h tha _cba .. ical .urface i.oopedlnce of the pia .... . 

Tha coeat ... t. X &ftd A depe.pd ODI,. on the field "onfil"ution. 

l(t') dtpePod. 00 tlla -odd of the ph .... which one "i,h ... t o con.ider. If t be 

-0.1 i, i .. cooop;r ... ibl . ...... i..,..-iICid then R(e) - H6(e ) aO that (I) rHue .. 

to • Jllath~u aquatio ... 

(2) HY+(l *A cO ... t ) ,. - O, K > O , 11. >0 

1 .. tbia c.a_ tUH .. ill at .. a,.. I>e unatabh ...... . 

If ......... _ . CU t CM pole- co,,~ista of ...... int.,...-acti"" pArticlu vhi.ch 

... " reflected er_ t_ . Ia ...... urfae*, but takina ioto ""'co .... t <I. . i"lle 

bou..:.a, then R .. L6(t) IIIld tbe equacion r..due,"", to 

L; .. ( :1 • A co a..,t) y - 0 , L > 0, A > 0 

I" thit case the lol u tion i . obv i oua ~nd the s t abili ty condition be l''''''''' 

_ ... 1,. X ~ 0 iru:ltpePodent of A and of "'. 

As one can n e froal these t .. o e u.ph . the b<.haviour of the .yst_ i s e"c~ed­

illlly un.itive to th' type o f ruponu function R .. hieh i . blOin, und. Tg 

obtain realitti e r esule . it il necessary tc ca lculate R fr "," r ea listic pl .. -

_ .odd,. A better venion of the frl!O! particle modd i a o bui"",d if III 

s ucca •• ive bo unc u o f the partic les ~re t a ke n into acco unt . Then the pr .. t ure 

,upOn.a ble~s IlUch...,re ( OIIpli cHed but it n ill i ~ h i !!.hly rliu ; I"";v~ . 

Thi. i , t o be upected .ine e the vi tco~ ity o f a gu ia proportional t o tha 

maanine path. It i . thi s d iu ipat ion which al l ows the dynaaoi c nabi l i ueion 

o f a ll .,du . 

We """ t urn ou r a tt.ntion to t he cor. !tact s I( and A .. hich ,;Ir" dHenoined by 

the leoaw!tr y. I n t he fiu t t ..... typel o f confin_nt I( can ~ l .. ay . be """de 

pol itive fo r a l l "",de, by p ro pe r choice o f t he cOIIlpre ss i on r .cio . In t his 

e .. e dy l'l.all i e . e.bi li ution of all modes is al .. ~ys po n ibl e . In rhe thhd 

type o f ton f ine_ne X i . ncgative for an infinite Dumb" r o f ...,du . In chis . 
case, a s Tr o yo n hIt s hown, che stabili"ation of a ll lIIOdel is no t a h ' a ,. . 

pou ihh and in ge ne ral diffi cult. This i s intuitively understandlb l t , inc l 

X > 0 auuru ".ve r ag e s t ab ility", that i . stability for .. - " , "hile X > 0 

lead ! to " a veralle ins tabiliey". Troyon'5 r " c en~, yet unpubli.hed wo r k, 

.. hich provides a ,enera! und~ rHanding of all previou~ .. orl< U ... ell 15 nume­

rical result . f o r Apl c i s l cue . .. ill be SlJlllllLO.d~ed. 

Explrimen tal e ff ort s to dyu .... i c a ll y s tabilize plasmas encoun te r ["c main 

diffic ulde" t ha n . ad of I H ge ..,unt . of rf po" er and the screenin, or the 
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osci ll at i ng f ield by \"" d e ns i ty r n idua l pIu .... ouuid" the .. a i n bod y of 

the pl as .. ~ . Re ce n t progress o n both f r on t s "ill be dilcuned. 

~ 
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can be f ound in th is pape r . 
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STABILITY OF A RQTATlNC MAGNETIC flEW PINCH 
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L"u.anne - Swi~~"rland 

~, Tha stability o f • column of plaslll.ll. lu~~o"nd.d by a concentric 

conducting cylindu and confined by • ~Dtll.dn, !lagne tic fi"ld i . diacus nd 

in rhll collisiDnless and collision domina t ed limits. Th. allumpcion of a 

thin I kinned plasma is di a"uu "d . 

t . Introduction: An i~oth8rmal plas",. colu"", of radius a is confined by • 

rotatin& .... gner;" field obtained by superpos ing " .. 0 oscillat ing m"gnetic 

field s 

A cond .. .,ting cylinde r of udius b limits the lIagnetic f idd. Ih" penetration 

of tha !i.ald into the pi u ... i. "eglected ( akin-effect). 

A given .. ode of deformation of t he piu,"", surface " .. ( k , t) utis fiu rh .. 

"qunion [ 1,2]. 
, 

(1) ( XIII(k) .. " 1I(k)coa 2.0tl "., (k , t) • I dt'R. (k,t-t' ) " .. (k,t') _ 0 

.. here 11 and k are the us ual IDOde inde,.e •. Rm(k , t) is the plasma ruponse 

fu"ction and XII(k) and A .. (k) depend "nly "n a , 10 , III and k. In a plane geo­

lIecry A.{k) - X .. Ck). In the cylind ri cal cau .. e define 1I _ (A.(k)-IIIII(k»l1. 

It ca n b, .hown that 0~662po/a, ",here Po i. the ph.s ... pressure. The 

stability of Eq. (I) has been studied nu .... r ically . using the .... thod of the 

detenainant ( 2J, for various mode" of the pi ... .. The follo",ing uction 

sUllllariu!S the result • . 

2. Stability of the conHauut;on 

2. a . One fluid .odel: Neg l ecting viscos ity .nd thenaJll conductivity , t he 

"quitibriUII i , always unstable . For . ny fr equency the r e are sode ... hich a re 

"pUllped" by the o . dllating tertii of E". l. The lIigher the frequency ... . th .. 

.borte r the vaveleng t hs .. hi c ll a r e unstable. The i nclu. i on of a ",isco. ity u 

suffice. to suppruI th .... Ihort " avele"gth inIUbi!;tie., provided 

"' ;;' 01u
2

/ .. , "here u is th . sound velocity . Replacing u by its " xpression in 

tenal of th" ion-ion colli l ion frequency Vi' chi. co",htion becOIDl!. t 

f - 1.- ;:: ·01 vi' The indul ion of the.rald conductivity lJOuld I""er the r .. -

quired frequency. These results apply only if u
i
»';, 

2.10. CnlUsionlen IKIde ls' When the .... an free path beco .... s longe r th . n 

the pi ...... radius a , tile ph . .... i. bette.r described by the colliaionle .. 

Vh . ov equacion. Even .. ich the si"plilying assumpcion "l .pe~ular refl~ction 

at the plaslIa boundary the ~alculation "f t h" relpnnse functi"n in the long 

. ",avel"ngth , I"" frequ~ncy range (ion ".ves d".dn) i s Itill beyond Our COlllPU­

tational radliti!!.!. Bue it is po u ible to compute thi . f unc tion for a dab 

&"oll"t r y , .. ith th. sa ........... pcionl . It has already b~en observed ( 2) that 

the ruponle functions for ' )'IIIIID"tric . rod .. nti . ,....,tric d.foOlacion. of a 

slab of thickne .. 2a ara very . i .. iIar (qualitatively and quantitatively) t o 

th~ re . ponse functions of th' 1IIQdes 11 - 0 and m ~ I res pect i vely, if One 

neglects th~ elec tric fidd d .... to charge s~pantion (bounc . IIOdd). It i. s 

che rafore r ~uonable tn build a .odd for the .. two .od ... . - 0 .nd .. _ I , 

using tha corract IXpren;ont for XII(k) and A .. (k) and che corre 'pond i ng 

' r-tric and anti l yumetri c r esponn function. for a dab of thickneu 2 •• 

", ith the I ...... v.lue of 1<. Graphs . ho",;na the nu ... r ica! results for . 

hydrogen plaslla "ill be shown at the oral presentation . Thl mosC Itriking 

result s are: 

~!_~~!L!.!:~H!!~!!I..!!!!£~' for 1 / 10 >-' 9 there i , . ubility of 

III .. odes at . fr equency f ~· 025 uJa (u
i 

~(2kT{"i)~) Qnd maybe. 

a t any {requl nCy "'; for a/b :; l/ / 3 there i s nability for f~u"a . 

2!!!y-~~.!:.L!~!!B_~~::!!'!!!!B.!:~!_~~ .El.:.L.!L£~!L~£~!_!!!!H . .!~!! for I OM 
values of .. . nd a /b. 

Thi . l il t result make s it very pl aus i b l e tha t all th" !!IOd ..... ~ 2 .ra stable 

for .11 a {b and f .... '025 u ila <s .... II ... t frequanc y cons ide red ) . Thi . conj"".­

tura i . l upported, On one hand by an e x.",ination "r che bounce lIode l 

rupon. a function s for theu !!lOdes ( 2) , which I ho .... t ha t th"y are very 

damped, and on the o ther hind by cha fac t th.t l .. (k) i. &\",ay. positive for 

.. ';j!:. 2 .nd inu" .. " , wieh .. , fo r a fi~ed a /b. 
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J. Di scuss ion: The results prasent. d above are i nd e ed very favourable . It is 

the rafo r e crucial to look aC tha basic a.sumpti"n. mada which could invali ­

date the conclus ions. 

The lNin as . .... ption i l tha ponibitity of obulning such a confia ur .. t ion. It 

i . not P<'uible to p r ove that thi s configuration can be real ized IXpe.i-

.. ~ntll l y . 

The c rea tion of a vacu ... field configur ation a round the piu .... co lu"", .. ay b .. 

i"pouible, be c.u . .. o f the unavo i dable r .. sidud plaslla created by i on izati on 

of the neuna l laH co .. in& Ou t of th" ... 1 Is of left behind during the. fo,-,,, ,'­

cion of th~ column. gecau. " che .agnetic field cOIIponentl a re alternating 

t!lc r o i .. 3 cont;nuou. ,wI.ping nf t.h; ~ r .. idual pi ........ Tha s peed of co l l .... -

cion depend. sensitively not on l y on the eie'ctriC31 propa r ties of the 

r asidual p i u ... but also on the elacnicsl propenies of the plas .... colu= 

it ... lf. In 1000e Can .. che re.idual piu"", becoclIe . hot b , Core re3c hing the 

central co l ulln and holds the appli ed .. agnet i c p r essura alone , thu l screenin~ 

the fi.l d frOll the plaslN colulll1. . Thi, ha ppens for exa .. p l e if che r es idua l 

pIu .... has a hiahar r a. i l tivity than the pt ..... colwan. But th". !! are aho 

cu a . where the pla.TIII il . ""pt without a ppreciable h~atinlO and (ha ..... ~neti c 

pru s ur. i . indeed .. pplied on the plas ..... column. Which one of ch ... a P05S;­

biliti.as is ... lized e~parillentally ",ill certa inly dep.nd. on the hi story 

of the plasma and on the ..... unt of re.idual pla ' lla to be s ... ept. 

The ne.al"etina o f the penetration of the field inco the plUlla column ;'5 

al ..... y. justified, for any reasonable v. lue oC th~ pi .. .., r u istivi ty . In 

the coll i sionhll reai .. e the assu .. ption o f a I pecula. ufl ection of 

pa rticles a t the piaslla boundary i l nOC enenti. l. Turbulence nr qu u i­

tra pping of partidu in the boundary "'ill not a ffect the result l .ince it 

had. to additional " .. ixin," of particlas and thus t o an i ncre .. e in 

stabi lity. 

In conclusion it can be .. id th"t th. l ubility of this configuratio n i5 

etcabli . hed Cor . ",ide range of f r .quency .. and .(b. 
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DYNAMICAL AND FEEDBACK METHODS 

I'OUR FLUID GENERAI.IZED M. H.D. COMPUTER CODE FOR I>. 

PARTIALLY IONIZED PLASMA 

by F . Hofmann 

Centre de Recherche. en Physiqu!! des Plas,""s , Lausanne 

Avenue des Bain. 21 , 1007 La usann"-, Swi.tzerland 

~: A computer program has been developed "hieh solve s the geneu l i ­

zed M.H.D. equ~ tion5 (including e lectron inertia a nd drtft velocity e ffect s ) 

fe>r four fluids in one dimension . Results are pr"s"nted and cOIIIpared "'lth 

measurement s in the 90 MW rotating magnetic fie ld pinch. 

1 . The Physical Hodel 

The standard M.H .D. equa tions
1

,2 impliciny contain the aS$UlDpeions that 

electron drift velocities are . '!lall compared to thermal velocities, and 

that electron inenia is negligible . Ho""-,, .. r, there a.e experimental si­

tualions "here both of these conditions are violated. This is the case,for 

e>:ample , in a rotating ""'gnetic fidd pinch experiment], where ~ high B 

plasma is confined by rapidly oscillating magnetic fiel d . {- ]MHz) , and, 

hence , current densities are extremely high. 

Such .ituations may be described by a generalized set of M.H.D . equations
4 

The ge neralization produces ~dditional t~,.,." in the mamentWII equation for 

the charged ' partlcles, in the electron " nergy equat ion ~nd in Ohm's l aw. 

The re",aining equations are left unchanged. 

In order to describe pla.ma. with t wo different kinds of ions (e . g . lIe),we 

int r oduce an additional continui ty equation . The temperatures , ho"evef , 

well as the fluid vdocities, af the t"o ion specie s are assumed to be 

equal. 

Consequently , in one dimension and cylindrical synmeny, we obta in it sys­

tem of ten simultaneous equations , i .e . , thre e continuity equations (one 

Ies. than the nu",ber o f fluids, due to charge neutrality), two momentum 

equ"eions (charged p"rtides and neunals ) , three tempeu[ure equations 

(e l ectrons, ions, and neutrals), and t"O equation. for the magnetic Held 

Momen t u .. and energy trander bet,,~en el ectrons, ions a nd neutrals due to 

ionization , r ecombination, charge exchange, and elast ic scattering is take n 

into account . The transport a nd rate coefficient5 are aS8u .. ed t o be func­

tion&2 of the local pla5"" parameteu. 

2 . Numerical Method. 

A on~-d i .. en.iona l cOlllpute r code "hich solves the g eneralized M.H.D . equa ­

tions described above , has been .. ritten. The progra .. u.es an implicit sche­

.. e in Lagungian coordina tes. The machine tilDe r equirement i s approximately 

0 .5 sec per mesh point per time step on an 1.B.M. 70~0 computer. 

]. Results 

Fig . L &h"ws the computed electron density aB a function of radius , at va­

r iou. times. In this particul a r case, the {0110"in8 initial cond ition. were 

a uumed : filling prusure . 60 IDTO H He, 30% singly ionhed, re · !i· ! o · 1 ~v . 

Measured values "ere used as boundary conditions for the magnetic f ield cOm­

ponent. at the "all . Fig. 2. compares calculated and measured .... gnetic field 

p rofiles at various ti .. " . (same conditions as i n Fig . I . ). Similar compari ­

SOns were made for the electron density distributions , t he degree of ioni­

zation , and the total energy conta ined in the plas .. a ; these will be inclu­

ded in the oral presentation . 
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DYNAMICAL AND FEEDBACK METHODS 

A linear screw pinch experiment with dynamic stabilizat ion ~l 

by 

G. Becker. O . Gcuber, 11. lIe..-010 

Institut fUr Plasmaphysik, G&rching. Germany 

Abstract, The growth of the helical rn = 1 instabilities observed 

in a linear high p secew pinch can be r e duced by means of a super-

posed oscillating Bz field if its amplitude and its frequency 

Bre chosen appropriately. 

1) The object of the experiments to be described in th is paper 

is to gain some insight into the experimental and technologi­
cal possibilities for the stabilization of the most dangerous 

m _ 1 (helical) instabilities of a lin e ar high ~ screw pinch. 

In a f irat approach an oscillating superimposed Bz -field was 

applied for dynamic atabili zation. Beforehand also the ge ­

neral stability behaviour of the linear screw pinch had to be 

studiee. in comparison with the results of theory /1,2/ and of 

a toroidal experiment /3/. 

2) The screw pinch eXperiment with the basic circuits to produce 

Bz (up to 30 kG) and IzI10 to 90 kA) is sketched in fig . 1. 

The ciruits for preionization and bias fields are omitted . 

The rhet ime (T/4 ~ "psec) of the I z and Bz are matche d by 

variable inductances . The coil length and the electrode dis-

tance L are 1 m (Ld . 12 cm) resp . 1. 2 m. 

by a bank of high 0 capacitors (0 = 90 at 

The Bz produced 

f = 2 Hc) is fed 

to the B coil vi.a tI ioi l switch with low inductance (2 nHy) , -
and low resistance t< 1 m.Q. at 19~ 200 10-) . A 

with an amplitude up to 3 kG I ~h.T = 1 . 1 Hc and 

is lIchieved . 

homogenous Sz 

t:", ... .. G \lsec 

3) The plasma parameters in the screw pinch (S .. 0) wer e: 

Te+Ti - 100 to 500 cv; n - 2 to 10 x 1016cm!:3. Helical m - 1 

inltabilities were observed in the pure screw pinch if (Iz}max 

was higher than a certain l imit of about 15 }(A. 'I'he growth 

rstes W. determined by evaluating the exponential growth on 

steroscopic streak pictures agreed very well with those from 

constant pitch theory /2/ as well as wi th those derived from 

sharp boundary theory / 1/ provided that values of ],I measured 

at the boundary of the dense plasma column are inserted in: 

(./" (-(l.-~) ,,1 ,j. 2 k ~] (Rz,,~t' r~)l. > c.;, .. ~.'" ~ Qt k t ~; 
~ I It -11 yt- (, (1) 

girl ( S.,) 
where! is the line mass and \l (r) '" -'-- . V~ ~ ~ . 

~ r·1I1 1rl l PI"11 
In all eXperiments, only one k mode was obersved for which just 

one wavelength fitted L. This is also supported by the "better 

agreement" using (1) and Jo: - ¥ as indicated in fig . 2 . So in 

the linear screw pinch a quasi periodicity condition holds, 

comparable to the Kruskal limit in a torus. A considerable 

fraction of I z flows outside the dense plasma colur.m. Constant 

pitch is only observed in the early stage of the discharge . 

It is lost in 11 chllracteristic way starting from the coil ends . 

4) First the oscil l ating B was applied to a a-pinch (I • 0) with 

ratio(~( up to . 2 an~ at times 4 t HF (see fig . lf.l ~p to 

7 ],Ilec. ~Gre was no deterioration of the O-pinch stability 

i . e. no new modes were excited by parametric resonances (fig . 3) . 

Density measurements with a laser interferom~ter . with holo­
graphic 1n terferometry and magnetic riel d measurements with 

probes indicated 11 radial surface motion which corresponds to 
(IU'e! .... ':¥ (!l.)",a. rather than jAr,! "l:: 11~1 as expected for a 

1j.!!Il 1". l. Bz V 
relatiVely slOW adiabatic motion with W, < ~ . Moreover 

there was a shift of 1200 to 1500 between t~e forced oscilla­

tion of the plll.~ma radius and the driving f i eld. 

5) If i z is applied to the screw pinch an appreciable decrease 
of m _ 1 instability growth can be achieved, leading to a de­

lily II t.. ': t" - re of wall contact. tc and tc are the times be -
tween the s tart of the main discharge and ~all contllct with­

out resp. with dynilmic stabilization . This is shown in storos­

copic streak pictures taken with 40 and 60 mtorr Deuterium 

in fig.5 . l:ig.4 gives a typical example for the current' and . 

fields. In order to get an observable stabilizing effect , 

(Bt}., •• /S t has to be qrea ter than a critical value wh ich depends 

on W .. , provided that (,J,>W.:; Table 1 gives examples. 

w,[>!( " J (Bt /13r ) , rit t'[f~tc' tc[pS;tt] 
0.5 • 106 0 . 1 -i- 0 . 12 10 15 

0 .1 5 ' 106 O. lS ~ 0.2 12 

There is not enough exper imental material to confirm the ex ­

pectation from theory that (B~/Rtt.,tO( ~ . The growth of the in­

stability can still be redll(:ed when the stabilizing field is 

switched on after an observable unstable displacement! (f s. r~) 
has taken place. This gives some hope for a potentia l appli­

cation of feedback schemes. 

6) Besides the stabilizing mechanism given by theory /4/ (the 

forced m ~ 0 motion of the plasm!l couples with the unstable 

m _ 1 motion) there may be an additiona l stabili zing effect 

in our case . Probe measurements show that B~("r ) 0( rp and so 

~ (r,1 • ( ~) ~ ~ rr I . 
r·O~ rr". I r 

Together with 4r~/ir.'" r:oz/B,;an inertially caus'ld time dependence 
of p/2-~ at the plasma surface occurs, Which shou ld reduce 

the destabilizing time averaged poten tial of the unstable 

motion. 
1) The efficiency of the stabilization is found to be dependent 

on the switch-on time of Bz relative to the phaso of the 

natural m ., 0 plilsma oscillation. E!,fective stabili za tion oc­

curs, when the f irst maximum of Bz+n z coincides with a mini­

mum of rp ' This can also be explained by the mechanism given 

in section 6. 

/ 1/ M.D.Kruskal . and J . L . Tuck,Proc.Roy.5oc . Lond . ~.222(195BJ 

/2/ \·1.5chuurClan, et a1., Plasma Phys. g, 495 (1969) 

/3/ H.zwicker. et al . , presented at this conference 

/4/ H.wohig. and H. Tasso. to be published. 

+)This work was performed as pact of the joint ,research program 
between the Inst itut fUr Plasmaphysik , Garch1ng and Euratom. 
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DYNAMICAL AND FEEDBACK METHODS 

STUDY OF WAGNETIC FORCES FOR FEEDBACK srABILl SATION OF HIGH BETA PLASItA 

'Y 
J . JunkerJl

• 1..1.. Ne.tor! omd H.A. B. Boili.! 
J U. K.A .E •. • . • • CulhlD Lphoratory , Ahin~n . Berk~ . , El'I8land . 

JI On attachunt froao IMUtut rUr Pl""",aphysik , Garchin~ . Cel'Olany . 

Abs t ract: Thh paper report" an uparillental ~tudy of the e fr"ch of .... 6f\~ ­

t ie f orce" due t o " current dipole on 11 s traigh t t h eta pinch pl .. 3mll , '!'he 

oolumn re",a!rIlI oylindrioal ani ih IIIDt ion agrees with "tmple theory . The 

a pplication of t helle results to t he feedback control of t he m : 1 IMta­

bility or It bul ged thll t a p1n<;h ( I, 2) ill dill CU lllled . 

I ntroduction: FaedblUk control of It . H. D. instabiliti es i n high 11 pl asPll.!lll 

using mal!;Mtic forces 111 being lItudled(} , 4 ) . I n orde r to t est the principles 

in a .ell -defined lIitu"Uon a n experiment ill being set u p to study th" ""p­

prellllion of the. " I mod" of .. bulted Unear theta pinch (4- ) . It h 

neeesslll)' to know the nature and IQ.gniwde at" th ese t"o rees , and their 

influence on the plaSlla , and thh peper dllacribes a s tud,y ot" the et"t"ect ot" 

the t"oree .. t"l'OII a single current di;:ole on a theta pinch pl..- . 

Nat ure 01' the 'm-ce: The method 01' pmducil'8 the 1"oree by a current I , in 

a sector coil l,ying in a plane pIIl"{iOnd"icul Br to the coil axh 1:5 shD1Jfl 

F ,. 

FrC. ! 

b 
i" 

sch_atically in ~s . , . In addition to the dialllll8netic current per unit 

l ensth , 1
0

, a current, I' , inducltd by I, 1"lowII 1n the pl8JIma al'd gives a 

Cor ce per unit lansth oC the 1"0" 

" and 1'2 are linear in 1, bacaun I ' .. 1, a l'd '} is quadratic , It 

ca n be shown that " , »'2 and 1"or t hbe "l'lI rlment "} 1:5 ""SliSlbl e 

(exce pt Cor z - ~) . For a straignt plAlInlB colUlQ n 

F( ~) ;- P,( z) "Ap Ad Lo 1, (}b!~)(1 - 5 z2!r
2

) . .. (2) 

"nllre Ap and Ad are the pl..".a and coil cross s ec tional a reaa, b le 

t he pe r pendicul ar dis t ance between t he dipole el'd the pl .... ".a 8Jl: ill a nd 

r2 ~ b 2 
+- ~2 where z ill the dis tance alons the arl:l meuur ed Croal the coil 

pl ane . In the calculation we have usumed IL shaI'JI pl"""a boul'dary , " slll4ll 

cirt:lIla r current loop .. m neslected screen1l'l8 errect" by conducti"8 w&lb . 

Th" "-'-.l.1I1 va rtaUuOl ur 1', 1a "how" 1n Pi4'l .1 , .hero it can be ""~n that P , 

oharljl\ea si4'ln whe n z = b!2. The integrated linear Coree le ze ro, Le. 

f '-_.. 1', dz • O. Thie result is e>:pected aince the mutual inducta nce between 

the dipole am an int"initel,y lone: pla_ is zcro . (The aame holds Cor 1'2 

but not t"or 1', which always hM an integrated contribution. ) 

When the roreea are tille- v&ry1"8 propagation erCect.. must be considered 

z 

and a l ocal plaSlla 1I0tion is possible . The equation ror the plasl!la dhplace ­

mant , y(z , t), 

.. . (}) 

(M ia the lina !IOua and V t he propagation sP"ed ) ha s been solved " UllIeri ­

"ally Co r F, .. sin lit an:! the aplltial va r ia t i on "C e q . ( 2) . Fig . 2 sho"~ 

the dhplacclDCnt oC the llhsllIa with propagation s uperimpoaed . The diapllica­

lDe nt depems on the transit time or a wave c""pared to t he period oC tha 

ap~ied t"arcc . '1'he~e results Ill'II Cor V = 0 . 77 bll . 
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Exxr:\.l:lent.. have been ea!Tied out on a 

2 III 10"8 theta-p:'nch using deuterillll at 

20 mtOlT. Fig . 3 3ho..-a that the drlvill8 

rhld rises to 16 kG in 9 "'Bee and an 

altelTlatine: current in a three turn 

seoto r ooil (geO!lletry ot" fig . 1) or 

10 ItA peak an:! 11 ~ 2 · 1 x 10
6 rad sec- ' . 

A streak photogr aph t aken in a pl ane 

clon to the coil shows an oscillatory 

..otion of the pl osma col UlDn (Bee Fig. 3) . 

Inc1.ud .. d 1"01' com!", r i"on i" n pintu ... 

taken with nO cu rnmt in the aoctor 

ooil . The plllSllla 8 "tion ia conf"ined 

• 

., ,-, 

FIC. 2 

to a plane through the centre at" the sector coil and tha plasma axia . I t.. 

direction reverses, as expected with linear t"ol'Cea aid qJadnatic ert"acts are 

not obser .... d . The plasma co1l.11!1n retsina its cylindrical symmetry . 

The observed displ ace .... nt i:l constlltant with the value caleul atod unng 

eqa . (2) an:! (}) with correction.!! Cor the non- ideal gooaetry or the appantu" , 

50 I mm 

50 I mm 

"~ kG 

10 .. 

t 
Plc . } 

Conclusion Md Aoplicatio!l : Tha .. e&3ured value or the linaar rOl'Ce fn.. a 

current dipole, deduced Cn.. the pla,..a !lothn it produces, I18rees with 

theory t"or a unirorm c<>lUlln . The calculation oC the force has been extendad 

to i nclude a bulged plllS!lOa, am it is Cwrd that the bule:e pTes a lar:go 

favwrable local cont ribution to the Coroe which Itlererore does not integr a t e 

to zero Cor a c ~ lullm or infinite l engtl) . Par a bulge or langth 2b with a 

mll xilaum rndiu s three times t hat oC the r emainder of tha column and a ve rage 

b e ta 0 . 6 tho linear Co",e is a factor t"ive greater t ha!l the unidirectional 

foroe (shaded curves, Fig. 1) in t he otmight plasllo , 

We gratefully acknowl edge J . B. Tayl or and J. A. 'lieaaon ror discussiOns 

and C. A. Bunting , L K. Posco and A. Wl)Otton t"or experimental auistaoce . 

( 1 ) H.A.B. IIodln, A.A. !lenon. C. H. 1I01t" . J . A. Wesaon. Culhlllll Laborat ory 

Preprint CUI- P 184-, Phys . Fluida to be published . 

(2) J . Junke r, E. FI'lnfer, 11 . Kauf'm.ann, J . Neultauser, Bull . M . Phys . Soc. 

Sar II .!!t Hll,.9 ('969). 

(l) 1.. 1. liorozov, L. S. Solov'"v, Sov .. Phya. Tech . Phya . 2 1214 (1965) . 

(4) A. A. Newton , J . Junker, tt.A. B. Badin. SymposiUIII on the DyTt6llic and 

FoedbBck Control of Pla.SIIlll", Princeton , U, S . A. , June ' 970. 



DYNAMICAL AND FEEDBACK METHODS 

ON STABILITY OF A PIASMA IN THE HIGH-FREQUENCY 

AND CONSTAHr MAGNErIC FIELDS 

R.A.Demirkhanov, V.P.Sidorov, T.R . Soldatenkov, 
T.I.Gutkin, G.I.Bolealavskaya, S.H!Lozovsky, 
L.A.Utllna 

Pbyaico-Technical Institute of the State Committee 

on Utilization of Ato~c Energy, Sukhum1, USSR 

Abstract 
In present paper the questions of the stability and con­

finement of the pla~ in h.f. and constant magnetic fields are 
considered in two principal cases of the mutual orientation at 
the constant magnetic field and plasma surface-parallel and 

perpendicular <which co~espond to ~ome extent to the closed 

and open systems respectively) . 

I. We investigate in MED approach the ayn~c Btabiliza­
tiOD (OS) of tbe current-induced inetabilltiea /1-3/ by means 
of helical mllltipole (HW) h.f. field which is created by the 
h.f. currents in the helical circuit. The circuit consists of 

helical windingB placed on a cylindrical surface with radius 8 , 
the h.f. currents being r ..... ~pffJ/..t+-t. 'f ... k~ r"J . Such field 
conf'isuration is rea.1ized in the RT-O inBtaliation /4/. In par­

ticular we were interested in tha question to which extent the 

h.f. circuit can be regarded as a stabilizing conducting wall . 

Due to ffiI currents in tbe plaBllI!. the h.f. magnetic field has 

a magnetic well form. Oonsequently we can expect an enhanced 

stability of the system. We have chosen the surface current dis­

tribution as the simplest one /5/ . The ski.n-Ie.yer depth ie as­

SUIled to be zero (this is valid if .Q. >K" CA /6/). For the sake 

of simplicity tbe helical circuit ie replaced by the contingouB 

current sheet with anisotropic conductivity. 

Using the well-known technique /5/ we obtain af~er time­

averaging the suffiCient condition for DS 01' the helical per­

turbati2n modes: 

(e.k"h'). k,.'l: _~\\, .. &!!l , "--';"{§l~.L~_[;'K': I!')I. -':>,./;' (l) 
';d i,K.) 'fi(~K.J l{.... !IlI\"; (1),) \1 fK;(&;) PJ VI' ) 'c • !* " J If- NI " 

Here 'f.=k K;.it.I~e. I/. .. t Ie.lt.(f- u=1Ikl.f. ;:-\ I '>"_ f K,.'[ 
1 • Kt !"') j l. h li {tJ ' J tl',., f,t..J" Zj j-fl'f+~ 

l "Ii 

P:Q.j.~A.R. f=~-~i l:k-"':. t •. L . [",h r,.· K-=~1:k. · i-:±.2: 
J 1 b-~. J 'J I Pt /(~ , ) r i I I '" I I C 

Q' ~)j_are cOlI.binations of the .odified BesBel functions, ~ K,,­
are the components 01' the perturbation wavo vector. 

The analysis 01' the DS critarion /1/ leads to the fol1~ 

conclusion.s: 
a) The convective with reEIpect to thc h.!. IIlI!.gllctic field 

perturbations are absent in the quasi-stationary limit if (.,,0, 
k.ro. 

On incressing to the stabili:z;ing effect increases. 
b) There erist the resonant perturbations h = 0 (i.Kk =fK.,) 

for which the helical h . f. circuit ~ be regarded sa a perf6ct-

1y conducting wall. 
c) The most dAngerous (q=~:! ) perturbations can e%_ 

eH, 
perienee a stabilizing effect from the circuit its paraaeters 

being chosen EUch as to make the perturbations resonant . 
d) H.., component of the h.f. field is responsible for the 

stabl1ization of long wave modes, Hl component being responsible 

for the stabilization of the short wave ones. 
e) If the zero helical mode ( f.",o, f(~=o) is u.sed the con­

vective perturbations are allowed . In this case the destablliza­

tion 18 po:;;s:ible. 

We conclude that: 

I. Yultipole currents in a plasaa are more stable than 

zero mode currents (d.c. in particular) . 

2. Using the multipole currents allows for lower values 

01' q. 
3. If these currents penetrate into a plasma they can 

simultaneously heat it /7/. 

II. Th!) effect of the h.f. field with components£~"E..~(i-jsllf.ot 
and H;"'-iil:;~CdSlt on the drift inst abilities of the slightly 

inhomogeneous plasma in the constant magnetic field I{~ is in­

vestigated, taking into account the h.f. field pressure, the 

oscillations of tbe resulting magnetic line of force and the 

electric h.f. component effect. The perturbed electric field 
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is considered to be potential. If pl asma is nonisothermic 
(~::. ~<i.) and the ion temperature gradients ars not large, 

two eigenmodes of waves exist in a plasma; namel:y fast and slow 

ion-cound waves with freque:qcies cL11 ", iiwlr- w,~ and CJ.>.,,- f;:.;'~-{.J:~ 
=d. growth rates t ,.-"r.W~J.[~ * 1 ... 1- ;.~" and V -:.JF. /,!O;'l.[E_ 

-if' 1 iK!iV ... e... .t '~J lit Ikt]U"r .. 'Z: 
- f_1_!I.]f....<.· f .'l. 't.tt.:~ 

Rere Wc,: K)j~:~~,.~ 9;fJ~-'t('Pe .. 1f~) is the effective " gravity 

acceleration" , Pe=.!..b:L is the h.f . potential /8/, "'!f lS the 
Sfftf"Sl~ -.t. j,' - , ,, 

" '!i' ,: ~~_N__ /; _(}CIIT.. OC":~ ~ 
electrostatic POl~lltl.al, } ~.. f{;;;NT' l e - d0,N , 4. "'~l.J"i'd' 
c.._ :. e/'~ ~ A.t~~. {.'",el",kt ti. ",5-N.:,tr

,.... 

.,., "'r" j" "( t<. •• .l.1 "",~ni " nk.t 
are parameters which are determined by electric and magnetic 

b.£. compononto, rcupect~vely. For tbe drift ~aves we have 

~I?/>i. PlaSllB is stable against the excitation of the ion­

sound .ode If(~'''f-d-lf.)>G • The stability region of the 
1.0D-~ound .ave is essentially enlarged. It is connected with 

the Lncrease of the frequency of oscillations due to h.f . field 

effect OD the plauaa which results in increasing the electron 

.i.undau dmlping . The grarth rate of the slow ion-sound wave does 
n~t change its sign, bowever its magnitude .hich is propor_ 

~ional to ~ is considerabl:y reduced. Althou.gb the terms due 
a, 

t o t~e magnetic component of the h.f. field a.re sma..l.l compared 

..-i~ those corresponding to the electric one still they essen­

tially contribute to the oscillations growtb rat.ee if the 
fre1uencies of the h.f. field are not. very far from the para_ 

metric resonance. 

IrI. Let us consider a pla31a occupying the half-spaC--¥i«; 

in a slightly inhoaogeneous con.tant -.gnetic field fi~ 
with lI~l»fI ..... If.J. The h.f. field has the caaponents:il.:=il,(ljtos-;rt, ii: .. iiJl)SutSlt. Due to Itffects connected. with thll inhOllogeneity 

of the constl!..llt aagnetic field it is poaaible to uc.hieve some 

sel.1'-consiatent equilibriua configurations for which 1~ 1Gt;':l 
can reach the ValUBS up to several unit_s (in contrast with 
the statQlllent made in /9/ that p -::;; 50 in tJ;:.eraonuclear condi­

tions). Supposing that plasma with ~'" ~4.<i has the sharp 

boundary and the zero skin-layer, and ~·e the inhomogeneity 

of the d.c . lW.gIlet~c field can be neglected, we conclude that 

the plH-3aB boUlld..u7 is stable against the lo_frequency (l.JG:"51) 

.IffiD pertQrbationa if the freq\lency of the h.f.field satisfies 

the condition.Q.< ":; ~ n c .. , where k.l ... ~f(A2.~~ ' is the c~ponent 
of ths perturbation wave vector on the ..ty-plane. 'lhen Q e%­

ceeds52Q., an alternation of stable and unstable regiD.es tU­

place. Note that the problSlll of the pl.a.al.a boundary stabili t,.­
for the Cll.Ele coDBid.ered has been previo\l81,y inTestigatad in 

/10/ but the consideration in this work is i.QCorrect. 

The authors are thankful. to A.G .K.i.rov and L. I .Bu.d.ak:ov 
for useful discuasions. 
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SUPRA- Ttt£RHAL ELECTRIC HELD rLUCTUATIONS 

FROM SPECTRAL LINE PROFILE KEASURE!iENTS 

" 
t~IVERSlTY OF MARYl.AND 

/lan exp8 rt llental and th"oreti"al .. a r k on th~ broadening of .pectral 

lines by interaction. bet .... n cherged particbs in .. plasaa and 

r",d ining a toaie .yace.,. 11. .. be." concer ned .. ith Stark effects 

fro. pa rticle-produced a!crofteld,. eo.p'ted to ch .. 1an"r , ... ve­

produced U.ld, are. ind •• d Ad l fo r equiUbriUII 1'1&91111.9 hev11l1 a 

la r ,,,- nUllbe r of ele.ct ran. in the ~bye .phe .l!. Howeve r, for " ave 

,"xci tat ion ."ch beyond equip. reit t o .. at the particle [""perature s . 

coU8ctive fie l ds can i nfluence 'pactral 11n .. pT"f11es ve .y 

strongly. So t hat 1n conjunttlon with Hne br08d"n1nl theory supra­

che,..;l.l fiel d fluctuations and chalr f r equency . pectra .. a,. be 

obta ined fro," observed line profJh.B. (lJave numba r spectra cannot 

be de termined, the . he o f the probin& a to .. ic lIyste .. s being 

negligib l e cOlllp a r e d IIith pi ...... II.ve length~.) Two distinct 

.ethod. have e volved , one utU iz!ng one-elect r on BystA. (linear 

Stark ethct) and based on thaoraticlIl IIork by Blochinzell 111, the 

o t her ul1!hing tllo-or IIIOre-electron .y.te .... (quadratic Stark 

" ff ec t) snd based on t heoutical IIork by " utler and TO\IQu 12] 

IInd, IIOrl apleif i ely, bunKer and Iiour 13 ] . In the first case, I II 

pl as .. a frequencin are oftan •• all c","pared with Stark shif ta 10 

that the line ahpe reUecta t he diatribution of II.ve-He.ld aapUtudu 

( r elard h .. o f frequency). Th1l gtv ... then .... a r Caussian line 

shape., rather than auitably lIIodifted 141 Holt'lIark profile. , 

and has been da .. onstnte.d axpe r illentally 151. Iiore. inforaation 

on plaSlla IIave. or turbul. ne. can b. obtalnl!d by th .. s econd ",ethod 

IIhich, lO lowest order , a ives the pOlle r apect r .... of the electric 

field 1£ ",e .. ured [roqu .. nei •• a re r .. ferred to those of forbidden 

(.H _ 0, 1 2) linea and 1£ the In-called pl ..... lIIa satellites are 

.. e .. ur .. d relative to the co rru pondin8 a llov .. d (t.! - ± 1) linea. 

Such .. tell1tu d t a placed frOOl thl! fo rbidden lines by + or - the 

pI ..... f r equ .. ncy wen pr. dtcud by Hannget and Mozer 131 and fint 

found expniaentally [6] in a h .. lium-filled th .. u pinch. Since 

th .. n .. uch ..,r ....... p .. rlAental work hal b .. en done 011 plasaa aatelUtea 

of n .. utral h.U .... 11nel 1n alvl!ral laboratoriel and a llo . _ 

theor ettcal worlt, both on htshe r order effec t s and on the prediction 

of .. t aUite ' hap .. Cor Clrtatn idealized 1I0n-.. quUibriUIII ph .... 

Tht. yorlt 11111 b .. r e..,l .. ""d and t he co .. pl ... entarity o f the lIev 

me t h.od to th.at of cooperativ .. ltaht .eaturinl _phashed. 

Ill· D. 1. s!ochlnzew, Phy. tk. Z. SO'oIjetun ton~, 501 (HJJ). 
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Non-Linear Effects Involving Electron Plasma Waves 

by 

R. N. f'ranklin and G. J . Smith 
Engineering Laborator~. Oxford Unive rsity 

"d 
S. M. Hamberger, G. Lampia 

U. K. A. E. A •• Culh"m LlIboratory. England. 

~: Observations are presented of the frequency spectrum 

in a plasma when large amplitude electron plasma waves are 

excited. The spr eading to side band frequencies is shown and 

the development of structure in the lover sideband detected. 

Parametric processe. a re also discussed. 

It is now well establi shed experimentally that electron 

pla sma waves are damped by the collision le BB phase-mixing 

process normally described Ba Landau damping. An early inter­

pretation of the physical process underlying the wave - particle 

distribution-function interaction was that of electrona being 

trapped in the potential well of the wave (l). Thi s, while not 

appropriate to t h e linear regime of Landau damping . has been 

shown by Wharton. Malmberq and 0 ' Neil (2 ) to de.crihe effects 

observed when l arge amplitude waves propagate in a pla sma. 

Their interpretation waa in terms of 'aidebands' being 

produced a t frequenciea w ± n where n ~ (e~m)~ is the 

frequency of oscillation of an electron in the potential well 

of the wave. Ul . ~ i. the frequency of the i~poaed signal with 

wave number k and aasociate d field stre ngth E. Rece ntly 

Eldridge (3 ) ~as calcul a ted t he spectrum of frequencies in the 

range 111- n to Ul + n for a potential V propagating through a 

plasma. For eV/keTe finite. there is a spread of frequenciea 

with loca l maxima at w ± o.e n . 
We have meaaured the frequency spectrum for the parameter 

eV/keTe between zero and unity. Fig. 1 shows the output of an 

x-v recorder driven by a spectr um analyser for freq~encie. near 

the w",ve fcequency, 30 Mllz. when a wave was excited in the 

pl"'am", column of a single ended Q- machine. The plasma fre­

quency determine d fra. the propagation of small amplitude 

wave,( 4 ) was 45 MHz. Resulta ace given foe diffecent valuea 

of r. f. voltage applied to the exciting probe . The frequency 

spreading is clearly non linear and the primary wave energy 

is converted predominantly to lower frequencies in agreement 

with t.heory(3 ). The l inear damping was negligible over the 

length of the pla.m", colwmn (65 cm). Fig.2 shows the v"'ria­

tion of signal at the centre of the lower sideband with 

distance from the exciter when the excitation voltage was 

9.0 vol ts correaponding to V ~ 0.15 Vo lts. The signal risea 

to a m~imum in a distance smaller than the linear damping 

length. Fig .2 8hows th",t the aideband signal doe.a not riae 

monotonica lly but dependa on the local level of the large 

amplitude signal as found prev iously(3) . 

The new resul ts . shown c l early in Fig.1, are (i) the 

observation of the u~r s;rlRh~nd. with smaller magnitude. 

and (ii) the development of structure within the lower aideband ' 

with diatance both aa predicted by Eldridge . 

Spect r a were atudied in the range 0-100 MHz . There is no 

detectabl e signal at the frequency of oscillation of the 

e lectrons in the potential well. Parametric decay into other 

electron waves is not observed for wave powers trallsmitted 

< 10 mH_ The conditiona of Laval, Pe11at . ",nd Perulli (5) who 

observed such parametric decay differed f r om ours in that 

they had several wave modes availabl e within the frequency 

band w to w - 0 at the powec levels used. 

We have. however. observed a t much smaller amplitudes. 

an apparent parametric decay involving the generation of a 

heavily damped (v/w ~ 0 .4) ion acoustic wave. Thec e waa a 

t:hreahold at a p robe voltage - 1 IIIV and saturation occurred 

for a probe volt8g~ _ 200 mV. we have shown that ion waves 
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have a dominant wavelength one half that of the pumping w",ve 

for a range of electron wave frequencies. This is to be 

expect ed aince the pUlllp and idler wave numbers are almost 

equal in magnitUde so that k : kp - k~ - 2 kp. We have not 

as yet obtaine d quantitati ve reaults t o compare with the ca l ­

culations of Dysthe and Frankl in(6) . Oscillations were also 

excited at the ion cyclotron frequency (133 kHz for a $od iUIII 

plasma "'t 2.0 kG). 

The ef fect s Observed are o f significance in as.!.l,ess ing 

the impor tance of different p r oceaaes in the development of 

plasms wave. 
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Figure 1 Frequon~y ' p"o t r Ulll obse r ved )0 cm fro .. tile e ~citer ... lI en 
r f volh gu of tile V111 "". indicated at )0 Ml~z arc a pplied to tile ",,,d t e r. 
Tile inse t . 110'0 ' th"t the dO/llin.nl l eve r sidebnnd f requency t end. to " 
line"r va ri a tion v i th p r obe vel ugo "t la r ge .PIII ied ve l tage • • 

10 20 30 40 so 

~·ig ... re 2 The po~-er .. t tbe central Ic"e r sid. b" nd frequency, 
J.6.25 Kllz , in arbitra r y untU .t • fun clion ur d'.tan~e r .. OftI It ... 
uci tet "hen a n rf voltage o f 9 . 0 V at 40 !>1Hz "' .. appli .. d. S;mlhr 
sll.ped cun-es ,-cre obta ined for o U,or a ppli ed frtquendes .t th is 
10ve l of ,-ol tage. 
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An<!r6 ?ogis!cr 
Eur ('\~'e "" Sp,, ~ ~ ~_ ~ 5C a I'C! ' : f\ 5 ti t ",!c 

rl'i1sce-;:i (lull;,) 

We have i~ vcsti &a te~ i n the [ ra ~cwcrt af kin~·ic ~hcorr . th e 

int era"t',. " o f 10" ~ra qu"ncy , la,. ~e scale (compared \:0 t he ion 

Lar ... o r ,,<loll',:; Ri and fr equency !\ ' osc i ll a tions "it~. high fr e ­

que!'c)" , sh o rt "',,-'cl e n&th (~ « Ri ' .. » !li) elect r o s t at ic micr o­

tur~ ,o! '. nc" . In ~ ~.c r; ,., ,,cr ,, l case, th e rel"""t;o!"] cf a "" ,,)::1:; t ur­

b u lent h O::loge ne ous ~l"s",a i'l'oc e eds according to ~iff crcn t ti me 

tio~. of high-frequency osci lla t ions build -up, non-linear sp ",,,tr,,! 

e ner gy tr an sfer i1nd ~bsorpt io n of t~,.bulent pulsat ions in 'pl a s­

mon - particle intcractious. T"o ot~,er ti",~ scales app"a" in t he 

pre~en~ "roid"",: 'E .i. corrcspondin& te th e 10" fr eGuerlcy "<IV " 

and 'i "orr e s po n din!'. to its inter-ac t ion w.ith the tur~ul <e nce (pl<ls­

," en _wa\· e_pl l\ ~",on i n t er<lct ion). 

The fu nda"lcnt <ll h~·pothes ~s to be made is th ~t the e nerzy spectrum 

o f the tu rb'~: en c " , ~o' <lnd th" one-particl e dis~ribution functions, 

F , r.,l ax to <I non trivial (.~ ~ 0) quasi-linear "equili hriulll" 

" " on a ti ::le -s cale . ~ ~'~ich is ",Ij(';: shor te r tl,an ti,e t,:",e-sca~ee ,;;f 
intc)·cet. t L r. a nd T i which iT. turn, are very short cornpa:- ed to 

the tim e-sC<lle for a~sorption of tur bulent pulsations. 

It was sho",-n ir. a re~l!n t paper ll th a t i n the d.'ift approximation , 

eVen r el <l tively ,,~ak ",lectrostatic (Langmuir) turhu:ence !!'.ay 

l e lld, for example , to stabll izatioll of d rift waves .. This e ffect 

is "s50cillt"d Io"it l, t~e prpsence of par ticles which resonate with 

the 10'"' f req~en cj' ",av~ . "' lthot.:gh related procc~ s os could be 

und erstoo d in t~,e (' ,>nt ext of the following theory, We are con ­

cerned !!ere ",i;: h another ty;:>e, of stahilil:ation, or excit .. tion, 

1I\ .. ch .. ni~ro which "~s,,lts from the comt:ined effects of turbul enc e 

"nG fi"it" ion La"", or r adius (f .1.r) ~nc. f r equency (f .LL ). 

lie t, <lve ~ho>:n t hll t tte ~ urbul e nc e leads t o spati"l diffu~ion 

(0<' antidiffu~ion) of th .. 10>: freq uenc)" loIaVe. Ir. high and 

low S rlas!:'_a a like t he diffusion coefficient is fo~nd to scale 

like I!oh~ 's: 

where 0 is the temp "ratur~ in energy units , B the "'''gnet ie field, 

q the charge and c the '/elocity of Iig ;, t. In the example C<' ,I ­

si der~d he r e of th .. i r.teract; {,n of an "'lfven "'aVe with io., - soun d 

turbulence, ~ is the ratio ~o th e rmal ene .. gy of th e iotal e nergy 

of the turbulenc e . 

Since only non resonant particl ~s play <I .. ol~ in the p .. ocess 

just described , the th eory of the int e r action i~ akin .0 a ~a cro­

s c{, .. ic for"..ulation; t his r e r., .. .. k helps c l.;.riiyir'i t1 : .: follc.·;_ng 

point . In feneral the distribution fu.,ctio n s will be functi o nal 

of tl .e energy spectru", of t h e turbu l ence . We have n~glec~"d that 

functiona l dependance <l nd incieed assullled that seatterine by 

pl as .. ons is a rather inefficS.en t process to randomize most of 

t he ;>articlc s . That <lsst.:mp t ion , "'hich at the v ery least is 

ju ~ ~if i .. d for not t.ee £tronll turbul..r,c .. , I' V.y~ h .. ro. " rol e e qui­

valent to Bol tzm an H-theoro m for bin"ry col1isie n £. 

felIcwing the discussion given a !love , " 0 hav~ kept in th c c o l­

lision i r.t ~g rill only thosa te r"" ·~ hi<.h d .. scriL ~ t),e ceupl:ng 

with th .. t urb u lence " f th e el .. c~re'""elle~ic field .. nd th e spatio­

temporal i!ra di e ~. t~. o f the erganized wa Ve. The e" .. ct s t~ucture 

of the terms des cribinr. th e interact ion of course d epends on the 

pro perti es of t t.c quas ~- li~.car "equ il i !>ri um" spect r,, ;:, of th .. 

turb~l en c e af t er the i~itial rela~ation is OVer . ~e hav .. pos-

. t ula t ed , ~erely for the pUr p030 of c on ve nie nce, that the turbu­

l enc e, 

gonal to a plilne (i
z 

J i) c~n be app ro"i ",ated b)' iI wil v e pilckct of central 

wave nu", !>e r qc ' frcq u nn C)! "'c Ile (thc electron F.yrofr .. quency) 

and ph<lse veloci ty Vc : "c/qc . 

Und .. r th,,~e cone itions , the CO ll isIon t e rm t a b.s th & for, 

) 
y 

, 
v-:v 

o y 

and a/at lIc on Fr and Vc' Th e o th er notations but rc i.nd llc 

arc stand a rd; :In p art icul a r I is related t o the totel energy 

0' 

c .0. 1 at'{"','!) 2 
of tl,e microturbule"c e by t he r e lation ""l;c ~ 8ii "'c( a"" e )", '1c1c 

wh e r" £'("' ,'1 c ) is the (reill part) of the dielectric C 

functi on of th e turbulence. 

!t i s of cO\.lrse under s tood t' 3 t til e d"nomin~.to"9 in thet:e 

exp 'ess ions mu~t be conside,.ed as Cauchy principal valu9s. La9tly, 

" I 1 (,,', •. q,,) 
"2 at f ab) .. 

" 0 

'od 

.+ - x !I)' k v ~v -d-- r 
- c y y 

In ord e r t o comp le t e the definition of the collision term, 

note th a t 

tbe use of the superscript (i), for interac~ion, is nec e ssary 

fo!' , during the ea rly process of quasi-linear relaxation, the 

turbulent spectrum becomes a functional of the b~ckeround 

distribution function, and thus also va:oi es in space .. nd time 

accordingly. In these equations, the terlll s a ssoc]ated with 

the p.resence of large scale spiltia l lnho",og".,eities , en<l with 

th e tilll" variation of the b a ckground c an be seen ·to aeree with 

the result3 of refere~ce;, (2) and 0,11) respectivo.:.y if one 

no~es that the last term of equation (2) disapgears in cne­

dilller. si o n (l/tata!). The o ther terlliS o f equations (2) and 

(3a) 

(3b) 

'" , 

(~) describe the interact ion of the "weak" (Il i « "c) back­

ground e l e ctromagnetic fi e ld with the IIlic, ·oturbulence . The 

spQtio teClporal evolution of the backeround distribution funct ion 

is of course connected to t he evolution of th e e lectrolllagnetic 

fS e !d throug h 1o!axwe ll's e quations. 

Tho "bev" probl e m i" inten ded to. "~I"V~ .. " d gufd" fo r ,"ore 

general typ es of i n t e raction "f micro turbUl ence with 10"" fre­

quency waves , Or eventually with a spa tiall} inhomogeneous 

stationary b ack g .'ound plasma . Particula r ~i elds of a"plication 

include "collisionl e ss" ~hock wav:,s (in high a p la sma) and 

ano .. alous diffus Ion, due t o microturbulence, of oth e rwise sta­

t10n'1ry non - unifo,'m plasma i!l fusion d"vices. 
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TEST WAVES IN Po 'tURBULENT PLASM 

Christi&l Tho"","" Dum 

Corn .. ll Unive"sity, ItJ,,,ca, New York, U. S. A. 

Ab"t"a"t : The conductivity tensor of a 

turbulent plasma i s computed from the coherent " " spons", o f u, .. plasm" to an 

""ternal t est "''''le. We includ .. nonexpandable e t t .. c"s due to scatterIng of 

pattic!"" and modlfi"",,ion of dielectric proper t ies by the turbulent 5pe<:-

trum,which may become impo"t.1lnt, even at 1"", levels of tu.-bulen"e. 

A test .. ,, 'le propagating through" turbulent pIa" .... ""'Y 

experience an enhance d dampi"" IoIhich ;5 similar to coUi sion,,! damping. 

Th" eff .. ctive cOllIsion frequency, hO'oO"ver, may be enhanc .. d by " " " .. ral 

orders of magnitude . even at low levels of turbulence. It, thus. lIppears 

that: scattering of p;orticles and the modification of diele ctdc properti.es 

by nturbulent colli~ ionR" should be included in a perturbation theor~ a~ 

nonexpendabl e effects. Sca t tering o f part icles may be included by per-

turbing the eqUlltion for the "verage distribution function, retaining terms 

to first order in the external electric field <~)Of the testwave 

L .. ~ (v/c ~ B ) 
a x 10. - --0 - , 

'" 
wh e r e (f'l)ls the col:erent re sponse of the plasm" to<;,. ) , 0 is t.he dif ­

fusion operator ilfId 0 (1) is the perturbation of t".1 $ op;"ator induced by 

the test wav". Th" Solut ion of (1) with th" right hand side set equal to 

",e"O dete Cl!lines the ave"age propa'lator (U(t,t')o! " test particle distri-

bution in the turbulent pI"""", . Eq . (1) may b e s olved in t " Cl!IS of ( U). 

This prccedure is f requently used to find ordinary collisiona l conductivity. 

In applying it to a turbulent plaslnR, it must be noted that t , rbulent di f -

fusion depends on the electric field as seen by a t est particle ".,vin g 

along its pertu.-bed o.-bit. Thus we tal<e 0 to be 'liven by (1] 
. , 

o (f{tl) .. i- .(:.,)2 L E (t ) f dt ' ( U(t, t' ) E (t') 
:! mj ~ -~ _ =:t 

L (f(t') 

" 
o allows R partic!.. to pull itself into reSOnanC e with wav" s if the tur­

bulent fi e ld ~ "c""ds a c"rtain threshold!2,3] Conventional perturbation 

th"ory, bued upon unperturbe d orbi ts canno t pr"dict such a b"havior. The 

!!'Odification of the linear wave-particle resonance by orbit perturbat ion 

leads to a rllpid stabilization of a nuri:ler of instabilities [ 2,3). Fo.- th" 

purpose of e s timating the sllturation level of thes" instabilities, it is 

then probably not too important to include !!'Ode coupling effects. 

Coupling be tween the t e s t wave and the backgrowod w~ves i~, however, 

responsible for a coher"nt r e sponse of th" plasma which is described by th" 

tertii D ( I ) . Th" coupling between waves i& alBa modified by th" pr"sence of 

other wllves. Using (2) in (1) "e c an obtain an " q .... tion for the coheren t 

current in terms of (~) the sp"ctrum ~~ IInd the induced sp"ctrlllll ~~~'l. 

( J ) _ !i. (ll ('l, w l '(~) + L :i, (2) ('l+~,-~l: (~!~ ~ ~) + ,li, (3) ( -~,<,t,~): , 

wh" r " th .. conductivity tensors a re obtained f.-ora the usual expressions 

a fter replacing the un!"'rturbed propagator~ br (U) :i, (}) i~ due to the 

linear wave p article interaction a nd /i. (2) , :i, {)) ,lead to coupling b " t"".en 

The b eat wa ve E{l) is the cohere nt re&ponse of the turbulent plas­
:!+.l!c 
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ilia to the sour"" current J~~~ _ !.( 2)(9.'~J~~ and, th"!I, s hould b " COM­

puted using- that turbulen t condutivity f. obtained from (J) and I'.axwell's 

" quations. Choosin g the electrostatic c.,5" ~ _ -i~'~ for simplicity, We 

obu in e"plicitly 

E (<,t, ", ) E (1) (9.,.,) .. L 1~~12 { , (3) ( -~,~) - E (2) ('i.~,-~). , 

'" 
for the dielectric constant of a turbulent plasma. Eq . (4) is equiva-

lent to selective summing of an infinite number o f terms in th" usual per-

turbaUon ,.eri"s which is generated by a s i mple iteration fro .. th" 

w,perturbed state. The first term in (4) is ob t ai ned f rom the solution of 

(ll, neg lecting the nonline"r coupling terms and can frequently be a pprox-

imated by an eKPression of the form (Ba - 0) (2,3] 

'" 
where ~ is an effective collision frequency which d" p.mds on velocity, th" 

turbulen t s!",ctrum and on frequency and wavenuftlber of the test wav" . The 

,,",,"c t ive approxi"",tion which i s =","",n l y use d in calculations of high fre-

quency conductivi ty ~ .. qui,,~~ ~« ... . AnalllOlous ~e$htivity , in this c~~~, 

arises solely from th" coupling betwe .. n th" test wave and the background 

s!,ect~""'. It is described by t he r " maining tenos in (41. The resonant 

contribution from th e ~ " t " nt'IS yields the damping of the test "av" due to 

scat t " ,,-inq into wave mode s ~' ~ ~+'i ' .. ~' - w~ .... "nd the nonre~onant con­

tribution describ" " non linear Land .. u damping. ~or resonance, l ie may be 

still b" r "placed by a delta fun ction . No siqnifican t changes (.-001 the 

usu~l resonant mode couoling resul t ae .. to be expected . Even s",,,l1 changes 

in ' ('l+~)' h"",ever , m .. y b e iDlpOrtilflt in the nonr"SOnant case if t ('l+~) '10 

but " ..... 11 . If " . '1 . a driftwave interacts .. ith high frequency turbulence, we 

ha"" '(9.+~) - [(~' '''k) • a E/iI"'k("'-9. · a"'I</ ... ~but [(I<' '' k) - 0 i s the hi",h {re­

ql1"""y di5pe,,~ion r~htiOn . ; .... 11 ch:ges in the i:'",inary parts of [( 21 

,(3) "hich enter nonline"r Landau damping could aho b" significant . 

None of the above ".,.difications of the usual p"rturbation theory are i m-

por t ""t for th" high frequency ("" '~l conductivity of 11 stable plaslM. It 

may be shown that our result contains this ellS" if t h" turbulent spectrum 

is replaced by the thermal spectrUIII 1<I>~1 2"' 1.~..,I2~O . Tb" approach in this 

paper alIa,",,, the d iscussion of high f.-equency resIstivity in terms of ..,de-

coupling theory . Calculation of the an""",lous damping of sp .. cific trans-

verse tes t waves in a turbulent plasma are under way. 

This work has been supported by th" U.S. Atomic En e rgy Commi~sion under 

Contr act AT- (30- 1) - 1782 . 

I. T . N. Dupr" .. , Phys. rluids ,~. ]13J, (1966). 

2. T . H. Dupree, Phys. rluids ,!!., 26B4, (196 Bl . 

DUm an d T . N. oupr "", Phy~. r1uid~ , 11, A"'1"~l 1970. 
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,,::fer :: '-, : '.-.-,rs:'::" Cal:',' :,.":,,, i: . S . A. 

;._~s ~,..),: ·_ : A L"'l ,- .. ,.", :a:: -:; ~ ~~_~_ ;" P" i ~ app:cej c O> ,he ;i e~e ", :' ::at·lc c. "r plu :::tu 

'"O'i~ - ~' ''V'' ~ ~:.trl'."-~ ~"" :'~ ' ,, i~ ,,: ~ . J : jepe'_<i~ '''' 5pa~"- t i _7,e av~r"" ' ,.g e f ar. 

c :'lla' _ :l~d !..."""~,, !. ,,, . j e c.scty , "a'."e-'- ~h a: '. '. t: ~ ~~ :,v e ~_ t :' ~ r.el :Ler .. tio 'l ~ =- U;e 

o:n "Es ;xm d'''g Me r equllt ! ""s, !i.e.;; i s , cr.si:l.e ral. ly OlO l'e "~c r.o,,,i,, !i.l in ", f:·or~ . 

As a:: " "ample , e"pl!~~~ resul ts .. r e ,!!v~ " ~::; r ·.!:.ree- '';8ve ~ oup1i ':g at a ,.t ; ­

o 'a]':,' pr<>pagatior. 1lC_~l"s '" a ~ olj i r_:- l r_ ~ ';" 1I'.a,.;"et"p J esma . 

~ "',, : .. c,ts i s t h., !I.l«n "aie cr",-.pln; ';: ~ ~' t h .. ' tC' r g~ :\,f' p,.:lcess lea:ii~ g ~rQ", 

!' :a>r~,,1 1' s "qu fLt i:;r.s "" ~ ar. cqua:i ~ r. ;o f ".,,::o~_ to' t he _,a.10r. i cal coupled mode 

eq"s: '. ~,-.s . ,<, ~ t;'r ~ ,, - ·,· a \e ir. ~ " ! ·II~t: ;;r. sat !s :';;'.,-.f! the ~yr.chr or:ism coc,jit; ;:""s 

i + -"'2 ~ -'; , !:L • ~ • t :. ' th" l ll~~~r ".B:; t'e ·' ri t te" 8s
1 

')"" ,' ;: ". , ~(,,- . ", .)"., ;,,,",, ( ' , , - _, l _ -'; ih J;J -

,, ~ ,en :1." ~. _ '~'B.l:;:1 ~c"-f _~~ II"-p,- : ·_'"ie. , A_ , a r~ Jc r~~,ed s e th a t A~.A~ 

: s 11 ge" e "al i:e<! ene , g:,' jec, sil~' ; .::,," i ~ '_h e ,,;,'ou p veloc ; ty , = d X 1, 

: he "a'l~ coupl!"g "ce ff t~:e c.t . 

S: n~" (1 ; CM. le d~~tved f l'O!r. t'le La ~ ra"g :' a~ d er,sity, l' , of Lhe 

S )'s ~e;L , 1 t he T' ;;s~:~:I1 : :: B< s e, ·. I:a ; ".: g ~: b~ o~ t8ir.able ",o r e dirc~tlJ' 

),'c',hcd : W" IIS~um~- 11 ho"'~;;~ " eo,-" pIli"" ... ;:, : h CI,,;,.:::1 a f1.,,', cti o~, of t he 

~cDl ar '/ ,,- ~ i ll,' l,, ~ q: ''..l,.,.,, \ t~. ~ ; ' · ~ : rs t s ~ "-::a~ a'.d leCl po rou. deriva-

'.:"-::" <t.;:. ''''',! ' ol:', 1I! .:i r!: ~ :~~;;~ ,.:.; cOr ·.eek ~oupli" .-;; , t he s".,al1 - "i <;~ al 
~"l'.l'iC',,~ ~ ,,~ l e "'. '.I , ·t~ j ~l"\<l :, i:: ~ c"'" lI" d ~pact , s e t ~lllt fo r som .. waVe 

T ~:'''''_c' o_" , . a" ~ :>e{ !',. J .. cd a,_ .. ~; ;i- ,,>~ ,. · '.:' ! the a:"pE~"fc "r. ml!,',' on1:,' 

':ar;. ~ : ~,;. : . r l · a, r ;;: . 1 ~'" 11 o~e,' " . t e ~\'al S ef " der l /",- " ar.d l / I-. n 
.... e r.o ·,,- ' ·" phc.,. '1; ~l' '!; C~: : ~ '1

0 on l' , !ilId th .,. ~ oTre sponding 

"a.., 'lt c ' l a" .i e~. "i:;: , i (c;~,.!! , ·.! [ ," E i;: i'l r/~~ -.r.l ,whe re the q~ U; ) 
. I · . 

r"l'rese ",'o a:. cq uil :t r;u.o' s~lut! o ~ to the equat i ons, , r.d t he qi are small 

;;<: r : ur, a~ :C' c.s . EY.:p1l:".s 'c; c. to th'.d " der i ~ ''.Irr l c : e''t f o r t hree - wave 

;h<: 'I" ,.11,)' be spli t ido : h ~! r '. &v., comp"" eLt s 

I ! I [ "' \ i i , [ " 1 + "2 + q:l " .. e !Ll ~ !le +.9.) " ",d 11 !! ene rali~ed e ncrKf de" s ity "'"-: .. be 

<i .,fined f o r the nth '~ &ve a s ( ,;. e2 ( q ~ , .!! ) , where the bar denotes spac~­

t b.e IIv e r agir: " " ver '"te,.val.s l or. g <:oOlp8red to l/"'n and l/k
n 

, but s ho r t 

C' o:npar ed t e the ': ar ! IIL io r.s o f t he '~ a':e a::1plltu;!e s. ?he kth spatial 

~0"'P:mer,t ;; f ~ h " cor rc s po:uling gc"eralized e ne,./C, flux ve cto r h 

: h e ' .e,,~ s ~ep i& ~ ... e Kp r ess <~ , t" an;! £. 
~ ac" >.:,,:.-e , ~cL" 0 ,-,1 ', 

p rocedure i."i ':es
2 

i c. terms of " " 

" t h e s mal l - sigr.a1 r~latl""s :!.e ~iva'o le from 

r;.;", ~ ~,, £ 
nnn n -g~n 

(3) 

(4) 

Thh 

'.-h('rc t he r' , a r e ru, .c~ : o r. s ~ ~ th ~ Wo a :1d ~r. ' a"d af .. re la:ed t c thiO 

q UII:". ~~t ' es cf ( 1) t:.· 

ii. r;,/ 2 ~. ~r /' frr ll;2 
0-'1 2 ) 

(6) 

'I-hus, to oU.a!~ ~~e coupli~.6 coe~fid e :; t x ~ '~e f i r s t. evalua~e the g enerlllize:! 

e ner /C' de ns !.Ues ..,..d fllUe s , £0 ' Er. ' ~" 

(5: a"j "ub stitute the::-. b th" e"Pre~s :onsfor 
'. c thE'-. "', tai.: fO ' fn 

X , and t he An 

~: ~e ~O-. c"ns i :!",. a eold ""r..o!:er.e;:,u ~ "w ;;~.~to1'las"lB , f o r whic h 
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the equilib riu:" posi tl on M-~/d , and r o r t he time T(" "Ut ) Her<!, 

''j is the pbsma freque ncy . Both V
t 

" "d l!t in t he square b r ac kets are 

fU~, l" io"s ~f ~ + All other te rms are lun~t ions or ~ only . E>rpansio~ 

~ (7 :, i elds 

" "' ) [i - ('1 x ~ ) 21 <lA ~ ~ ;,2 + 1.·('t- + ~ .; ... ~k ' 1') ~ A I:.~ '\ ;k (8) 

,:he r e '"e have c hose,\ s ga uge suc h t hat V
t 

in eonstan t ('l'A ~ _ , t Ndt , ) 

For small - s ignal propagatio"l as e XJI i ( rrr _ !:~ we h:ve 0 

['JOO" " " rt cosB ,,~ 1 rt " K"- /rl, P " 1 - 1/r,2 

- 'D , , - i' , 
Jf:ln2 B 

f ~ 0 S;;;; l-l/{Il -fl~) 
J2eonB si nB , 0 , - D " !l/!l { !l2 _ !l~ ) (9) 

"he re r l i es in the x- z plene at B to t he z-""ie. A r ot atio n operntor , 

Po , "ill b £c used to genen.li z ~ the propagation to t he spherical ang l es B , ~ . 

"or 0 < ;; < ~/2 , all f comp,,~ents !ll'e nonZe rO , 'lie will cho ose to expres s 

~ Qr.d ~ in t e rms of t he c Olr;poncnt Ep perpendicular t o ! and t he z - ""is. 

Wc t hen hnvc !:n" E., Epn ' ~ • lnEpn ' f ~ !l f ' , 1: ~ !l 1'.' , 

(10) 

Use of these i t: 0) nnd (4) yields 

'c ( i /3) S (f'l' f"? 4 f;, \ + ~ + A;,!.) .. ( c.c . ) .. irOEpip2~:l .. (e . c . ) 

t.. ~ - An )< (? X l!r, ) ~ :!g,l nEpnE; n ' 

[ 

" !i, , [(l;, 'C)I; - (S '", )" I [ ,'N' I 
'0· t + '~!2 ' [ {~ ' !!:j~!; -(E;·.1S,,)!l , ;.;nfn · !l~ - (l1 'ln)~/4 

t ~. [( .b. ' !S> !~ .. {~ ·!;]):tl -cn.,·l~ ):r../4 

. (il) 

rhe small -o ignal di s perdo:l relation giv es ;'n ' so iO , r
n 

are k no wn IInd 

henee X The coupled :r.cd~ e quatio t\.S for splltial w .. ve growth are 

There is a '''ell known elliptic int egr al s olution of (12) for ~olli"ear 

p r opagat i o n . :l I f one (pump) wave is mu C'h stronger then the othe,. two, 

simple ,. solutions result fo r p areme t rie ampli ficll t ion and frequency eon­

vers ion. Fo~ all e n "'" 0 , r esults f or coupling o f t hree RH - polarized 

'!lIve s arc obtained . Fo r all Bn " ~/2 , and all 91" equal , eK t ra-

o rd inary mode coupling results are obhined , Comp!ll'i s on o f previoUB allluyses 

of these cases 
4 

demonstrates t he effic acy o f thc J.agrangian ,.ethod , 

Dl s cus~ io ~. , ;le r e , B col d magnetop l asllla e XMlple hlls been treated . OUr 

unpublished results extend t he work t o " a.r:u plasma wave coupling, using 

a l...IIgrllr"Lgi llr"L b ase;! on mllcroseopic plasllla t heory , The most desirable fUture 

de ve l opment is the inclusion of hot p l asmll ef r e c ts , pe r haps using Low' 5 

L a g rangian
5 

as !1 s tar t i ng point, Th is f o rms the subject of our current 

s tud i es , a nd would allow inc l usion o f collis i onless dlllllJling , and explo s ive 

instabilit y .6 
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0) R. Z . Sagd ecv and A. A. Galeev, Ilonlinear Plasma Theory (s..nj"",-in , N. Y., 

1969) . 

(4 ) K. J . Ha r ke r and F. W. Crawfo r d, J . Geophys , Res. ~ 5029 (l 969 ); 
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(6) M, H. Rosenb luth, B. Coppi , and R, 11 . Sud"", Proc . Th i rd Internlltio nal 

Fw; i on Conf . , i"lovosibirsk ( !.AEA, Vienna, 19(9) b 771. 
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THE STOCIIA:>TIC MODEL OP MODE- COUPLItIG-THEORIES 

by 

K. Els1!sse l' and P. Gr!lfr'" 

Max-Planck- Inat1tut fUr Ph.yslk und Astrophyslk, 1411nchen 

Inatltut fOr Plssmaphyalk, Oarchlng ~ . ,"Iilnc hen , Germany 

~; The h1erarchy equations describing weakly interac tin g 

waves 1n a fluid are solved by the method of characteristic runctlo­

nll1R, combined with the tlme asymptotic method of Krylov-Bogol.lubov-

MltropolGkl. All fluid quant ities look - in the :l t ochastlc sense -

like lIo1utlons of a Langev1n equationj they consist of a "friction" 

term into which the initial values (at t~O) enter and a stochastl-

cally independent Gausalan nois e (turned on at t=O). 

The hierarchy problem of homogeneous weak turbulence can be 

solved within the fra~ework of a time asymptotie perturbation 

theory 1)2). To represent the hierarehy we introduee the genera­

ting funetional ~ of the wave eorrelations, given by 2) 

Here ~ labels the different frequencies 4!.(k) eorresponding to 

a wave vector k , eot (k,t) is a (stoehastic) wave amplitude, and 

a.(k) is an (arbitrary) test funct ~ ',,' . Tlte bra cke t s < > de note 

"taking the expectation va lue" , whi eh can be done, for instance 

by averaging over the phases o f the waves at t ime <;=0, The 

s implest examples of nG~linear wave intere rt lon lead to the 

following type 'of equat.ion for the wave a .... "l ltudes: 

.. ' • r' ;('If,f)-~",-.,r"i>t 
- C(~t)= EL. r'J.).'fi.l'/Ir (~~"? j(i-fC(')e .,." 
~ I)( 1 0.101.. J~ J~ 0(0[/",. 

' (C.f·(~)C •. (~: I) - <C.~G:l) Cd.ct.::~i» 
where the smallness parameter £ is a measure of the largest 

wave amplitudes , and ~ ... .. , ... (kk'k") la th~ interaction matrix. 

From thit! we obtain an equation for the time variation of ~(t , a) 

whieh can be aolved by the following ansatz: 

z = z + 2:. [CV ZV(t, Z) 
V>. 

":l -
w,2 = 2.. .. 'P''(2) 

• >". 

The"main part" ~ of Z ia uniquely defined by the following two 

requirements: 1) Z generates correlations wh1eh are "amooth 

functiona" in k - space, and 2) Z-Z ls not secular with r espect 

to the explicit time dependenee. In the l1m1t£+O, t~ .... , . 
e·t " finite we obtain the follow!ng solution for Z: 

where sO(t,a) is the funetional o f a Oaussian process and Zo(a) 

ls the functional which generates the initial correlations (at 

t=O). The fun ction 1I ... (k,t) depends on the spectrum J ... (k ,t) in 

the following way: 
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'i'he correlal.lon '1"o-:,t l o f the Qauss1o.n fu~c~10n!l. l loa 15 " i\len 

by 

where -;:I. (k,t) obcys the usual kinetic wave equation . To int e rpret 

thelle resultll we consider a vecto!"l'1x,t) " (""ti(x , tll whose 

elements are identical with the perturhations of the fluid Quanti­

ties (density , vel oc ity, elec tric field, ... 1. The x- s pace repre­

IIcntntlon o f our func tional '- 111 e'luivalent to the followi np; 

stochB.$tic equation for·t( x, t): 

The kernel K(J ,tl 1$ 

+ O('S (-) 
(.1 ) 

. ({lven by Its Fourier transform: 

~ (.2.;-)--< Xj<') Z(t.:) ""'1" [ fU"-1 i)} 
where X(k) X- (k) 1$ the d.y adl0 product of the orthop:onal norma-

• • 
lized eip;envectors of the llnearlzed problem.~x) Is the initial 

value of"Pix,tl. and (ll, t) ls a Gau5sian variable whose varianee 

i s essentially determined by Q~(k,t}. Equation (1) can be inter­

preted as a Langevin equation of Brown ian motion , $ultably 

gene ralized to describe the stochast!c $tate of a fluid. The firllt 

teJ:m on the r.h . lI . of (1) is analor.ous to the "frIction" tet"1ll, 

whereas t(ll,e) 15 due to a stochaatlc force with Gaussian 

stat1$tics. The latter is due to the re sonant three wave ~roce5ses . 

If the resonance condition cannot be fulfilled we have 

and therefore G .. (k,t)2! O, i.e. no Gaus IHan nolse. In this 

case no information is lost . 

-l4- This work has been undertaken as part,of the Joint 

research programme of the Institute of Plasmaphysik and 

Euratom . 

ilK. EIs~lIser, MPI - PAE/Astro 24 (1969) 

SUbmitted to J. Plasma PhYII . 

K. EIs~B8er Md P. Qr.Hf, t4PI-PAE/Astro 32 ( 970) 

submitted to Ann . Phys. 
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AA APPROACH TO A THEORY OF STRONG TURBUl.ENCE 

by 

Odniel R. Wells 

Oel'a r tlllent of Physics, University of Miami , Coral Gables , florida, U.S.A. 

Abs tratt: A new dppro,!.ch to magnetohydrodynami c flow stabill ty is out li ned. 

The concept of space-time and gauge sYnrnI!tries of the flow fields are utilized 

in developing a nonllnu r global tlleo ry of stabil ity. 

A new theory of non! i near 91 oba 1 ~la 9 netohydrodynami C 5 tab; 1 i t)' is descr; bed. 

n'l! fun.~lhlll i~ "ut dto ~~tenslon Of quasi l1near or normal III(Ide cascade tlleory, 

but an entirely new approach to the problelll which l eads to a theory of strong 

turbulence. One invokes the concept of space-til1e and various gauge syrnne tries 

of the flow f iel(ls in order to find constants Of the JIJO t ion . These constan t s 

of tile IrOtion a re used in conjunction wtth t .... ;-rinctple of least constra int 

to find the Eul er-laGrange equations corresponding to stabl e plaSIW motion. 

For evt'ry sy_try the re h a cor rt!$pondtng conserved i ntegral (Noethl!r' s 

theorem). I f that synmetry Is broken, then that i ntegral const raint IlUSt not 

be appl i ed to the proble ... Once all the sy_tri es and constra i nt integral s 

have been found, one applies the principle of least constraint. This princip le 

states that if the total energy of the flow f ield is Viried, subject t o a set 

of cons trai nt integr a I 5, then the fNer the nulltler of cons trai nt i ntegra Is 

applied, the more stable the resulting flOW". The minilOOfl1 nUrrber of constraint 

i nteg ra ls which apply tG a linear (superposable) field resul l3 in a set of 

equations whiCh describe a colli n·ur flow. If linearity is sacrificed , then 

fewer constnin t s can be used and the resu lt ing s tructure is a rigid rot ator 

or r igid drift equilibrium cen t ered on the IIIiIgnetic guide field lines . Many 

types of phsl\a flow structure are possible depending on what syrrme tri es are 

bro~en and thus on what constraint integrals IIJ.Ist be applied. ]t is possible 

to have different types of stable str uctu re existing and i nteracting in a 

ghen region of the flOW" field it the 51l1li" t i WJe . 

The sYlmll!tries and corresponding structures are easily classified beCoJ use 

tlK! space-title S)'lmll!tries generate., f inite pHameter li e group. The gauge 

syrrmetrtes generate a con t i noous pillrameter lie group. The group fonaa ll slll then 

leads to uniqueness theorelll$ which a re nt'cess ary i n order to calculate the 

types of eddy present fo r a given set of boundary conditions. 

A procedure is outlined for calcuhti ng the growth of str ong t urbulence by 

cClllbinl ng the syllT1ll! try approach wi th the theory of "coq>enS i ting fi e lds " . The 

time rate of grow th of the spec t rum of elidys rep resented by the interacting 

stable flow str uctures are studied. 
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ON A POSSIBILITl OF PARAMETRIC RESONANCE IN Er.;.;CTROJI PLASWA 

II . L. Taintsadze 

Inst itute of Physies, Academy of Sciences of the Georgian 

SSR , Toilts! , USSR 

Ahstract:Electron plas~a placed into a strong higb frequen­

cy electric field la studied . It has been shown that the elec_ 

tron ~aa B oscillations in the external high frequency fleld 

lead to parametric excitation of both potential and nonpoten­

tial hieh frequency oseillotinnR. 

This paper considers the stability of electron plasma 

relative t o its proper oscillatioDs in a strong high frequ­

en cy f l eld.It le assumed that ions do Dot participate in os­

cillations but only compensate the equ1l1briUII Toluae cbarge 

of electroD8.T~g account of relativistic effect of elect ­

ron _otiOD in aD external field leads to th~ tact that the 

paraaeter ot the medium, which oscillates in the external 

field , ie the electron aass.Oscillations of electron masse s 

le ad to parametric excitation ot both potential and nonpo­

tential high frequen cy oscillations . It is shown that at c~r­

taln plasma parameters the increment of potential 08cilla­

tions may exeeed the maximum increment obtained in ref.2. 

Let us represent the field applied to plasma in the 

fOl'lllE'}\"£.lols.:.,.l,(;.l assuming that th~ wave length of the proper 

oseillations is much les8 ~han thll characteristic length of 

plasma inhomogeneity and leas than the length of the exter­

nal high frequency wave. Since we are interested in the pa­

ra.etrie excitation of proper high frequency oscillatione 

in a purely electron plasma , we use relativistic equations 

ot' one liquid electron bydrody:namics ot' cold plasma and ilax­

well equations: 
.,." I ~ --E .1 .. -"C.O~ H- - .!L - -~aV, 

" -+ C.1~l~ C 

'WLE--c~' on. +J.w-I't-V&- O 
durEc>,4Jre(Il,,\..-n), "<l!.. 

r .. + (i'i.l]h .-~ (E + "-lv"l) 
~ vl - y{.t mo \1. C. , 

(1) 

The velocity of pl~. electrons in the equilibrium state Is 

determined by the expre4Pion 

Vo(t)"" V~ ~u)ot 
. V4+~\~.t.Wol 

wbere _ c.'. 
- .. e.E..(0) 
Vr. /,110(1,)0 

Linearizing the s.t of equations (1) over small d~vl-

ationa f'rolll the .qulibr1ua .tat. ( ttc » rt.." V.;-) V! etc) 

&Dd assuming for non equilibriua .agnitudea the dependence 
i.lt': 

on coordinates in tbe f01'lll e , we obtain a set of equ-

ations describing tbe paraaetric excitation of plas.a proper 

oscillations. 

Later we confine ouraelves to tbe analysia of the men ­

tioned equations in the two limiting cases: when the wave .,. 
vector • is parallel to th • external field S ~d 

when it ia parpendicular to the field E. 
2.Let us consider the case of the parallel V. Md E. 
Then we get two equations, the first of which describes the 

longitudinal oscillations and has the form 

--a2Jt .t (\ V01 \~.:I. . 
---;. ~ l..V.e - ... / ,..~. 0 ' "?;It c· . 

(2) 
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.,----. 
wheret:.' .J.'I ••. ,., is the Langmuir frequ ency of electrons in the 

J,. ~ " . ~. 
laboratory system of coordinates and 

"-I=! ' / _ h~y /~ Q.'\(; ~ ~~ ' . f (~(j;:'?, jl · ~"'·· (3) 
(J \. CL. ~I. . ' , 

The second equation is the equation of magnetic field 

oscillations (a purely trlUlsversa wave) aDd is written in 

the form 

~~ + (l:!.~c!+ ,,\;U - V~);t ,)!·Z.)-;rI · (} 
~:,.' . 

Due to difficulties of the analytical study of equa 

(4) 

tion" (2) aDd (4) let us conslolt:'· l..11e cage !..!.. ~ ~ lea-o 
ding to liathieu equations ~Ij. ! ,'rhen equat ion (2) takes the 

The parametric excitation of electron Lon~uir oscil­

lations follows from eq. (5) and the aain resonance is on 

tbe frequency c.;. of the external field of the order of 

electron Langmuir frequency VVL~ , and the oscillation 

excitation increment has the following form 
• V 1 

y~"- ,,. .. ..c (6) 
f; le :~ 

At the comparison of increment (6) with the maximum 

increment , obtained in ref.2 

'( m.,~ ~ G.).,!(~)Y3 (7) 

one finds that increment (6) may beeoae larger than· e~res­

sion (7) if ths equ il1briu. electron density is of the order 

108_109 110m3, the amplitude of the external field of the 

order of some ~V and the ion .ass of the order of some 
c~ 

t ens of hydrogen masses. 

From equation (4) at ~ d i t follow8 that the maximum c 
increment of tranaverse wave8 i s 

, V' y-- (ikt"'!' 
II If: c.l 

, . Consider now the case r 1 r" .Then we obtain ths fo110-

wi ng equat1ons:for purely transverse wave 
(l.t.U ., !:( \'1 , l!< · ( r ------; + tCC:.1 .... (.0L~ 1- ' ,c~ , ~L. ~ ) 
.'3 t.-

where 
r"" -J V.l._I/-t.,,~R 

Ed1. 

for longitudi.na.i transverse wave of the 4th order 

!l,tC [~~ 1..( 
RC. - -~ + l"L' {-

V~ ~I. t /_ VeX" . \..! 

r,,~.(\ _ V'~1"7il£ [L,L 
c." J V"..:"CllV4 - V-7c ! 

V:;'n~,l +r~, + 
. - ~i'll--

(9) 

(10) 

At ~c. «u.:>",LC,.t. equation (10) ia s1lllpU:fied and gives 

the . quatio.n of' lOZlg1tudinal oacillations C. .. , .. fi~' " and bas 

the a_e form as equation (2). 
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" P. Lcprincc and ~. 

LA30RATOIR£ DE PHYS IQUE DES PlA';I.;JIS , 

91 - Or-u,y , rranc" . 

~ : txperi .. cntal results are prcaent<' d ~'hich "hOY a theoretically pre: . 

dict"d ionic instability parlUllctrieally excited by an electri c fi eld "ith 

f rcqUl'Qcy fo .. fpcll2 . " he re fpc i$ the electron plasr:1a frell""'"c),. 

I - Introduction 

Aliev and Sil in ( lJ have . t udicd theoretically thl.' cfr""t of" 

~trOl1K high - tr cqucn~y field on " p l "SIIIII . They ha"" dt- t. .. ""i""d the "xi. t onee 

conditions fo r . table and un. U bI" osc illations , given the relation between 

the frequen cy o f the Ii . r . fie ld , f o ' and the electron plas .... frequency, fp<" 

'-or Io'lIat they .,aU paramet.ric cxdtation. Le , 

or .. r · ,. 
(vll<,.,.<: n i. an integer). luch an intinitc-mcdiWII t heory predicts tile appe .... 

rance of .. nc" ionic b unch . \/;'06<: 1'reqll',",,)" i s in genera l clOlle to the ionic 

plasm" freQucne,., f pi' .,. peei ally vhen the eXl'ursion length of the electron. 

in the n.f. field il Of the order of the ele ctron Deb,.e l""gth. 

Hore reeent l:r . Alle., .nd ferlenghi [2) hi "" done. siailar e&leu­

lation for . bounded plas ... (pIu ... Ilab). Au ... ing an electric field El( pa_ 

rallel to the pIu ... bQWlda",. the)' pr edicted .0 instabilit;r to occur vhen 

n (-( I I2 

• po 
(n 

Th is inatability C.n be either periodic or a peri odic depending on 

":'eLher (". ia s li ghtly belQ'ol o r above the critical I'requeney fo/2. Let us 

consider t he !'Criodi e else . "here the frequency of the instabili ty i a or or­

dcr f pi ' The threshold of thi . i nstability i . given by 

r 
f _ ...RS { 
• I, 

, . 
(" 

(3l 

(In is the Beuel f'lmction of o r<k-r nand kx i a the Io'll",, - nlllllber in the din!t­

tion of Exl. If vc furthe r increase the pI .... trequllOey fpe' the grovth in­

erellle. and wc re.,h • aaxialll:l for 

r 
nfo ·-t;-Il + 

r2 IJ3 

[i:~(·)t) 
po 

f" 

afte r which the periodic inltability dee.., ..... eB .nd disappe&n .t the criti­

c&!. point ( 1) . lie thus define an inltability da.&in llf'pe "" the inte ....... ..! o f 

fpe l,.ing between the threshold valuc(2) and the critical point(l). 

I>f r2. 1/3 

,-7,.2- P ~(.) fJ (n. 1) (5) 
r,. 

11 - Expcri"",ntal res ults 

In OUT experi .... nts , we h.Y\! detectcd an ionic O!Ieillation , f
ml

• 

el05e to fpi ' in the neighborhood Of the critical point . Hovevo:r , in addi­

tion to the fTeqllene)' fal ' vc h."" detected a s econd l'requcne)' f
ll2

(II b.nd) 

which alv"J'" Ippean for. I .. ner value Of fpe than fa1(1 band) , .nd vhich 

i s not explained b,. [2]. 
'DIe .,xperillCntal sl'Tangea cmt i a that of [3] , vhere the plMIII. i a 

created direetlT by the H.F. field. 'nIc! 'ftoI
010 

a ode of the eanty providel 

US vith an a,""raga eleetroo pIU ... frequency, ft!!!' o""r the volUIIC of the 

e.nt,.. 

i) fo ;. C r(1l!112 CC, 1 ia a eoos t&ot for a gil,.,n pressure) 

. I n figure 1 . where we h.ve plotted the fp! inte ....... l . OYer vh ich 

the lonie r'requcncics (riS. 2) arc obler""d , the r~lati"" between fo and 

ftse i . abaolutelJ' lln~ar. The Yll.luc o f C depends On the electronic profile , 

vhich depends in turn upon the prcllUro. 

iiJ Poaitioo or the inltability O""r the Tonks -Dattner reaonance. 

Fi gure 3 gi"". the oVl!nll width of f~ over vhieh the plaGlII& is 

self-Iustaining. lie know th . t I ""h • plasma is Bust .e..ined On the "stable" 

portion Of th" plaslll. re lonane" cur ..... [t.] Le . it goes e&SentiallJ' f r Cfll the 

top Of that cur.,., and devn the higher density aide . Thia "",ans th .. t the lo­

ver part Of our di~r8lll eorresporad5 to the top of the reson...,ce CIll'y\! . Figu­

re 3 show. that the iMtabili ty reSions do not occur at B particular point 

of the I'Csonance curvt! at whiCh the plasme. is selt-sustaining . but .... ther 

depend entirclJ' on the' lin"ar I'Clationship bctw<>('n fo I nd fJR!' In thi l par­

tiCula r case, the pla . .... relon...,ce i a the firs t To nl<s-Dattner r elrn.ancc. 
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Hi) Variation of C a ... funetioll of presaure. 

Fi gure L presents a typical plat of the frcquelle)' f~ a •• !'unc­

t ion of pressure . lie note th .. t a !DIlxi .... Of density il attained .... th" EIlIbi­

polar regime i . .. pproached ; hQ'olever , thcre a xi sts a prcSl ur" limit above 

which t he instability vill dis .. ppear. I n .. 11 the gaael a t\¥lied(Xe , KT. A, ne , 

Kc and K
2

) . the maxilllWll Of f~ VB 5 located v i th in ~ 5 ,: of f
o

l2. 

iv) In~tability d"",ain Afpo ' 

lie have been able to qUlllitati vely verity the variation Of th" 

instability dom8in Upe in thr<>(' g88eB .... a t'IInetion of the ionic OIlII a . Tlte 

val~s obtained wcre Af ll f 

GBs ~(theoretiealJ ~( experilllCnt) 

Xenon 0 2.6:C 0 1. 5:C 

Krypton 3 :c 1.9 :c 
Argon 3.6 % 2.6 ,: 

'!be aode l does not take ioto account electron-neutral eollisiona vhich eer­

tainlJ' require a grovth rate larger than the threshold one, thua redueing 

lItpc' 

Wc vis h to thank Dr. E. Fe r lenghi for IIIny truitM di ~£..,..iollll. _ 
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OBSERVATION OF NON-LINEAR LANDAU DAHPING OF ELECTRON 

FLASf.'A WAVES 

Kenneth W. Gent le and Anthony Malein. 

Center for plasma Physics and Thermonuclear Research , 
university of Texas, Austin, Texas, U. S. A. 

~ A non-linear interact ion between two electron plasma 

waves in a collisionles5 plasma has been observed . A test wave 

at W" k\. is propagat e d in a plasma column, and damping or 

growth of this wa v e is measured in the presence of a second 

wave at wa' ka under conditions where the beat wave aw. 6k does 

not satisfy the dispe rsion r e l ation for any wave mode . The 

results agree with the predictions of Aamodt and Ilrumroond (1) . 

Theory These predi ct ions a re based on a perturbation theory. 

where t he wave energy ~st be much less than the particle 

energy, and spread over many modes. In particu l a r no strong 

non- linear e ffects may occur for anyone mode and each wave is 

nearl y described by linear theory with only weak additional 

interactions. The theory predicts two important types of 

interaction: the resonant wave-wave type. (where the beat wave 

l ies on the dispers ion curve ) and non-linear Landau damping 

where the phase ve loc~ty of the beat wave is near t h e thermal 

velocity . The prediction is that the higher frequency wave 

decays while the lower freque ncy grows and is represented by 

the following expression. the magnitude of the reciprocal 

damping length (a) of the wave at (L\ being given by, 

--"--- oooe -W T , R(') 
W2 N.A W , 

Subscripts 1 indicate the wa ve observed to damp or grow non­

linear ly and subscripts 2 indicate the second larqe ampl itude 

·Now at U.K.A.E.A. Culham. Abingdon. Berkshire, U. K. 

wa ve causing the interaction. Most other s ymbols can be 

infe rred. but WI , Wa and Wg are the MW" functions evaluated 

at VI' Va and Vg ' the phase velocities and difference group 

v e locity . WI -'II is the function evaluated at the phase velocity 

of a wave on t he dispers ion curve at k=k
1 
-~ . 1000 is the 

correction for finit e geometry imd is approximately uni t y. The 

expression for Cl' is evaluated for each experimental point at 

which non-linear Landau damping is observed. 

Experiment The apparatus. shown diagrammatically in Fig . 1. 

below, comprises a 2 metre long cylinder, 10 cm in diamete r, 

forming a wa vequide beyond cut off for electromagnetic 

propagation at wave frequencies. Four longitudinal slots. 

equi_epaced round the circumference, allow antennae to be moved 
MIC WOWlVf 

T' ¥ELOCIH ANHYlU 
ANTENNA 

000000000000000000000 

" .. D'::::.~~~OOOOOOOOOHQPOOOOD n "",.n,,, ,,, ... ,, 
I'I.ASMA 5OU~C( 

Fig. 1 

radially and longitudinally through the plasma volume, coaxial 

with t he cylinder, which is sUPP07ted in the centre of a 40cm 

diameter vacuum vessel 3 metres long . Closely fit ting t he 

external surface are the axial magnetic field coils which 

provide a uniform fie l d of up to 1 Kgauss. This. theoretically 

' infinite ', fie l d assists in production of the p l asma and 

confines the beam . The plasma is generated by ioni~ation of 

hydroge n gas in a coaxial s tub a rra ngement. coupled to a c . w. 

magnetron . Bialsing of t he source potential and a cusp 
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magnetic fi e l d at the plasma orifice allow o l octron densit}, 

and density gradient to b e manipulatoo as requir~d. Typical 

p l asma cond i t i ons ilrene", 4 x IO~ cm-~. Te · 15 eV for a 4 en 

diameter c olumn (a t ha l f density points). The plLlsmll. bellm is 

terminated at the far end of the apparatus on a pla t e behind 

which an energy ilnalyser silmp l es eloctrons through ~ $mall 

hole . A grid prevents the emergence of seconda r y electrons . 

The high vacuum is norma lly ma intained by a diffusion pump 

bu t during operation of the source . a Ti getter pump provides 

a neutral background pressure of less than 2 x lO-~ torr . 

Operation Nonnally, plasma cond i tions are fi r st stabili~ed 

and the density and radial profile are checked . A velOcit y 

analy~er measurement fixes the va l ue for Te and a dispe r sion 

curve is plotted . For non- linear experiments, wave freq uenci es 

are se lected which do not show damping but ~re far enough over 

the knee of the dispersion curve to have low phase ve l ocities . 

The V- dependence of a indicates that high ve l ocities do not 

exhibit significant effects but unfortunately as damping is 

approached. at very low phase ve l ocities, the efficiency of 

coupl.ing is drastically r educed and the power (P
2

) in the 

second wave is severely limited . The transmitted frequency 

for wave 1 is selected and the output of the tuned receiver is 

taken via the synchronous detector to a n x.y recorder . Fig . 2 

< • 

.' '~ .0 

.' 
Fig.) 

V_~."., ___ •• ,~ .,' 

shows the layout of the transmitter ~nd receiver circuits . 

The interferometer loop is needed fo r p l otting the dispersion 

curve . The second high power wave , modulated by a squa re wave 

l ocked to the synchronous detector i s then turned on and the 

receiving antenna traversed along the p la sma column . The two 

wave frequencies are separated by at l east 20 HH~ so that wi th 

r . f . filtering and narrow i . f . bandwidth onl y one wave is 

received. Typi cally. the magnitude of the non-linear inter­

action changes by a few millivolts per metre , for a rece ived 

signal of 500 millivolts. Since the experimenta l value of a 

ilS so small, e -rr~. l_a·~ proves sufficient in the expLlns i on and 

is thus linear with~. Most of t he rest of the t e rms in the 

theoretica l expression can b e obta in'ed from the dispersion 

curve , leaving only P
2 

to be determined . Separate exper~ents 

are carried out to determine t h e coupling. 

~ The experimentally observed damping or growth is 

plotted against the theoretical result expected from t he 

measured plasma parameters . The range of values inc ludes 

results for the same wave frequency at different power l e vels 

Pa a nd also the effect of waves at different f r equencies , for 

which a ll the arguments in t he expression for a change. Because 

rr does not depend on a simple way with anything that can be 

controlled directly, except P
a

, the data are represented i n this 

rather s imple way. The open circl es indicate the growth i n 

the low frequency wave, and the dots the damped high frequency 

wave. The errors of about: 3dB . not indicated in Fig. 3 are 

primarily caused by the difficulty in measuring the actua l 

power Pa • 

This research was funded by t he National Sci ence Poundation. 
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IlP.1.~ICE OP \1.\\"':; "':FLl~:t!:: lJi: -:m:: COLLl~!OrlL!:SS JA!:J'l!1G f,? :'L-:O: ··~r:i:? 

P!I.-.s: ''!:LCCITU:5 . 

T. r,:"Ultl, r:.P . :;;arJH.n ~d Il . Jure""!: 

~'II,.::tOCl>-!'(lI 1 I;.ssociaUon Contrac t, 

PO!!-lnGu\\lut VDor Ato","_ In }!ol~c"ulf;r"lca . 1:l"\Iala.an 1.07 "",cter .!am!.I...,. 

AE5o:itACT : ~Ie studud the c ol huonlen dalOPln,:; of elec trostahc La;l~"T.IUlr 

wcv .. s 0.8 " f unchon of the ",,"ve ,,",plaud .. . 11 0 can d 18ti"t. ...... l ~ h two ca"It,, : 

11) " (1\'e a ,u th such I!. phlls e velocity tha t the linear Land"u dMpl"" i.6 mo­

;le r4tcn L) ~'aves for wlach the lin .. ",. Lam!au damp'''6 IS U r0 n(;" . I n t he [,,.51 

LI'" we ouaerve a recoverinG of t he ",,'le It a cerlaln d ,st;:u,cI ( r O<:! ~ h .. ,,~_ 

" ,unc proue . In the . acond c ase tne " a,-" .. def)nlte ly d(ll;lped. 

';'hI! pUrpose of thi!! paper 15 \ 0 . Iully eIperu.entally the d=pin,; o f large 

"",;.htu:!e L .... 'gIIIuu· wave a n varIOus phase valoc i.tieK, It "'aJ be conslderei 

"'B an e:t t ens10n of the wo rk done in [1 J an~ [ 2 J whllr" the ~eh :avio'Jr ot l~"" 

N.lphtude wllVes "i.h phue velocity <.orrupcnd ing to a mod erate linear 1.. .... -

du dlll:lpi"G was invnt1Gatell . D.fferent.l,. rrooo the ... or'" in [1 J &lid {2] we 

look alBO .. t wavea with Bvch !>hue velOCUIIIB th .. t the l.near J,&ndau d"'''lri" 

U r4ther .. t rong. 

OUr pla=a colw>n (- 2 CII 1n di"""'ter and -100 CII IOn,;;) u creeteel 1n .. 

nngle ended ~""h.ne (ue rer. [3]) ... Uh a 1500 C ".na. ........ "eu<;: f,eId :mi. 

a ullc )q;round pressure ~c lt ll r than 1 x 10-1 Torr . ';'he pllL$lO.J, d.meny used is 

tYP1cally o f the order of 1 )( 101 /c",3. Flg . 1 , hoWll the ci rc\l.t used ror 

_lIsur'1\6 the ... avelengtha and w"ve "",pli'\I~es. Th, h.f .-Slgnal 11 applied to 

probe 1 and .t is pick"': up by pro .... 2 wh i ch .. IIIOv"ble along th, pI ...... " 

col=n . ~ provldi"6 e. ~fer.nce :s ignal we get en interferOCM!te r o f wh.ch 

t he ou: ~ut is connltctlld w1\h an ~-:r-reconl..r. 1.' this waJ we get a plo t or 

the pt.""e and ",,,plltude dependence of the wave propa&'a.tl11G in thll plaBma . ' le 

Uall 11 P'>1l8C ~en5itivc Detec tor In orde r to meQur. a.l~o very o .. a11 ""'P~ l tud " 

.... ve s . Attenuators Al and Ai IU'8 1.ntrociuced to keep CO!lstant the senei t ivlty 

o f the de u cti rob systee I:he n we c hange the w .. "e IIIlIphtude . To know the 

plast1a para,:lete ,. .. li ke '!'e' n, anci rad.us rp , wc .,,,,,,u..., tha pluaa duper­

cion charactert~tl c It'Id. ..... tnterpret 11 &11 Ihown in r ef. [3]. 

Dull to t he no t "","pieu ly quUlcent etaa of the ph.$III;t. the ... av,lenl;'th of 

the urcpegat ,ng ""Vc GhanGc a WIth l.l"'e . ":'hi . flCt ln t ro<!uc ell en .pparent 

eIlllnping becaus. the Ilea&u rement of the "ave anoplituc!.1I '(; tiOl" Integrated . ":'he 

value of thi~ apparent d&r.l~ lll(; c"" " .... uured In the C;u;e in which Landa.u 

d",pl1\6 can "" nee-lined ( I.C. forlol« "' .. ~ . Then, knOWI ng tbe d l .. pe ... "on 

di"6rlll'l, 11 IS pOSBible to calcula t e t he vdue or the apparent dlllllpln,g alllO 

in Ih' Case in WhlCh I..andau d .... pillf; 1S not negIt&lble, so tha t the .. e g Ured 

valuel can be cor recled. T'lIIe_resolved t:leuureme "," cunfinn the valldity of 

thh correction. Howeve r theue mea..sure .... ente can De done only if the wave wn­

plltude is not too . ",all. 1'hll wave E-fi dd 18 calculated by Iqv.ah zing the 

effeclively lIljecte<!. enerl;)' per unit volwoe to the wa '/e energy . Of course 

we take into account the cOllplin,;; factor between probe and plaaos (which is 

lrnOWl\ by .... asuring the attenuation bet ..... en probe 1 ilJld ;>rollt! 2 when apparent 

damping It'Id. Landau danopinc; are negligible) and the ... ave E-field fo ..... (which 

1& known from the dl&perB1on di agram ) . 

Fig . 2 ahows a typical eX8/IIpLe of the result. obtained . Recorde r c narta of 

two caaea are shown. f!!.!.....!' The rati'll v/vt ( I.e . betw'len phase velocity 

and the"""l veloclty) 18 larG' (v/v l _ 5 .). ~: '!'be r;lt io VIVt 15 

small ( _ 2 . B) . I n the fl!'st caae , by Increasi ng the wave B-fteld , we ob­

. erve at the beg1Mlt18 a a llGhtlY but I:Iono tonOlla ly d","ped wav~ . floweve r, 

... hel\ the E-fi~ld is larGe e nouah ( in the eU/llple giv~n F,.o. 0 .4 V/cm) we ob­

serve a recove r ing cr the WaVe a t a certain d h tance fr"", the exclti"K 

probe . Thin d i s'1IJ1ce ;'1I<:OIIloe ahorte r 118 th~ 1"~f, .. It1 ' ncr@u .. . . In the .,,_ 

.... ph Slven the recoverlll(; d i nt ance 1S - 25 cm, I f the apparent d .... plng l e 

taken in to acCOUnt . I n Ihe uecond case for any value of the wave &-fiel<!. .. e 

obellrYe only a " onotonOll.l), d_ped wave. 

'1'0 di.cuu the .... suIte we .. ~ ~call that th~ ~a."'P lng of the ... "ve la c"ueed 

ay the 10 called trapped e loctrons, which a090rb e nergy r,..,., the o;ave. \le 

indico.te 'o.y R the r atio. between th~ ener lO' that the elec trons can a~50rh 

Md the Wave enerQ'. If R ) 1 the ",,,"ve ... 111 bl cornpletely d!Ull p-ed. Aa It 1" 

shown In ref . [4] R depends on :he "a}U ft ot the wllve Fr-f1eld. HOl:ovlr , for 

wave a wi th v/vt < (, R reaaina e.lwa,ys larb"r than 1. ':'herefore theu wavea 

Will be ccnplet"ly d&r.lped Independently of thur IUOpli tude . ':'he ~xample 

sivan in fIg . 2 b falls w1 1hln thu cate..., :-y. On the contrary , to:' Wllves 

with vP/Vt ) ~ , R becOtftea sm"ller t~an 1 If the wave !>_fu'ld l e lareer tt:= 

a ce rtain value. The wave io no lon;;er c","plataly dun ped aut shcws p&rio­

d1cal amplitude oscilh.tiono in space . Thu u the case of the c:ta:,ple 

g1ven in fig . 2a. Por the SlL",e e:.;""'ph we can calCUlate the ~ e riod of the~e 

oac11181.ion" by using t he f01"lllula (s.ven in ref . (1)' 
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.c. (e 2 11 ~ )-t: 
vp ~ 

\le find J, ,'alue of 19 cm ... h1Ch ie In re:\con,,"~le ..... reeClent dth the 

.e"sured value or 25 COl . 

?it; . ) ehowtl t he i nitial d""plng as a func tlcn of the wave !rfie1d ror 

three different vdues of V/Vt ( 2. 11 , 3 . 0 , 5 . 3) . we .. ee t"", t he dat:lping 

increaseD With thR E-field and that the r a te of increase 18 larger for 

Gmalhr valueR cf v/vt , '!lth h In q~alitative agrllemllnt with the ca1cu­

lati,mB in [4) . Indeed we are ill a r!1ll8e whore R increaseo wi.th thll B­

fie ld and 1\ is larger fer SOle.Uer valuSB nf vp/v t • Pi.nall), we ob3en'Q thst 

for v/v, • 2 . B the da ... pill£ "&(l,s ured at very lOt, I'\-fi. l~ h in R,CT ........ nt 

"ith the calculated hnear L""dau dlllOptn,g (k
i 

~ 0.2 CII- ) . 
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(1968) . 

l;;:Iitti, T., Barbi.an, S., Goede , A. and 1I0palo3ll , H.J . , IX 1nt . Conr. 

on PbenCtlHna in loni:ed Oues. Contributed papeu, p. 47 1, Buchart.t, 

( '969) . 
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NONLlNEAR 

ELECTRON CURRENT AND DISTRIBUTION FUNCTION 

ASSOCIArEO WITH AN ELECTRON PLASMA WAVE 

by 

M G uill emo t, J.01;,,01n, F. Pe rc e,",ol, A. QlI~men"ur (lnd J. Scho,e,.>t 

'* 0" ,,,,,,arch leo"e from ~nd lupported in part b) the University of Wi,con.in, 

~: Th e second ord" r time-independont ,, 1,,<;I,on current ond dl,lribu ­

lion r,,,,ction hove be"" derived theoretically ond meosured experimentally. 

The rn"I, •• how thot there i, (I d"formotion in the vicinily of the pho ... v .. lo-

city of the wove. Thi. de formation i, related ID the WQVe amplitude, wove 'pee-

Irum,ond dislonce from the ,OurGe. 

We I.""" calculated the difference be'';''een 'he time-independent 

current when (I .paticlly domped woye i. on ond when it i. off by (I method 

.im ilar to thot of Molmbe.g et 01 '. The coherent current wo. calculoted as-

suming a wave sourCe located 01 '" '" 0 , 0 plasmo 10urCe at '" = __ ,ond the 

anolyz e r ot zo;' O.We take into accaunl waves prapogoting la Ihe righl and 

left and the interoction leng th. Under thue condition. the coherent current 

density a. a funetio" of the cut off yelacity of on electron energy anolyur 

wos found to be : , J~2) ( 'lo ,l . Vc. )" Jo(with wave) - J o (without wove) 

.' ( 2 2 (_') f1_.e-2.I<,Zo 1 1 
"--;;r le; +IeJ~", Vc. ~ v:IT<;.l(w-k.Uc.f~,U'c.lZ- (w+k,.U'c?+(ktlrc.}2J 

where r.J>w is the wov e poto"tial at z '" 0 . 

The deformation of the li",e Independant di.tribulion funclion i. : 

r (2) (z t ) __ -'- d JJ2)(Z~.l.v) I (2) 
o 0' ,Vc. - o,U' dV IT",", 

We hove meolured the coherent current on the EOS fac:ilily2 with on eleclro-

.rolic ene.g y analyzer ond u.ing .ynchronous deteclion. Fig.1 illu.'rate. a 

relanOnce .tructure .hown by the lolid curve in the "'eigh borhaod of tho ener­

gy - eV auociated with the wove phose velocity (- eV., i m (~)2). The 

dashed curve in Fig. 1 correlpond. to the lolution of Eq (1). The ",o..,u.ed 

half-width of the curren t J o(2) i. too la.ge to be uploined by thlj:lt mOna-

chromatic wOve rheary and wOI found to in creOle with increo.ing wove power. 

Thil increose d width con be attributed to the e xi stence of 0 Ipeclrum of wove 

pho.e velocitie. in the e xperiment. To .ee the influence of Ihillpectrum we 

hove onumed 0 Gouuion form with 1I
1
,:". 9% and Ihil . elul" in 0 theore­

tical width shown by rhe ollernote dOlhed solid line . Thi. re.ult. in the sOme 

holf-width O. tho t meosured e><perimentoliy. We have 0110 meo.ured the de-

farmed dlurlbulion function U'o '" .~o) ... rJ'~.F ig.2 present. rhe effect of a 

120 MH,. Woye on the diltribution function for different WOYe power le_eh 

(10- 4 W carre.ponds to r/J", = IV). For 0 giyen seporation between the 

probe and anolyzer 0 plotea~ i. created in the neighborhood of -eV . Thi. 

width i. oho too large 10 be explained by a monochromatic wave theory and 

one mu.t consider the effect of 0 wove spectrum as mentioned preyioully. 

Fig.3 .how. that as the antenno;1 moved farther away from the onalyze. 

the change in the yelecitydil lr ibution is Itronger ind icating a woye-parti ­

cle interac t ion through space . In conciu.ion ·';tJ hoye shawn thatthe effeclof 

o damped plcsma wave on the yelocity distribu l ion lead. to the formation 

of 0 plateou with a width larger than that predicted by monoch,omolicwoye 
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heor '· , The h c(eose er the defarmori:>n with distance hos sh:>wn Iha wove-pot-

d ele nature ~, f rhe inlercc l ian . 
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NONLlNEAR 

R£50NAtIT WAVE PARTICLE INTERACT IONS I N AN ELECTROST,n rC PULSE I N Il1I 

I NIlCIMOGEHIllUS MEDl UM 

" D. Nunn 
Dept. Physlcs,l_perial Coll ~I: ... Lonllon. 

Ab~t r.ct; We consider IhO r e.on .... ' be ..... excitat ion of a wave pul~e 

whoso .. avc " .... ber I 1 .spatiall y va rylnll.Attcr o"e trapping period, 

stably t r a ppe d " ""ond o r de r resonl.,,! p a rlicle8 are ll000."811I, .... 1I give 

rI .G to very l a rll " ~ ro"'U\ r a t '''' ,and a steady chang" In Ihe f.equenc ), 

and wRv ", n" .. bo r of the puL se. 

The s y s t e. undor Uudy l a • na rro ... blUld ,, \cclro;.stuic .. av .. puiS" with 

" a p U lally v. r r1 na ... ave nu.t>e r .The fi e l d I s of the f or.: 

Eo ~ E(x) (os(nt+ Ir.:x.-;! k'x') 
whe r o E(x) la the envelope of the pul se . and Is taken to be squar e .. I ,h 

Gausallln e nlls. The "r"le. Is excited by a _all r esonant be ... whosl! 

di s tribution f un c t ion Is " linea. function of velocity.Assu..nc the 

pl as.a to be essen tia l ly colli Sion t ...... . for a ,",cak be_ Frcs I" Il vcn 

" (:t + Vfx -~fo '%V ) F"" ~ 0 
a nd .ay be thu s obtained by nUlle r lcs ll ), Int"rntin!> p a r tlct .. trsjectorl ea 

In Ihe rle ld Eo .,",e equUlon of .otion In dl_n"ionles~ units i s 

<!Y: - 'R(OS(X+t'- 'I, k'k'') ~ - j?<o.sS> 
.".~t =R~ -tdk/mn' > X': k.x> e. nt , k': k1k.~ 
Now It can be II hown t~ . t the c on d ition Co r exact second order 

r "sona nCe Vz • vrc.: vz • V; .. " I s uUsCled If 

1= <$.= (QS-'(k'i'Rk');L l-k~;V':-'/k 
Def ining V· .V- v r es . ,'= ~_ ~o . " 0 proc ure for s .,all V', 

Vi _ 'Kk,," f. v' = 0 

of lor O<~ < _1t' ,Iec<,"d o rde r r ,,_ant p a r ticles a r e s Ubly trappod 

.nd o.ell l .te a round Ihe polnl V"~Vres . ~c ~ . t th .. trappl n!> 

C..-quency ("Rk SI .... qo )1/2. . Th" r .. glon in ;,V BP;":" occupi"d by 

lrapp"d putteles Is d .. l ln .. Ued b), Ihe Uelting " elllps .... " .... Ired . -, 
on ;0 .'1 r " s Ih.1 J u st r eaches ,p. - 4 . Thus Co r k "> "R k thc t rap 

Yanis he. , but .econd order r e &onani eff .. ct" will ean tCes t t he."c lY". 

lor hllhG r K- .Slnce the.e trs pp<>d p.r ticles und"rl>o Y"ry I:arce 

c hanees In ono rly,dler on e o r two t r app ing period" they will do. ina t e 

tho r eson . nt p a r ticl .. di a trlbuUon function , An e x .. ple DC Pros at 

phas e t60 i •• hown he rll : -

vre . 

We . r e p . r tlcula r l)' Inte .... sted In the c_pon"nt of r ,,_ant parU c l e 

int <V 

c ha r , .. d .. ns i t)' tha~ va r l ... a. e. (r/ ). Thi s .cqul ...... rouahly 

con . tant p ha ... at ; • • and inc r lls"",,, Ilne. rly with t r a pping ti.".The 

In ph . ... co.ponent ~l alv ... Ut<> po .. " r input Into the Ileld. and Is 

. hown be l ow.a a Cunc t l on of position for va r ious K· . Note th .. cont rast 

to thc ~Ieneous problee .. her .. the I>rO"lh r Ue d ies aWBY In an 

o"" III . tory ca" h lon(lI.The r r eatest I ro_ th r ll tes occu r tor k"R"':7. 
and for k"l~> I I t l e ve l a off a t a bout th" l e"ear value , Not" Ih. 1 

tor . pul se n trapp lna leng ths long the growth rUe wltl r e Bc h a vBlue 

a bout n Uaea tho Landa" Hro_t h r . t e. Thls polnu 10 the exlstencc of 

eMp l o s \ye r eson",nl p . rt lc l e in~t~h l litles i n Inhoaogeneous ."di • . 
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Of cons lderal>ic intCrC5 ! i s the r oaCl lve CO"'11O'le ,,< 01/-; J1,. i . l t 

possible to s ho ... that lhis cRn cau5c a 51c.d)' ",hanru \n t hu " aye 

rove r ni nr the 'Iae de,·elopolon . of E can l>oi .. hu .... ' to bf! of Ih" fo,...(2) 

~ (~~L + n' -A ./." )E,: 4ila';>/atL 
To ( \ r 5 ' o rde r I n t he ..,.~nc.~ of th .. I.., •• 1< Is possl b l c 10 obtain 

Sn e xacl '1OIu UQ<1 '0 11\; 5 "fJua" on ,t " 0 '~"u.e the (ol l o _ i nll ( I) .. 

a nd K a r c at all tlo,., ,, Independcnt ot x.a" 15ft .( 2 ) The r ".·llvc 

coarponen t~ .s li nearl y d ependent upon " .Such • so l ution pred lct~ 

.. growth of "pl Hudll Kiven hy 11><> nxp r csslon 

oE" =I'.n/k 
b~ 

and .. rate of ch.n~" o f w .. . c nu.bor Koin! as 

'Ok. _=n E f,. ~ ~ -:mA ~ 
it El< "" al; E "" 

A physical a r gwoent based on 'he .. a )' In which <h" <.\"n" lt)' 

continuously t:"nerat "" fiGltI~ which &r O a <ld o '! Oil to (h" c ~js ti ng 

o""~. sugRe~.,, that thi" r . efJ"ene), s h lf . OCcu r ~ IOOr,' ~"neral l)·.an <l 

'h~t the expre~s i on should . rll ll y h.: Il0<l1 tied <0 

~, ->-""kn ?. (NE) 
The t IreD .. ,. here de v" l oped ; s " f .i rly KenGral on .. anti BhoulL loG 

enendlbl e 10 .he case _ M.e a ny type o f n ~ .. ro~· I,and ... ,," prop"K. I . 

In an In~!;eneou" .. "d , u •. and is e xcI.od by " r llsona,,' he .. unde r 

co l lision Cr"" cond itions. tIe • • t l\U the concep l of Inh ..... Kene\ .y is 

h., r " bei n g introduced In a "ery Itene r . 1 sen Se (3). 1 1 . s taken 10_'" 

any s l lu'lio n _hen, a "y o f Ihe quan l i t i". d ll t e r . ln lnl!" Vr ll" h.5 " s pace 

0 • • 1." dependence. 
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QUASILDffAJI APPROXD-!ATIO:! TO 'n!£ 'lW_STREAM rnSTABILm 

R. H. lfIftOCH, Inat1tut ror Plasaaph;ysik del' Kernforscllungslll11age JUllch, 

Jillleh, Ger:nan;y 8lld J. DEtlAVIT, Hllvlll Rf! ~earch Laboratory, Waat.1nston, D.C., 

U.S.A. 

~. The quuUinellT approximation to t '.., b:<l-s tre8l!l instability ia 

investigated uSing ' a numerical solution of the Vlll1lOv e quation neglecting 

lIIOde couplil18. A cue tor Yhich the trapplns t.1!De h ... ch 1one:er thon the 

COrHlatlon t1.a:e h considered a."ld the result. are compared ldth quaa1l1m.aT 

theory. 

The one_d1JDensiona.l Vlaaov equation yieldll, after Fourier t':lInllfol'1M.tion 

in Gpace 

", .. I .":. 1t:""" + 1JtV1'k - ~ Din .. q l);-q 1:11 k ., 0, ko • 211:0 , 

In these equations , t1llle la meaaured in unit. of ~l. length 1n units or?>~ 
and ydocity in units of k th • where "p 11 the pllL!lllllL frequency, ~ ls the 

Debye length and vth 1a the tbemal. velocity. The terms in the right members 

of the equations for k"t) are the mode coupling U!nIIlI . 

The quasUineu theory of weak turbuJ.cnce(l)proceeds on tile basis of tbo! 

folltN'1na &88U11ptial.ll. (1) lIOde coupl1D& i. lIeSlected, (2) the di.trthution 

function is exp&Dded 1n pc:n.oers of the electric field , and (:5) !;be electroatatic 

energ .pectl"Wll is COllt1nuou. in k lIP:1Ce. Thi. tb80ry cannot lICCQW1t for 

electron trapping because of the 1!Xp1lnll10ll of the di.trtbution t'unetion in 

power. of the elec.tric field. It is eXpected, hOll"~r, to be valid if 

T
tr 

» TC ' "here Ttr !!= 2r!k!/2 Tl/~ ia the e lectron trapping period and 

TC !l!2f11'kc(V~ VI) la tha correlatiDll tiP! . U 18 the electroatatic eller;;y, 

1tc il the central _ve m.uober, !!.Dd VI and v2 a.re the pha.se velocities of the 

elCM!at &Dd fMteat WIlvea(2) . 

Thia \/OrII: aeeit.G to clarity the I!2IlIlin& of these a"Ulllpti~ by presenting 

a ITUlllertcal aolution of tbe VlIUIOV equation, with mod.e coupl1.118 neglected , 

tor a case of tVO-Itl"!1UJI lruItabllity f'or which Ttr»!"c ' It .hCNld be noted 

th&t neglecting DOde coup11D.g does not raault in the loso of t1"llpped electron 

effects , &I w.a dl!alQnatrated. by AI'tabu.). and K.arpIIan(3) . 

The numeric&.l soluticn uaed Is the Fourler_Fgu:rier tl'ftDaform IIIIttbod 

or1&1nated by KnOTr('<). The abovo! equatioca, vtth lIIode eaupl..1.D8 te1'lllll set 

to ~ero, are Fourle r tranafo.,.,d vtth respect to velocity. TIll! raaultlng 

equations, coupled with Poiuon' a equation, a.re then integrated in time 

&.long their characterhtiCI . 

An initial distrlbution function of' the fom 
_v2 r -A(V_v

b
)2 -A(V +.r

b
)2 jn 

f (v) .e -+le +e 
o /1'(1 + 3)/1)':) 

la used, with A '" '<.0, 0 - 0.01 , Vb- 3.0. Eleven modes cornoapoodina to 

k ·0.3 + jlr.o ' with 110.0. 03 IUld j ·0, I, ••. , 10 were considered. Theae 

lDOdea vere excited ntb equ&.l initilll ebctroatatic energiea. 

The numer1ce.l. o01ution was cll.I'Ti ed out to t • 180 , dur:ln8 which the 

fractional energy error rea.al11ed less thlW 8 10- 7 • 'nle approach to 

equilibrium of the di.tribution function 1& illustrated in Fig. 1. At 

t .. 180 the di"trlbution function in the region of the s:mall be .. for= the 

plateau predicted by tile quasll1near theory. '!.'be d1.ItributiOD tunction. 

however, approaches tha initial distribution function gradua.lly near the eDds 

ot the plateau inste&d of having sharp come,. at VI acd v
2

• The result1D.g 

Fig. 1. D1&tribution functim 

t "" 75 

t .180 

2 . 0 " ,., . 0 
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kinetic energy is thl>ref'ore sD&l.ler than predicted by the qllasll.1near 

theory . The distribution fUnction at t "' 180 alBo shO'W'll 8Z11l.l ripples, which 

are still nuctuating in tl.JDe . This effect Is attributed to electrorl trapping 

which still exi9ta nth the moderate value of \/TC used in the present 

case (Tt-/T
C 

204) . 

The envelopes of' the denaity nllctllltions 'l-,{t} t or each mode are sl10wn 

in Fig. 2 . After an initial damping period the ..entral mode" grm< in time 

and Bel!lll to appro&Ch steBd¥ state UlPlitudes as predicted by the theory. 

We observe that the modes ael!lll to ha,", been cho:len sufrte1ently dense in the 

present CoaputatiOll. !lo single DOde became <JV>!rvbeladng !l.I in the case 

studied by ArmIItrong and Montgcmery(5). 

Fig. 3 showa D. plot of the electrostatic energy spectrum against pb&rle 

vO!loc1ty at t _ 180. This plot ia compared with the result ot the 

qu&IIilina ..... thotory \oh1"h 18 shown .... eonti.nuou.a ~. '01 .. oh ............ Rh1f't 

of the apedrua (particul.arly due to the otrength of mode 11 .. 0 . 36) an:! a 

larger electrostatic energy than predicted. 

10-'<'..L_..Ll.'.~L-+~~::"' __ =-----c=-~ 
o lOt 

Fig. 2. Envelopes of the density fiuctuationa 

In allllDlLl')' , trepped electron effects are' causi <U!r&bly red.u..ed in tbe 

preaent cue, due to tbe deeorrelation of the seV'8n.l waV'8a of the apedrum. 

TIll! diatrlbuti<m function approaehea tbe preacribed plateau, but the 

ener gy apedrum denatea trcm tbe result of the quuil..Ulear theory . 

2.0 2., ,.0 

Fig . ,. Energy I!PI!ctrum 

g (v
k

) .. n;;kok2 
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tM·!ERICAL EXPERIMDiTS 011 THE CCN'I'RA - STREAMIHG mSTABILITY 

IN A Flllr'I'E-Lf.N(;TH 5YST!:)! 

A. T. Ltn.and J. E. Ra"" 
Electron Phy.ics L&bQratory 

Department of Ele<!t rlcd Dlgilleerlng 
Tile Unive rsity of Micll lgan 
Ann Arbor, Michigan U.S .A. 

~: The effects of .. finit e- length .y.t"., and particle the ..... l spread 

on thl! eontra- 5t.r"'.lIing Instability aN' investigated by co",put e T 5imul&U'm 

U5i ng .. sheet IIlOdel. It 11 f ound that the rate of' fOnnll.tion of vortices is 

reduced by the thermal s pread, the vortex Is eventually destroyed in .. 

tlnite-ll!flAth syatem .."d a hysteresis loop in v"locity '""CI! develops 

Ju~t befgre the destruction of the vortex . 

The nonl1near development of thl! con t ra - strealling instabi lity in It. periodic 

aYll". has been reported In GIIlllY pnvlous papers [1,2). In tile present 

paper, the effects o f ttnHe-length systell and JllLrt1c h the n:llll &pr~ad on 

the ins t a bility arc inves tigated by numerical s imulation u5 1ng a sheet 

.odel £)] fo r the electrons and anwrlng the ions to constitute an l....:obile 

neutralizing hD.cksround . Electron s he ets are inj ected at Il fixed ra te into 

the interaction reston froll opposing emitter planes and are collpcted 

when~ver they reach boundary plancl . Th~ system i s approximat ely ten 

wavelengths long. A "avelene; t h 11 defined "$ 'i!.KVo/"), "he r e ~ is the total 

plaSM frequency and Vo la the strea .. meM velOci ty which is equal t o loO in 

all experiaent$ reported here. The model eondsts on the averatle of 2600 

shee ts divided into t"" .tre .... s "it h equa l den~ities but oppositely directed 

IIN!M velOCities. The r es ults are given a s computer ger. e rated plots. 

1)1 .. tance i .. nor .... Uled to tile average plasma Interaheet spacing and tille is 

no nnalized to' 1/"),. f our cUes with different pa r ti cle the ..... 1 velocHies 

.. re r eported . The line .. r grovth .... tes are plotted u a fun ction of 

wavenuOloer fo r aeveral cun i n fig. 1; these we r e c alculated f m lll the 

plasllll dhperslon eqWltiOn [~] . 

The first exper h"e nt is for electron bell!ll." ",Hh Zero the rmal spread . 

In order to exdte the fastes t growing .... de in the .. ys t .... , t he el r e ..... 

trave1ing to the. right ia velocity l!II:>dul~ted before it enten the in~e r ­

action region v ith a 1 percent lIOdul .. Uon depth at plas .... freq u!S1cy. The 

velocity modulAtion i s conve rted Into charge bunching in a short distance 

and thereupon induees bunching in the other s trellll. The tvo .. tr ..... "'" a l ow 

down and tend to bring one another to res t . In the proces lI , they give a 

portion at thei r .. t-reaming energies to t he i ns tability . According to lhe 

lin .... r anal)"d s , the t"alltest gro" ill6 ..,de ahould oecu:r at a wavenWlber 

k - 0 . 62 ~/Vo and have a growth .... te ., ~ 0.353~. The r eal1!t s f ro .. our 

coaputer a illlllatlon give k • 0 .6 ~/Vo and ,. • 0 . 3) at t ~ 20/,,; thus 

the r e is good agr eement v ith t he predietion~ o f linc .. r theory. At a lat er 

U ... (t _ 25/"\1) a vo r t." 111 t.h .. v .. loeity " plee b ro ..... d as can be seen 

trom Fig . 2a a nd the growth rate drops to 0 . 29 "), but the wavenuOlber s till 

~i.na at 0 . 6 ~Jvo ' At this instant the .. trellll acceleration, which is 

equivalent to t he elec t ric field , i .. rich in har .. ::,.,!c ... of e ven order due 

to nonline .. r eff ecta as indi cated in t he ",avenWllber speetra analysis shown 

In fig. 2b. The tundatt>enta l lIOde occur:; at k .. 0 . 6 ~/vo as predic t ed by 

the lin ... r theory and t he har"",ni"s u far as the sixteenth ' till has 

significant amplitude. The vortex 11 Wlstable in a finite - length 5ystelll 

nod is eventually destrnyed. At the sa"", ti .. ~, a great number of collec tive 

modes other thM he.rJlOnics of t he fast~st g:rowing IIOOde a r e exci t ed and the 

syst .... turns into a turbulent state . A hystere~ls loop in velocity s pace 

develops just before the dest ruc tion of tho vortex. 

Several othe r c .. ses have been calculated fnr the purf:\:lse o f inves U gat ing 

the eff ects DC be .... thenoal sp r ea d on the instability. In th .... e casei , 

the coherent phases n~eded for oscillation .. re partly des troyed by thermal 
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spread and the growth rate Is rduced . 1I .. ~ .. llian velocity d l s tri t utions 

.bout ",cM s t reaming veloci lles Ilr e g!!Oera t ed using r&ndom nu",ber genera tors 

ao that IlU eomponent s of collee! lve .,des are inlUally ex~1ted in the 

5YStelll . Thetn"llLl ~p!"eads ef vlh/vo - 0 . 1, 0 .2 and 0 . 5 have been lnv ,, ~t1sated . 

The sy~te. length is approxiu.tely six wavelength, o f the .... Jd"" .. gro ... ins 

rode which i s defined as ).. •. ).. 10 . ( f ~o .. the Hnear the.:. ry. The "'.Ill< no rn 

nUf:lber of vort1c,,~ de velope<1 in the syste .. starts ... lth appro"l""'tel!" ~; x 

Ilnd r educes to four at 1 ~ 'i!.5/up !n all c:ues as Sha\ffl in Pigs. 5. Th .. 

the""",1 spread naturally decr ..... se~ the i n s tability growth rate I!.mi 

N\n~ .. quently r educe3 the rat e o f fonation of Yo ,·tic es . figure jc ir.';\cat .. , 

that the vortex h ha rd l y ueVel~p"d at t ;0 25/u..,p due to the small g rowt h 

rate of the fut es t growi ng n;tde . In all r"" ~ , the ehctric nl!ld ene rgy 

h s .. tum tcd a t Ilbout 16 pe rcent of t he t()t a l s yste<!l ene rgy Ilnd the dOIl ."l., 

bump ve l ocHy dht rioutlon dIffuses to .. flat shape In the c e"tr .. l r eg ion 

when Baturation oecurn . 

[1] ilobe~ts, 1(. V. and l!e r k, H. L., 'llonllnen.r Evolution of a 1\<o -S t rcam 

Instablllt;,o, ~ !!!l!. ~. ~, vo1. 19, Ifo . G, pp. ;;Y7-;,oD ; AUE:u~t 

( 'i!. ] Marse, R. L. and In e lson, C. W., ·'one- , Two -, a .. ,d ':'I\ree-D1l1enslonal 

lIulller ic .. l Simuht 1,,., o f '!'wo -Beam Pl .. smo.s , , . .!1!r.!'. . !lev. ~, 

vo1. 'i!.j , 110 . 19, pp. 1067-10«), Kov~ .. i>c r 1969 · 

[; J Dawson , J . , "One-Di",enslonal Pla, ma I'<Id ei, "~.~, vot . 5, 

[~) Fried, S. O. and Cont .. , S., l!:t.E Plas ..... Di spersion ~, Acad"mi c 

Press , Inc ., !Itv York : 1961. 

::n FIG . 1 LUIF.AR GRO\fT!f PJ,Tr. A5 A nmCT IOlI OF IIA'Il-:-

, . 
! . lfUlf.BEH. (V th ... 0, Vth • 0 .1 Vo ' Vlh Z 

0 . 2 Vo ' Vt h ... 0 . 5 Vol . ..• . .. _;t;.R '." 

L . .. :".,.,.: . .. .. 
PIG. a WAVEWJNBER SPl'rT1lUM 

ANA LYSIS OF RUII 
fIG. 2a VELCC tTY SPACE FOR RUN 110. 1 , Vtll ~ 0, 

T - 25 . 
liD. 1 AT T ~ 'i!.5 . 

. . 

r:~J~~~~~~~t~~; 
' f---. ~-r.--..:=;;>,j-" .. -,;:>;~"",~. .~. .~.. •. 

FIG. 3a VELOCITY SPAC E FOR WARJ.4 

STREAI-I CASES AT T .. 2 5. 

rIG . 3b VELOCITY SPACE f()R WARM 

STREAM CASES AT l ' • 2';1 . 

FIG. 'c VELOC rrY S PACE fCiI \JAR~l 

STllF.AM CASES AT T .. 25 . 
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I1:STA ~I!'J':"i I .. ,\ FIIIIT;;-LEr1~1'~ i OiIE- r nENSIOJ:AL SYS'!'EM 

',' 
A. ,. , Lin and J . E. Rowe 

,; lec', ron Physi cs L"~rato"y 
Le plil't:!l e!:t vf 'lle ctrica i Er.ginee r lng 

'~h e UnivHsity o f I<Il c hlg"rl 
Anr. Ar""r, !·!lchig l1J' V.S .A. 

r '::>Wld to ;", ,,",plit ud~ "",dc:j a t ed .. r.d the inhoo:o" .. neH), reJu~es tne int_ ~ r_ 

",et I .. " bc:, in~ reases the "'J l: l'a,;:e electron ther", .. l v e loclt. • • 

The us e »:' " " ",,,,,,cti,, .. be",,,,- p,"":-'" i"stabili ty to heat & pla sma has be~n 

! nve st1it"t ~cl "y n'-"-.~ r"Us a u tr.",.s [1 ,2 1. In th i s I nv". t i gat ion 11 5he~t 

model r",. e!, e c~l'()ns and \"r. 5 i s used to folIo" the lime - d e penden t, non -

linea r , and in!'O"""<le m,{)llS evolution of t he be""..-ph.srna instability In .. 

rtn1t l." - len~th syst~" . 1'1" ... e fr~ct" or plo.sma the !"""'-l s pread and inho""'geneity 

in the plas ;:"", den.lty dlstri" "Uon on plasm ... heating Il re also invest igated. 

~:lect ran hea", sh~ets ar~ injec t "d ~ont Inuo". 1, at the left of the sySl~"" 

pass th roU;;h tll" p1lo.sma ,-eglon, a r.d are ~ollect"d at th~ ri ght . The syst em 

is s \lLB.t ~d in M id"al1~ e<! "squ ... re wel l " mirror magn e tic field . The mirror 

ratio I , ,, "su-"IIed to h",v e such a valu~ that all beam shee t . are lost at tile 

ends whe reas p Illsma ~heets are r e flected back Into tile . yste m. 1'hls is 

equiv ... lent to the ... ssumptior. that a U beam-ohc"t v eloeltie~ lie in the 

loss-cone re!!lon and 11.11 plasma ohee l velocitie s li~ outside of It. A 

n umber " f eXl"'rlment~ for dlffer"nt pIllS .... pe.rllOle t e rs have been compl ~ted. 

The model consists of 2000 ph.s ...... sheets !It\d on the ave r age approximately 

100 b"am sh~e t s . The int e raction length Is (lppro1.iOlllt e ly t hree nominal 

wa veleng ths (2~Vo/u;p ) ' In the cdculaUono distance Is normalized to th~ 

average plas"",,, intc,-shcet spadng Ilnd ti"", to 1,/"'p ' 

The first case is for tile ve locity-ooodulu.led electron beam (} percent 

MOdulation) interactins "ith an initially un.lfo .......... r .. plaSI!l8. (Vth E 

0 .075 vol. The he"," density is Ih'J that of plasma density. So,. e of the 

results are silo"" In Fig s. 1. The electrlc field is obse rved to be highly 

InhollKlgeneous in the inteNlctlon region. The IIlI'lpl1tude of the high 

electric fi e ld increases and travels upstrea .. with a decreasing velocity. 

The spatial grovth Is caused b:; the ordinary convective I nstability in a 

t wo-st r ellll'l system. The temporal growth arises from the fact thllt energy 

Is fed Into the plas"", by the electron bea .. at a rale lar ger than that for 

"hi ch lhermal conduction or othe r dbslpatlve proce sses carry energy a "ay. 

'There Is no dlsslpatlve mechanism in the model considered. The e lectrlc 

fi e ld will ccase grovth and stop tmveling onl" if the energy carried into 

the high field region by t hc el""tron !>eam is bn.lanced by the energy 

diffused away by plas lIIIL osciU .. "-tions . Thls high field region is essentially 

the menisc,," observed by rna.ny experimentalists in discharge experh'en t s. 

The pln.smn sheet velocit y dlstrlhutlon stays /oIaxweUian for all time although 

the width of the dis tribution function incren.ses with time. The frequency 

spect rllOl !It\a.lysls shows that only the first and second har!lClnlcs have been 

e xcited and nn ly these two ha",.,nics have ...,plHudes signifi c ll.lltly above 

the noi s e l evel In the non lineu.r r egion . 1'he electric fi e ld evnlution in 

U.,e a s '00"" in Fig . Ib indicate s !It\ a.,plHude !ICldulation. The mechanis", 

o f this phenomenon Is unfnrtunately no t complet el y underotnod . We may 

apply O 'N ell ' s [ }J mechanism to explain the a",plltude MOdulat ion by 

cor.s lder!ng the electron bell.'" as t rapped particles which ~aWl e amplitude 

I7lOdulatlon !It\d the p l aSM 805 Wltrapped partlcles " hich produc e the 
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osc illato ry motion. The results a lso show that the e l ectron beam has g iven 

up 8 percent o f it~ ene rgy to the plllsll\8. at the end o f the rUIl. Fig ure Id 

shows that the plagma e l ect ron thermal ve locity has achieved One fifth of 

the be"'" dc v e loc ity Md eventually oscillates at t",lc e the pl .... 1IlIL frequency. 

Cas e 110. 2 Is for 9Il Initially unifonn cold plasma. . 111 thh instll.Jlc~ there 

Is ,a r a pidl y increasing r egion, from t ~ 20 to t ~ ~O , in the plas"", 

elec tron theI1l\l!.l velocity plot. The interaction is ""re Intens e than the 

",arm plas"", cas e which b In agreement with the pred i c tion of Ilnnar 

tt,~o ry . Th~ el~"t ron beam hll. s !,:iv"" up 10 p~rcent Df it~ energy .. t the end 

of the run and the plasma thermal velocity has r eached 10 pen;ent of the 

beam de v elocity . 'I'he rest cf the caSeS have been calculated in order tn 

study the effects of Inho",ogeneities on t he plasma heating process . In 

the." cases the ion s are si.,ulated by mobile charge sheets with a chllrge/ 

mass r atio nf 1/100 that of ebetron sheets. A parabolic density dist r l -

hutlon is generated for both plasllllL electrons 8.Ild ions by initially 

assigning approprl ... te Intershee t spaclngs . The ratios of maximum density 

to mini mum density are 0.9 and 0 .5 for Cases No. } and Ko. 4 respectively . 

The Interaction in Case No . 4 is less intense th!lt\ in Case No . 3 .... can be 

seen from the comparlsnn of electron beam velocity distributions altooll8h 

t he plasma. electron thermal velocity reaches a higher leve"I in Caae No. 3 

due to l arge LIlndau dllmping [~] in t hls case. The re is still I\Il 8.Il0malo\1.5 

he a ting region from t ~ 20 tn t ~ 40. The pbsma ion ther .... l velocity 

oscillat es .. t one half the frequency of the electron thermal v elncity 

nsciUu.Uons a s s hown in Figs. 2 . 

[1] Smith, C. n.nd Dawson, J. , "Some Computer Experiments wi th a One-

Dl menslonal Plasma Model , " 10\1\'1"1'-151, Plas ..... Physics Laboratory, 

Princet on University, Prlnccton, Kcw Jersey; 196}. 

[2] Lin, A. T. !It\d lIo we , J. E., '~I""' e rica.l F;xperimenh on a One-Dlmenslonn.l 

Finite-Length Beam-Plasma System," Bull .. ~. ~. Soc., p. 1070; 

tlove.,be r 1969 . 

[3] O'Neil, '1' . , ''Collhionless Damping of Nonlinear PlasDIIl Oscl11tl.tions," 

f!!l!. ~, vo1. 8, No. 12, pp_ 2255 -2262: Deeember 1965 . 

[4] Jackson, E. A. and Raether, M., ''!.andau DlUllping in lnlwrogeneol!ll 

PlasrMs," ~. Fluids! '..,,1. 9, . No . 7, pp. 1257-1259; 1966. ,., 
~ ... --........... ..... 
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~ 0.075 vol. (al BEAM VELOCITY-SPACE AT 
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t E 320 . (b) BEAM ACCELERA1'ION AS A FUlICTIOO OF TIME AT Z .1500 . 
(c ) FREQlIEJ"iCY SPD::TRtRoI ANALySIS AT Z ~ 1500, t ~ }2O. (d) ELECTROK 
THERI-!AL Vf:LOCITY 115 A FUKC1'ION OF TIME . , 
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FIG. 2 MODUIATED BEAM (} PERCENT M;lDUlJI.TtOIl) DlTERACTrnG WITH COLD TWO-
COMPONENT NOIMUFORM PLASMA (nlllin/nmax m 0 .5). (a) PLASMII ELD::TRON 

THERMAL VELOCITY AS A FtnlCTION OF TIME· (b) PLASM ION THERMAL 
VELOCITY AS A mICTION OF TIME. 
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MODULATED SOLITARY WAVES PROPAGA1'ING IN A THREE COIlPONENT 

PLASMA ill A IJAGNl!.vrrc FIELD 

D.G.Lomlnadze, A.D.Pataraya 

Inst i tute of Physics, Academy of Sofeness of the Georsian 

SSR, Tbl11ssi , USSR 

Abstract: Uodulated solitary waves of compres s ion are consi­

dered in a three component plasma containing negatively 

cbarged ions wben the electron inertia may be neglected, 

Numerical calculations to determine characteristic magni­

tudes of plasma have been carried out on a computer. 

As ia known [ 1] the stable solitary waves of compression 

In 9 cold collislonles5 plasma ariss due to the existence of 

two effects I dispersion of lirlear waves and nonli..Deari-t:y. 

Waves formed fro. the well kDOWD in linear tbeoq fast 

magneto80UDd wavos [2-4)belong to noaodul ated compression 

solitary waves . These waves are characterized. only by one 

frequency. 

Tha modulated solitary wsvaB ot C.Qllpressi on[5- ?] are el­

lipticall,. polarized in the general case and YI.rict1ons of 

plasma magnitu~s are characteri zsd then b,. t..o frequencie8. 

The larger ot them (A):r characterizes the frequenc;y of a mo­

dulated solitar,y wave, whi18 the smaller one npresents the 

modul at i on frequenc,. ot a solitar:r .-ani . For weak wavas the 

modulation frequen c,. 1a proportional to W9"(M-H&) where 

M=V/VA, M,=-Va!VA j V IIlId'4are the sol1tar:t' wave and llt­

ven velocity respectivel,.. V", andC4)a- &re characteristic valo_ 

city BDd tha f r aquency of the solit~ wave. 

In a two component cold plasaa [ 5] modnlated solitar, 

waves of compression arise from helical waves well known in 

liDear theory • 

In a three component cold plasaa contaiD1ng negativel,. 

charged ions , two types of modulated co.pn8sion solitary 

waves may propagate.In t he waves of the first ~ the cha­

racteri stic frequency and wave velocity coincide b,. the or­

der of magnitude with the corresponding magnitudes for the 

two component plasma . In the waves of the second type the 

electron inertia may be neglectad . 

Tha purpose of this work is tba study of tb& sacond 

typ& modulated waves in the three component pla~a contai­

niDg negatively charged ions. 

Let us consider th& behaviour of the characteristic mag­

nitudes in plasma in the coordinate system ot t.be wave (S-",x+Vi) 
OD the in~inity (<;"= _ 0<> ) . In the ree;ion<;"= _ _ the excited 

magni tudea are considered to be proportional to exp(p<;/flM) 
wher e E,::~/wl Wi ".ZieHoiS the cyclotron frequency of th8 

, f'I1, C 
i - th kind particlea tn.i. and ~e are the m~s and th8 value of 

the charge respectively , Ho- i8 the unperturbad magnetic field 

forming the angle 9-' with the X axis . 

Using the equation of motion and Maxwell equation , we 

obtain the following equation for p ! 
P "0.s4:"c\9-1f-'I,J;',,,9(MC fe)(HtM!) +2 (H~ yl(M!"'>'~): 1 ! 

~[-9,J;1",9(H' r<~) (H! Mn-2(H' 91(H'- "",' ~)t 1'1 
Bore 

(1) 

(2) 
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unit in tbe unpert urbed state. 
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In the case of weak so litary waves we obtain from eq.(l) 

P=±~W"IWtT P,(W- t.t~)i 
W9/w,'" 'L!~gf(N;-t)(Ii~-t.l)·.9}J~ J (4) -- . ' .1 j t '" 2H~-(H""'9) I' P, -0.5'1:"",9 -. ,q,>a9[2kt-~d;(I ''''''J)1 t (H'-I)I(H'-wS9)tfD (5) 

and M,<t is determin ed by lIIeans of the following eq . [?J 

2(1\} Il!(tt}"",9)1 ' 9,d;'>u9(~'H!)(H} N:) . 
(6) 

Let us consider now t he II'tructure of large 8II1plitude mo­

dulated solitary waves propagating along a magnetic field . 

In tbis case the ta.a:d..mwn value ot the magnetic field 

b .. (H;~H:)l/li<) is cOnllected with the Mach's number M by 

the following nationahip [7] 

(d, h~)'.B d,(I<.",.X'<I'd,l-)·~ 11') ~.~ l't 16jd.'(d.l,<4t!~l,,,,tr 11' , 
+ (cl: •• p,q,)H' \(d,h~) t 6401,OI,d,N'[d.(hQ.x .. l,qtrc q.H~. 0 (7) 

{h ... . h ...... ) 
The magnitude t.1 is limited below by ~ [6,?1 

H! -It 9,( ... / .... )', wlo". w./w.· (",t- ~q.)(".l,atr'q;' . (8) 

When Wo>O ,M is lillited above by t-t lll-,. then electroDe are 

ejected from the central region of the wave~ And in the oa:Je 

Wo<O • when !i=f1 .... ~. negatively chlLl"ged iODS are. 

UaiJ:lg the computer BKS1i1-4 nUJIerical. calculations have 

beeD carr1d out to filld the depelldenceh ... " J{H) and k9 t:: ~{.9) 
The results are given in Figs. 1-2 for different values ot 

miXtUres. 

hm 
M, 
2.6 .. , ___ H:H:e 

- - GIl:C- I I 
... 

I.Z --'H~o;,e 

/~ .... , / t., 
10 / H. . I. / 

0.' aI,.l5 / .d., .. H / ... 
"0/. ",.1> / I / ,., 

0 .• If". .... ~ ,~l~' ~'t1 / eJ., S 
0.4 f' / to 

;." ; ! / H. 
". "·j.t n2 : i! i _,.L' l.g) a •• , 

0.0.u,.""~-,J;--,';;-;;';-'-;7-:-o--;-:c.... ~,,,"Q?-""~--'';'''''~-
i..O 104 J-O 5.4. ).8 M 0.0 U M 0.6 Gl~r .. d 

Fig.1 Fig.2 
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PR~FAGATI():I LP S ~·r.IrARY ;)RI?T WA V:;?, ,~ ,i" SI.1A1L 

}J(PLlTUDF. IN A r: LtISIJ::L;:;SCi P:;'ASf,:..\. 

A. Ore fice a.n1 R. Poz~ol i. 

tabora.torio d1 FigicB del Plasma e Gi Zle ttronica. Quantiatica 

<1'31 C!ffi. latituto di ;>191cB, via Calorie. 15, Mllsnc (Italia) 

~ A ~nerBllzBd Kortweg - de Vrlea equation le derived 

for nonlinear drift ~ve9 propagating with B nonzero &n~le with 

rea pect to the external uniform rna~etio field. A relation le 

preaented between amplitude and propagation vulocity of Bolita­

ry drift wtl.V"", 

The K. d. V, equation hae been obtained from B wide ~oup of 

nonlinea.r systems, in the approximation of weak nonllnearlty . 

A n'.1!llerical analYllie of the K.d.V. equation, eupplemented by a 

certain claee of boundary and initial conditions wee ~lven in 

Refe,(n,{2). K.d.V. equations have been derivtld , in the C&."Ie 

of a col118ionlee."l cold t11a."lmB , for hydromagnetic waves (),{4) 

e.nd for ion acou!!ltic wavee (')) It ie to be obeerTUd that the 

problem wae alway!! reducI:'d to an 1!!lIentially unidimlln.ional 

one. 'e coneider in thle ~ork the nonlinear evoluti on of drift 

WOVI5 eu!!tained by temperature and denlllty gradien~e. A 8tudy 

of the lltatlonary re~ime for nonlinear drift wave!! W&8 perfor­

med, with lin approlloh lIi.lll.ilar to ~he prellent one, in Ref . (6). 

Our Bim ill to dari~ a ~snsralizad K.d.V. equation, includi n! 

propa!Stion alo~ the external ma~etic field, and to find a 

:relation between the amplitude Bnd the pro~t1m:l velocity 

of lIol1t&ry drift weve!! . 

We eoneider heN! low-frequeney wavse, 91U1t1l1J)ed. byequ.1.l1-

briWl. !radient8, al~ x, in denlity and tell.ptor-.tan, in. eol-

11.1onl •• e ~topl&mlllt.. 'lhe external, .trOD« and 1ID1f __ , 

lIacte1l1e fbld 18 ,U:reebd .lo~ z. The eleotrOft aad 1 cm w.~­

~turt!! .re "kan to be the lIame, f(::d. The IleotroruJ aQ'ft 

freely along z, fSet enough t c get their equilibrium dietri ­

but10n. We normaliZe all quantitilll!l in termll of tha fol l owing 

ona8 : • eharacteri8tie den!!ity ~ ; a langth L, typdo.l of 

the x _gradients; the characterl!!tio eleotrio potential ~./e 

bein! T. a typical temperature; and the di8._~.t1c ~loa1t:r 

V '" (ckTo}/(eLB) . 

In our acheme, tbe eleotroeutic po1:enti.l 4> .d;! .... _ i 1'­

al l f, .t each time, 80 that, in adimen,ional n ot.tionl!l 

tl1'"" tie" n{x,y,z,t) .. n.(x) n;p {-r-1
(X) q,(1,y,&,t)1 (t) 

I n order to fix ideal'l, 'll'e take the gradient n~/n • .( 0 • 

The ion continui ty equation 1" 

Keep1n ~ into BCCOunt the low-frequency nature of our pro­

blem , the ion velOCity ~ ~~ a,,~ume~ to be gi ve n approxima­

tely by the following equet10n3 

)?xyq,+ _1 
9. X Y' (nT) -"'At ,?, <t>, (J) YJ.. = n 

v4 .. - (Vr /V)2 r cp. dt' I') 

'. 
wbere Jl ie the ion gyrofrequency, E. = !!IB, VT i~ the thermal. 

10n veloeity, an:! W= V/L. Sq. (3) containl'l 8. l'Iurn of elec t ric, 

preeeure gradi ent , and polarization drif te. 

Prom Eqe . (1) to (4) an evolution equation ie obtained for 

<P(x,y,z,t) . 

We analyze a ~ituation characterized by the f ollo'lling !!ca­

ling: 

(5) 
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being E. a I'Imallneaa parameter . 

We perform the fo110'll'1ng tranl!lfom.tion to a fr&ae moving 

with the di&Il.t;netie velocity: 

1 ~ y-, 
VIa lI.&ke I:'.orllover " Itretching in x , z,t &1J!!uain~ the n-th 

order derivative. in .uoh variable. to be of order E. n • 

Expand i ng et:> aroWld the equiHbriUll value q,(o) .. 0 

cp. 4>( 1). q,(2) • . • . 

With cP(n) rv 6 n, and ft"Minil1& in the eq .... non f or q, 
1;he noneero tel'lll of U. l~at ord.r, .. ob1lain I 

TW!.n. 

• 0 

,arueter. 

cP.(1) 

111 
• 

(6) 

(6) 

Eq . (8) 18 a ~neraU&ed forw. of 1;be l . d.V • • qgati on , inolu­

di~ .. term do,yo 1;0 1 ... 0Uon .l~ & 11; _:r be 0-.1'Wd. 

tlIat lin.M.rizill,!; Eq. (8) one ob_ill. thI d1.perll1on rd.t1 .. 

~""'n It . g . in Ref .. (7) . 

le IN&J'ah now f,. •• ollltioa af . the fon et> { ~ • c( a - ¥ '11),.. 

___ t 111 far a di. 9u.r' ..... lII'o __ "U.II« in the aCJriq rr- ft"tb 

• phMto " l oaHy ,. ~ ( 1. 0(2) -+ , at an aDslB 'it. iU'"W«o( 
With ftepeot to -u. , .... :1:1.. I t f ' /f > 0 ... ob"M.1n, :Lapo-
G.D« "\be .~ o..uu. .. f_ 1.u"'-7 ___ of .. t . (2 ), 

•• ol..HOD of ~ ~ Mah
2 

f_. far wbi-ah "SbI Nl.ati.e. 

..... 11. the _pl.1 __ 4 &!ld ~ _1001". 'f 1. "11"" t 

We o~.r,.. 1;bat , 1n 1;ha .. :r.t ar4.r of approx~t101l of "MM 

._plete eTolution .quatiOll. for et>. an equation far cp( 2 ) ean 

"'11y be ob"iaiDed .-here the x-4eZ1:n:t1". pl&:r an a_DU.l 

rele. 
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PJlAS£-LOCKIHG or COUPL.Ell MODES 

HI NO!1LIIIEARU uIIstABI.F.: PLASM,AS 

b, 

11. Wilhe llos80n and K. tI~tb(!r& 

LNSTI'l\I'l'E OF PHYSICS 

UPPSAU, . Sveden 

~, The purpose of the paper i. to di llc\lu phnt-Iocking of three 

coupled lIIOde . for pIu .... systems vhieh &r e explos ivdy unstable . The study 

i .. carried ",ut v i thin the (rllOle - vork o f th .. lIell-defind phlln descr i ption. 

It tl1l'l\8 out that a ppreciable phase-lock ing Occurs in .. period of till" 

ahort e r than t he time the e xplosive in stability need s to develo p. 

It hag been not i ced (lJ that phase e ffect s lOllY have cons iderable iopor-

tance r o r the dyn ... ies o f nonlinearly Wlst.abh plasma S)lst".s. The 10 -

"all .. d e llplosive instabilities i n such ay"t" ... have Deen studied theereti -

Cla11y by seve n l a uthon, uti liting eithe r the rlllldOll- phas e a pproac h [2- ~] 

Or t he " ell- de f ined phut d e acription [ 5) The r""dom-phase lllethod [6 ,1] 

...."unt •• to repeated phase- randOllizat ion at every in.tant of tillle dUTing the 

d evelopDeDt o f the inst&bility, whe reas the well-de f ined phase de scription 

preserves the details of the i nternal dynami <: pha. se - <: hanges in the proces~. 

TIle r ea uJ.t s of the t .. o ae thoda diffe r rI,S) vith r egard to the characteri s -

tic t;'e develo J;llllenta of the unstable 3y St ....... The pUTpose o f the present 

paper i s to ducribe the phase- locking of co"pl ed mode~ for M e xp l os ive ly 

unst .. ble pIu .... By~ telll. Oissipnive effects are nep;lected . 

Let " " consider the coupling o f three lIIOdes and "uU!le th .. t thei r illhr -

.. et inn is r uooant , i.e . that the cond itions "'0 - "'I .. "'2 IlI\d kO • kl • k2 

ror the frequencies and v ave-numbe r s , respec tively, are fl!l fill .. d. 

I n the veIl- de fined phase description the basic eq" .. l ion" f o r the e xplo-

"iYe1)' un.table C .. se [1 , 5) are 

'"0 dt · "1 u2 cos ~ 

'", dt • Uo "1 COB. 

9.! • _[~ :.: "0 "2 ... "0 Ul ] sin. 
dt "0 u \ u2 

.. her e the u
j 

are the lIoduJ.i of the ..... ve ..... plitudes and 

.. ith +j the phase o f th" j - th &IIplit"de, 

In the rollowioS ye rec ard the qUMtity It , derined by 

It • u~ et) - u~ Co) , (j - 0 , 1 , 2) 

,,, 

( la) 

,,) 
... a primary variable , indepe ndent of th .. index j , due to th .. Conserva-

tion lavs !I l or £qs . { I ) . FI'QCI x the t ae t Md the pbas .. O(t) CM be 

Obtained by ... ".n~ of the follovine: r .. l .. tinn., 

I n (J) 

{

H,) - Ho) 

t - 1(0) - 1(x) 

1(0) • 1(x ) ( -" - IUId t {tlu!2) 

tbe function l( I ) is , ; 
l(x)- - f...!!.l..... 

2 Io,llfTt1 

n [x .... . (D)] { , , I-In 
j-o J 

'3) 

''l 

(3a ) 

vbe r e I O i s the largest r ... .l root of the equation R (C) - 0 , and , 
R (C)" n ( C-u~ (0)) - u~ (0) u~ (O) u~ (0) sin

2
• (0) (3b) 

j-o J 
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Furtherwoore, in (3) the tiel" t ;,~ alv a ys l.,.s than the <'xplosion tiBe 

t.., , defined by t ", .. li r> t, ... 
In Fig. \ is plotted ~!1.e r null$. of c:oaFu~er ealculati"n~ fr ..... (2-~) . 

I ""·u:,,,-u,· ... 1 

.' .... "'. 
).' 

I 
I 
I •• , 
I 
I 

. J-=:::. ~~~~~+ 
"-..... ~ -, . 

Fig. 1. Dcacn strating t he variation of ~(tl Md x .. u2 (t} - ,,2(0) Vil h 

ti .... ro r different initial values of.;. , ( la ) , '!'he explosion tu.cs 

( t"" )1'(0) are indicued in the figlU' '' fJr different ini t i .l phue valUl'S. 

loIe have al~o plotted, as s ho,"", in "ig. 2 , the devel0p"'ent in ti .. e o f t he 

probability distribution Pt (t) assUlling .. t t""O that all phll~e" are 

equlllly pr obabl e . 

~, ., 

Fig . 2, Probability d istribut ion Pt(t) for diffe r ent ti,.e vs.lu .. ~, (Th .. 

correspondong explosion ti .... . rlUlg .. b .. t v ce n (t ... )0 .. 0,3 t o (t.,.,) •• 0 .5 

for the lIonuIizat ion used in Eq . ( 1 ) ), 

Tbe effec t of phue- lockillg is cle ar ly seen from the IIbo v" figUr .... loIe want 

t o C!alpha.si1e that the approach us"d t o dele .... in" the curve. in Fig. 2 

assUiIIoI! S .. rlllldoa d ist ribut ion of pMS ... only ini t i ally , vherea9 in the 

r .... dQJI-pb. .. se .... U><>d th" pllases are r andOlli:ed at evcry lIlome nt o r ti.e. 
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The I! x iste'1ce ot- nonlil1ear instabilities in plasmal! 

~nd tt,1! cl:8l'ccteristics of J,arl:lmetrlc Ilmr1lfice.t io n of wnVl!9 

jC" ::!ilicusset! :"or the eGs!! of c~yt:l~etrlc cN:pl~-:C; c\)!; ff:'cients, 

t-.ecentl.lI , ett(:1tion r.Bs been 5i ver. to the oTobleiD of the ge'1l!:-a­

t!'J n of u;=- lnO':'ve !~.::tabll!tJ.€c ( 1 , 2 ] an1 ;:.aremetric E::l?lifice­

tlcn [) ,J1 re::!ul ti'1!,; from nor.linear :' nteract.!on of positivI! and 

ne gat ive ener6:i · .. :eV(05 in ples::I8s. As far as ..... e can deter !:line , 

previous ~rI!5tr.lents he'll! dell with systems i n '-:nleh the couplir.g 

coefficients exhibi t some fO:'::I of aymmetry . P.ere we shall sho ..... 

that symmetry does not always e Xis t and that this fact could he _ 

ve n st:'ong influence on the excitation o f nonlinear i notabili­
ties n~,J parametric amplification . ':'he analysis wil l be restric_ 

ted to the case o f electrostatic modes in a ~agnetoplasma . Assu-

:\',lng "~"e have cu ' . w -w' k' .k-k' ,the interacting waves 
are described oy 

d . \"'1-' _ ._Le>: , -
d~ <to~, ~ 'ilt..J IJ~' 

11/ 

w~ere t. ls the ciel e c tric constant , ot>. the po ten tial , 6<.J' (,) -( • .1'-<.)' 
snd «5"~ ,. S~I"I 1fo/1w ' The energy for an electroatatic 1%10 -

-, '" 1"'/ 1 ' nochl'O::"latic mode is defined as Wk. ~ 6.. lw uI~ Ill. ".41~ 

The cO'.lpling coeffi cients are [ 51 5d~/~;\c.· ) .R (~,\c.~\c.·)+~(k,~~",') , 

R(k~It·)·l"l.tr~~1t'2 \d~dvv. \" e- i (US'l '1' ... L5.'lf .. , ... i5.'t' • • ) I) 
I I " ""' n. "1 , L so,, f. " 

-,, "" 

12! 

where ~. · t(o.tl/v.l , f .' ~ and ~ . .. a rctg 1<,/1. •• The solu­

tion or /1/ 15 we ll lrnOIrIl [1, 2 , 61 whe n th e signs of" the coup­

ling cocff icients are e qual. It can be s hown that when 5(~t'k~k ') , 
<;(~',-k · , lt. l, S(Y', It.,-Ir.') are cO llple l" and unequal, as iD the 
case f or /2/ , e q . /1/ has the foll owing invari!l.nt~ 

~ 1. 2 2) l 2 C 
{6.=f/\. -~.f:,.'\. Hg/\ - (6"\E~A, +1\.E,.Ak• t1~k' ... {6,"f ... k, +6""~E. A, H,,,,," / )/ 
where t-A. ~'f'{M.,M.,l""A,(0:!0/\.yY1 J I~I SIk.,~Jk·).€~M .. ~{fl'· I 

k • .o, 

f: . .. sign Re S(k,~,klJ M.", 0, -"f2 I:~l~2 ,&.MJi+'f'. ,t-'f'.,-'f. 

similarly for ,~, and ;., /. The t hree expressions 1n parent he­

eia in eq. / ) / are in fact the Manley - Rowe i nvari ant o o~ a 

syatem with real S{", k,"' ) , S(k,- k',k) and S(k',k,-k') • For the 

system /1/ the total wave energy is no t an invar iant since 

.i( 2 At. A.2 ) AI 14/ .;1f 6""\£,.(J~A\+6"\.f:,.t.),, '"I,,+6"\"E,"IJ., '" .2A • ..-A •• c.J.~". +<J\, ~~". 

+(J •• L.j ,bJ") ~8 Clearly , tbe solution of / 1 / depends 
strongly on the s igns fj'"E For eq . / 'l / the following cases can 

be distinguished: 

1 . E, _". , . " ,> , 1"" 5",0 which leads to 

ItE S{k,Ir.'/It . ) .. k'f S(k',-k', Ir. ) . \<, .tS (k"/It/.k') 

Tilis csse occurs fo r par1:11el propagotion and for perpcndiculer 

propagation " .. he r: the three wave vectors are i n the same dire c­
tion , 'i' . .. 'f ... .. \fv 

2 . co, . " . ,_E._ I 1 ... S4"O t;:iving U !l 

kit 5" {'k, ~~k' ) .k I 5t'k~_ lr.·,'k)_k''' S ( k·Ik., - 'kt) 

PHENOMENA 11 

177 

Thie case occ urs /"01' pCl'pe ndicu l or propOc:;ation when the wa ve 
vector"e (lre no t p&rnlle l , 't" ,..If'" ."',,, " 
.; . (. ~ " E ~ * ',0 I 1 ... S ... 0 Th:! s i s the g ene r al ca se of 

oblique propagetion . I~ ca n be es t ablished from eq , /2/ that 

no symmetry eXists in the coupling coeff'1 c i ents , i.e . with 

..,,~ '" \' l' 'f,. and ~. ~ ~ ... k", we heve t he following: 

~R,S I " ~ " ) ; ('R. SII·-I'k)+~·II.S(~k-r) 'I"" t I I ' , 
1 • s 11;~,k' l ; 1 1.5 1'>1; ,) ,'''I.SI';'.-'') 

'!l-,ese tnree Ca!le~ show thet the :ronlinear interaction between 

elec;'roste ti c mod es in a magnetcplaSllla 1s highly asymme t ric . 
Cor.s!,:!uently in or de !" to predict the e xis tence of instability , 

1 t is :recesssry to modify the rulss whicb ha,· e been used in 

the pest to study s,)/lIII!letric inte r actions . ConSide r ing first 

cases 1. and 2 •• we see that si nce ';) a re symmetric , the 

neture of the interaction csn be pre dicted solely by the s i gn 

of the wave energy . Thus ir. tbose cases , e l"ploaive ins ta bi lity 

can e x:!s t only if one wave hee negs ti ve energy while t he remai _ 

ning t wo hsve positive energy {l\ • This interac t ion e:X-i s ts 

fo r pe r pe ndicul a r propagation wben the elec tron velocity distri­

bution is a J function 1 2 1 . Tbree po siti ve energy waves can­
not have silllul tsneoual y growing ampli tudes . 

For oblique propsgatic:l. , caee J , the aSyl'mletric f Onl of t he 

coefficient impli'2!s tha t the sign of the e ne rgy cannot be u sed 

alone to determine the nature of the inte raction . It. is necesa­

ary to teke i nto consider ation the e xact fo rm of ~:.I\.I'k~\:·l, 
Sllt', - \.·,k)/ ~!k.';It, -~') . Bence , a general i nstability 

c r ite r ion cennot be estatliahed analyt1cally for this CBa!. We 

can see , however , ne w posalbilit:!es of instability and para­

metric excitation of obliquely propaga ting waves. For exa mple , 

we ca:r envisage explosive ins tabili t i e s re sul t i ng from the 

nonlinear i nteraction of three positi ve energy waves. or tbree 

nt!6'lt i ve energy waves. A.nothe r e xs tllple 1s parame t ri c wave exci ­

tatioD resultL"'lg f ro!D the int e raction between a positive and 

negative energy wave , If the wave "' ... is the pump mode , ~Il' 

the idler !:lode , .vv 
is gi ven by 

the Sto ke s ' mode , the growth rate '( 

From t his e xp ression it follows t hat parametric e xcita t ion 

may be possible if E k , + E. k • and 6"k' _ 6"" ... 

It ahou l d be no t ed tlult i n tbe ne ... interact10ns 

mentioned above , t he sum of the wave energi ee is no longer 

a constant • Conservation of energy would give us 

w~ !'\ A'l .. ' w .. , 6""\, ,b.~, + W~. 6;.. p..E .. , - C Ii 

whi cb ia io cont~ad1cti oD wi th eq. / 4/ . This ~li~s that 

another e nergy source , wb i cb is not i ncluded iD tbe .~~io.. 

describing the wave interaction , IllUst e x i . t in the pla_. 
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NONLINEAR PHENOMENA 11 

KINETIC TUEORY Of' ANC»IALOUS D I FFL;SIO~ DUE TO 

;. DRIFT OI SS IPATlVE INSTABILITY 

" 
P.ROL~ID 

:'SSC::It.TiCN :::URA, O,\ -C:::: A 
G::~ •. -: _ ... : ... : <'0;: ?1.:': .~~ '· ~ II ': :~ ~r.,; ~I ~_ l .:: :'1,j~IQT1 CC;lt rcl~ .. 

;;;:r;._~ :;: .(;;n. C L r. :r~ u'Etll'c~ l\ucl;~'H' 

Cd,~ ~5. 3& (;r'r. ~~lo G:'~ (:: r .. "l.:~) 

A kinetic theo r y o f c !as-ieal and 3nolllillou5 diffusion i 5 prennted, "aking 

into 1'CCD unt r h .. aveuge of rhe quadratic .,rt""u anodat ed with the p r es,.nce o f a 

dri ft di l5 ipltive i nltabi lity . The Db tain~d results enable ul to 5tudy • ..- of r h 

s~tura[i on IDechani .. " of rh.e in. ubiti cy . 

I. Introduction :One knows already uveul u ll i-". pi r i". 1 f o rmu lae gi v ing an ord"r o f _ ­

gnirul\e of the flu x of ann_lous diffusion a rising trOll ch" dri ft d ilSip~[i,·., instabi­

lity (.1) but no exact quantitative "xpreniono hl1 "~ ye t bun lIiv .. n. lie want tc cal cuh-

te the diffusion f1uxe8 as fun ctions a! the waVe amp litude. by t akinll into acceun l the 

exact features of the iostability. Hu t. we integrate the zero orde r It; ""ti" 

equati on f o r the elect rons , t o obtain ;m equilibriuII stau !. in which w. l ee t he 

phs!118 mocion at the drift ve l ocity, and aho the chuicRI diff"sion. TIle intecra. 

tion of the fiu t o rde r perturbed equatien enables u . i ncidently t u con fi clI the 

va lidity o f the fluid equations. noen .... i n t egrate the second order perturbed equa· 

tion, in which appe .. s the aveuge quadratic t.no <~~ .'9yr,'" , in order to 

obt~in the new equil i briu .. stat. , in the p r esence of t hn wsve. Thi s ItUe is ca r nc­

teri zed by a n e nh a nced diffulion , a lre ady Obtained in 10""' li.,it Uli nK a fluid 

t heof)'. Th. IIII!chanis. of thi , diffusion appea r s cle arl y , In we can lee OIhy it l 

upper li1llit is lIivnn by IIoh .. • • formula. Thi. res ult enab l es U5 t o .tudy quanti ta ­

tively e .. etain satura tion proceases , of impo rtant puctica l inte ' ·elt. 

2. Equi libd .... stlte \le ass..., tha t e lec t ron-ne ut ra l collis i o ns an dDllin;>r;l, ~nd 

that the r e laxation Can b~ ducrlhd by Krook ' a BOdel (D. TIle kinetic equdtion can 

be wri tten, fer the elec trons 

(I) ...... ere 

In the ablence of the .. . ve, E • O. !I - \. Thn clla r~cterinic s ys tem is 

(3) ~ .. ~ '" dy "'.!! = d 'l. " ~" d'l.:; df' (.n.~.) 
, ".,. ", ...... 11..." .1'1 .... 0 -~[r- 1'1 f.1 

The "Trajectori es" an defined by the 6 i nvari ants: N. 

'" C''' '''l[c.o ~.nt_''', Si ... nt C.",v.s,inlH 1''1Coo:.Il:t 

C .... )t -t-1 C~" y-.Ji 
,.,~ int~grate df!dt On these trajnctori~& a nd wc get , for t.-t.

o 
'i)Y-' 

(5} f ..... " [1+ tc.,- ~)lF -~ l ... -~"' 1F where £_ ~~ I • .nl+ \>l , .n III ° - N Jy 
ru c fi. rst t e nn in eq. (5) si vel the drift moti on ef the electrons with the .. dodty 

'1'10 T t. The second t erm co,,"i ng frOlll the cocbined effllcH o f collis;o"s and D:O-;;;n 
the variuion of t< along the l.anlOr ci rcle, g ivu the c1all ical diHus i c n 

"r 'T yE. 
a =- ... .Ill 

3. Perturbe d st~te of fiut order. \<le put F ... f.,+f1 and we Hnearize th .. e quat i on (I). 

The charac t e rist i c Iy. te ll i . st ill given by eq. (3) u:cept for t he I .. t term. TIIs 

trajactoriu au stil l given by eq . (4) . On thu e t raj ectories "'e have 

dF. f v n, rotE V F 
(6) dt " -'11 ,+ N.· -"' " " "'I 
In the qUali-electros utic approaillat ion, E, ,, _ V<P1 \<le suppon th .. t all the 

per-turbed q u.."d ti", va r y like e"P i ( wt. + 10 ... ) and ",e integrate e q . (6) .long I he 

trajectoriu . Wc obtain 

f (w,k) , 1 {'_'H. _;.! F \ kv ('.'b_~»)+Tk" }}(1 _~(k' _,,)\ 
1 (v+iw1';~'~) N. T °l a t .n ... 11.n. ,. ~1~ 

_ ;-'1 {~ <;. (k'.kv) _ ~ f [('.' I1- ~ ))[,k."(".kv) 
.n\(v+i"'tik ....... )l "'. n I'll l' T · Jl .n ". 11 

(,) _('_,-(" -k,))(" _k,)].; T<k. (,qkv)l1 
Jl , ... , ,,,. , ,,111a. "" YY lJ 

By the way , on CAn verify thR t eq. (7) gives t he ~"preuions f o r V and n alre~dy 

"btainl! d by u.ing the fluid theo r y based o n the equation of motion (6) i n ~'hi c h 

T a c t e 

d.' N {_.!o. E_",,,n -+~ " .... eJ .... 1-( .... 'V),,} -t-'!. V'N :. 0 m , m 

th ~ t the pressure teno in eq . (B) i . cefre ct up to the fiut order , 

~ . Perturbed a ta te of s eco nd o r der. In t hl! pre5cnce o f the weve , 5upp ,,~e d t o be s inll le, 

tile equ i librium Hare i fi oodified . As long as the ~'aVil amplitude i .... all ~ n ough, we 

c~n still expres s F, by neg le cting the non line ar e ffe~t •• nd caleulne t he OIOdi­

Cieation 1& o f the equilib ri ..... distribution fs , ,re Uining i n t h e second o r der 

perturbed e qu a tion onl y the ti_ a verage of { ha non-linear t o!CII E •. vyf, We 

",r i te L r .... f"'9 "here g i n gi"~n by Lhe equation 
- .. , . 

(9) Ja+".V9+~.., ... a.v9+<.!...E.'Yf)=_~[9-~F: 1 (SN"}3~) 
t ,J r m .. _ rn. " • N .. 

The trajectori u are still given by eq . (4) . On the"" l raje c t o rie s we h ave 

(10) so thn 

( I !) 9= C.od!t/Si"'~F._<~ E •. ~~>} 
Us ing eq. (7 ) we ca l c u ll re the p r o duc t ;'~.V .. F.. and in ti .. ave r age . Let 

uS put 

( 12) ~--"..!l" and :D",;;y 'leObt~ in, \lh~n W(k .. ":r.«"« ll 

,D) ::- ~:.:' +-t«~»{".~(~,.,~)+ ';':(,_p, )_D~ ('_~,)} + 

~ < (.!)'> ((,' _k, ),-"_(k .. k. 1}1 p. + '",. + k,'. (1_p,), .. } . 
11. T \ 1" "., .n ,01 11 l' .. ~ 

Integrating eq. (1) "11 obta tn the fluxes of ~n"",alous diffusion 

'j' •• h 9"" ":.,::- (p,. :')(". Jj-k.) < (.~)'> 
(,.) '1'7 ·hs~ ,-~-':b~·)(k._ :lik,)«.~)'> 

'1'z : hgciY ., N .. : k. (~i+Z ~.) < (~)l > 
In t he limit ~ «11 t' Y1: -r4 ...... have I" Z1 nnd t". -:::: ~ 
( 14) agrees · ... it : the ' res~lt:r fluid theo ry.r 'w" 

5. A s Huration "",chan is ... Thi. enhanced d iffusion lauSt b" Ii .. ite d bee .. uae the 

"ari arion g iuelf "",difiu f, ,and e speci;>lly IIIOdifieg t !le phase t'; betIJun 

t he {luctuatiol\;(lf de nsity and potent i a l, ;>nd thi s phase play ~ an essent ial r ol e 

in th~ diUus i en gi ven by eq. ( l ~) . The ",odif ica ti ono f f'. i s 

jM "{ , . iK"' ... _i .... s 
(15 ) M:o d!oi "F"~n-t-illt"'k.V~}('_Iii(kw·_k .. ·»)q .. 

• 0 N .. ·..." ,- -1 

In the li "" t o f s",~ l \ Larmu r rad ius, we obta,n 

( 16) 

We cmr.bine eq. (1 6) with tha ",ell koo.., ~ xpreS5ion (17) 

(11) ~ (;w+l>k:)=_~T~(iw. +Dk:) 
N. 

Thi s le ads t o "ne~' di . pe raion equation , diffe ring fr"", that o f ""domtnv «3) eq . 

IV. gO) only by a ten:' in <:q,Z.,. 

( 18) r. •• }_;""[Dk:+Wr.-2iW.'D~!(t';+z.t~·)«~:r> l ... ;w.s,W." ", 0 
The instability i. satured when I ... ( 1.01),,0. The n eq . (16) {l7) (la ) s1o"" th~ t 

....i '" 0 , tha t i s to lay that the dena ity and po t ential have the sa"", ph" ..... 

IIl ing eq . ( 18) ".:. find thu the aoapl itude o f rhe perturbation rea~he 5 the va lue 

(ass umed t o be « I) . 

this ~ aturati on pr"(~u ! ~ ads t o • diffusion .... ller than Sohm's value. It ~ppe ar 8 

on l y if t he non-linur e ffects reru in s t>;lll enDUllh $ 0 that eq. (9) can be used. 

Othe r e ffec t s do exi st i n part i c ular , i f lIl~ (iT,])k!):~Ic! I he lack of , Iec­

tron. ( cq, 1 ) U .. i ta the w.we ampl i tudes, and rhe Sohm diffusion can b~ 
"T"" 

r eached "'hen W. ~ w~ a nd I< J< ~ Eo 
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GENERAL THEORY 

THE TEI1PE P.}'IT UR E PROFILE IN A STEADY-STATE 
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~ 

II ste ady- s tate, thermonucle"r D-T plasma col\ll!ll1, surrounded 

by a cold . plasma has been investigated by solving t he MHO equa­

tion s numerically_ A s olution in which t he temperature falls to 

a low value a t the boundary is found to exist only ~n a limited 

range of values for the characteristic parame ters . Fuel i s S;Jp­

plied and ash removed at t he boundary. 

In reacto r studies carried out thes e last ye ars the the r mo­

nuclear plasma is usually "ssumed to be a ste3dy-state plasma 

cy l inder 1n a strong longitudinal magnetic field surrounded by 

a vacuum (for an extensive list of references see Ref. 1) . 

The temperatur e o f thi s column is then taken constant while the 

associated refueling problem is hardly considered. In this paper 

we treat a the rmonuc lear plasma surrounded by a high - density 

relatively cold, plasma. In such a plasma the heat conduction t o 

the wall is one of the mechnnisms that determine a radia l tem­

perature profile . It has the advantage that if the temperature 

at die wall is sufficient l y low the fuel can be supplied at the 

boundary. Since the transport processes are simIlar to those in 

an arc in a magnetic field , the electron-ion coll i sions must be 

expected to have a large i n fluence on the temperature profile"'. 

To inve s tigate whether the appropriate MHD equa t ions permit 

such a the rmonuclear plasma to e xist we co~sider an infinitely 

l ong , ful l y ioni zed, pla s ma cy l inder in a strong magnetic field 

in which the energy is supplied by thermonuclear reactions and 

is lost t hrough Bremstrahlung and heat conduction. An equal mix­

ture of deuterium and tritium burns into helium ' (4He ) and i s the 

only energy source. The neutrons crea ted in the react ion are as ­

sumed to be absorbed somewhere outside the plasma . The p la sma 

being fully ionized we have to restrict the a nalySiS to the 

region where t he temperature is higher than a certain minimum, 

for which we have taken I < la' K. 

The plasma is descr ibed by the continuity equat ions and the 

equations of motion for t he species , One energy equation~, the 

equations of s t ate for the species , and MaKWell ' s equations . 

In these equations we make the followi ng assump tions : quasi­

neutra lity, one temperature for a l l species, no reabsorption of 

Brems trah lung , no viscosi ty, nO inertia effects, nO momentum 

trans fer by inelastic COllisions' , all velocities are sma ll com­

pared to the thermill speeds, the product of the cyclotron fre­

quency and the col li sion time for all species is much larger 

than unity, the magnetic field B has an axi al component only. 

The magnetic field strength must be su ff icien t ly large to in­

sure tha t the larmor r ad iUS of the helium is small compared to 

t he half width of the temperature profile, defined as t he dis­

tance fr om the a xis of the plasma column (r = 0) to t he place 

where t he t empera t ure has fallen to half its value On the a x is . 

Only then i t is permitted to assume that the hehum ions o btain 

their energy at the same place as where they give it of f to the 

pI",,,,,,,, . 

The tempera ture profile found upon solving the equa tions 

must s a tisfy the fo l l owing condi t ions to be acceptable: 1) the 

temperature of 1 " 10 ' K must be rea ched and 2) the as sumpti ons 

made above mu:;t hold o f wh iCh the one concerning the ve locities 

of the species turns out to be the most c ritical. Both these 

conditions are foun d to limit the range o f solutions . Figure I 

shows for which ax i s ,alues (indicated by the subscript 0 ) 

of n
4
/n

d 
and T at Po = 50 atm a nd Bo "'I tesla a solution exis ts. 

The line Gp -OR f orms a lower limit On To ' On the left of · .... hich 

condition I) is not satisfied, while condition 2) forms a lower 

limit on the a dmi ssi ble value of n 40 /ndo (line "J 4r _~) . Be­

low this line t he radial ve locity of helium goes to infinity 

before the r equired t emperature of I " 10 ' K is reached. For 

high values of 11
40

/ n
do 

the solution is r estric t ed by the condi­

tion qP
o 

> qR
o

' Le . the nuclear ene rgy given t o the plasma must 

!:le larger than the radiated e nergy per unit volume . In this way 

· .... e have limit e d t he poss ib le solutions to t hos e in , .... hich On the 
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axis d ' T/dr ' >0 . The lines q -q and V. = ~ are not in-
P R r I iii4 

fluenced by a change in Ba; the l ine Op = OR moves to higher 

temperatures if Bo is incre ased , i .e. the range of possible 

axis t empera tures becomes smaller. Since the neu t rons carry 

4 times as much energy as the helium ions (Op ) the tota l en­

ergy product ion is easily read out of this figure, i . e. i t is 

5 Gp ' In fig . 2, Op and OR are given as fUnction of To for 

dif f erent values of 11 40 /ndo at Ba -I tes la and Po -50 a t m. 

The enveloping curve s, - . _ for Op a nd - . for OR' indicate 

the region i n which a solution exists . The ene rgy carried to 

the wall can lllso be read from this figure as it is equal t o 

the difference between Op and OR' An example of t he radial de­

pendence of various quantities is presented i n fig. 3. It 

shows how the temperatur e profile cha ':lges if Bo is changed. 

Increasing the parame ter n
4o

/n
do

' while keeping the o t her pa­

rameters constant generally has the effect o f broadening the 

profi l e. Since a l owering of Bo has a similar effect as in­

creas~ng n 4o/ndo ' the power production at a fixed To and Po is 

maximal at low Bo and high n 40/ndO ' Increasing the pressure Po 
with a factor of t wo broadens the temperature profile approxi­

mately 10 percent. Hence, the total nuclear power becomes ~ 

5 times larger, making a production of 10 ' W/m easy to obtain. 

Since the radial velocity of the fuel is 10'01, ~ 10-) m/s , the 

f uel can easily be suppl i ed at the boundary of our model. 

The authors wish to express their gratitude to Dr . J . C . 

Terlouw and Dr. M. P.H. Weenink for valuable discussions. 

This work was performed under the Euratom-FOM associa tion 

agre ement with financia l suppor t from ZWO and Euratom . 
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114 ~helium dens ity 

nd Kdeuterium denSity 

m4 ~ helium mass ~ 
Op -total nuclear energy given 

to the plasma 

OR - total energy radiated away 

by Bremstrahlung 

qp =nuclear energy per unit 

volume given to the pla sma 10' 

qR = energy per unit volume :radi­
ated away by Bremstrahlung Fig . 1. Permissible values of 

subscript 0 refers a t'r .. 0 . 

a 
a 

TO and n 40/ndo at Po =50 atm, 

B = 1 tesla o 

'0 ' L _ -;-_ _ ",o--~"-_J,, 
o 0' 

__ c(m) 

Fig.2. 0p(-) and 0R( --) as function of To for seve r al values 

of n 40/ndo at Po -50 atm and Bo = 1 tesla (le f t fig . ) 

Fig . ). Temperature and magnetic field profiles for d iff eren t 

Bo ; the radial velocity profile of helium and deuterium 

for Bo Kl T, Po " 50 atm, To =7 B~IO t K,and n
40

/n
do 
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PLASMA INSTABILITIES CONNECTED \'!ITH THERII!ON UCLEAR 

REACTIONS 
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Institute of P~slcs of the Ukrainian SSR Academy 
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Abstract. The paper presents a consistent analysis of 

the main types of instabilities in high temperature plasma , 

which stem from the accumulation of thermonuclear react ion 

(TNR) products in thermonuclear devices . 

In the COlU'se of operation of TNR devices high energy 

charged particles may be accumulated i n the plas~a due to TNR . 

These particles "introduce" an additional t he=od,yna.mic none­

qull1brium into the plasma systel!ls (an explicit fore for the 

~ products distribution func t ion was calculate d in /1/) . 

Then, the fol1o~l1ng problem arises, whether this n onequil1h­

rium is sufficient for the emergence of new instabilities. 

Paper /1/ gives an answer to the question: the plasma beco-

mea , in fact, unstable when the TNR products density exceeds 

a certain critical value . Furthermore, some new instabi lities 

due to the TNR products accumulation were recognized in / 2/_ 

/ 6/ . 

Naturally, the case of small TNR products density is 

of the primary conoern. Therefore, one may apply perturba­

tion theory to the stabil1 ty problem the TNR pr.oduct density 
used as a small parameter . 

It 15 well known , that equation describing the plasma 

oscillations can be presented as /7/ : 

With tensor E. 'j put down "' a ,~ of two terms 

E (0) E. (j where £ (j i, a term due to tha u= Eij + 
TNR products , one can rewrite expressions (1) as follows : 

A (0) E ' 
, ~ 11( " = - E'I< E", j (2) 

Hence assuming £,.'''' to be small , we obtain an expres8ion for 

the corrections to the magneto-active plasma eigenfrequen­

eies, associated with TNR products (roof- crossing is neglec­

t ed for s implicity) : 

where ~ is a polarization vector of the respective wave. 

,lo"or toroidal systems (which seems most advant ageous at 

present) where plasma pressure is supposed to be $~rrl l in 

comparison with the magnetic one , we assume in follo~'!ing 

that 6'fTP/H,,,,!«j . 

THEORY 

Starting from 0) and explicit fo rm for calcula-

ted in /6/ . /5/ we get the following results , which are 

arran~ed in the T~ble ·): 

Oscillation Instability Maxi mum value or in-
mode "thresholcl" stability growth r~te 

n' ) VfJ: . &Je' n' ~}V./ 
W ~ k', V, n 

(\1 , K:V~~ r~n W, 
\(1.>;-~ 

U 

W=I<,\I" ri > m. ~ v, rv~ ro' !1' W, n Yn; U LA n 

w=kV; 
n' ) m •. v. t~ Ill, U ·w, Vi rn , t:f n V, 

n' w:u J, ()'Yl )' n' n>K,v, · ,lc) · r" "":?f , 

Wl'llw, ' , 
P'cJ'I e-'/< ' <>xF!- xi- 'l) ,~ "" . 
'It!U 11<,1 S 

X, > 1 

n' 0-3 n' CcI ~i2, - "> 1 r ~ n cJ~ "'Sc".\ n 

. ) Part of r",l t, in th' .able .re oht.io in /1/ , /3/ _ 

/5/· 

Here, n 
densi ties; U 

Vs ~ 1fT. ; 
V m, 

stand for plas:::a ond Trffi products 

is an rms velocity of TNR products: 

~ , _ e, H . S2 ~~. ' (.AJi ~ --- 1 ,~~" 
m:c ' rn, ' 

{0 =_ k,[)".c.ifdl 
e W, dX· X rn,! /(.J')'r -, 

'~m;- l K,v: ,("El .-

Irw are modified Bessel functions of the f -order . 

Inequality 1:. "[ -r is used for evaluation of the thresholds . 
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'" 
fJ> ~ trac t: Analysis of line ari~ed Vhs"" plas",as by means of Hamilton ' s 

principle illustrate c by application to r he initial ~val"" prob lem f"r 

nC1!t:raii~"d, S in!; l"'sp"c ie s pla=a in one spatial dimension \lHt. pe riodic 

bouOldar y c <>ndit i ""s . ror <iny de g ree of a~prol<ilnation and for arbitrary 

equUibri"," velocity distrib utions, the p roblem is reduced to the sollltion 

of a system of orc!inary diifcn,nti"l eq~;Hlons in time with constant co,,[H. 

cients a nd tL .... -<!~p"ndent drivin<t terms , ~nd an exact partic"'!ar solution 

has been fo und. N\Eleric al res ults will be presented both for MiIXIOellian 

lInd non'1a:we llian ~quiIibrilml '/~locity distributions. 

Application o f H=ilton 's v"riational princip le to VIasov pi as",,,s "'liS 

origin311y fo= '~lat~d fo~ use in investigating nonlinear behavi or ( 1) , and 

this continue s t o be 3n a r e a of active re&ench. The variational p~incipi'" 

ha,'!. al so beEn used t o ~ppro"i",ne the I !.nearbed de scription of Vlasov 

pla&l'las, includi!lg ele~Homagne= ic effece s ,in terms of a S~9t~m of linear 

ordin:uy s"cond-orcle~ differ~ntial e qu.l.tions in time ",ith COnSta nt coeffi-

<lents and :imc.-dcp~ndent driving te""s . The she of the sys tc", of equa-

tions is de tern>ined by the degree of "ppro,,;"atio n that is desired. These 

equations are ~uitable for n=7ieal """"put a ti" n <of the lineat"ized beh,,-vior 

"f e'/"n "o",plieat~. d ;>h ysica! s it'J;!tions. Th ~ const.lnt coefficients of chc 

h" ... o<:~ "e o,,. p a::-t of th~ c 'lua~ions del'~"d C'n the equilito:h .. di . tributioo 

.ur.cti",ns, !,,,t the y do "ot de? end en knowled"e of the c quilibri tr.l ;>ar­

tide orbits . The time-dep<.>ndent driving terms depend on the perturba-

tinns of the cquilibrilml distribution functions and "n .CI!!IC kncvledge of 

the unper tu~bed o~bits . Therefore, to compute the lineID' eigenfrequencie ~ , 

DD integrZltinn .. l o nl: unp"~turb"d o~bit$ is required. To do the complete 

initial \lalue probl .. m, some kno .. l e dRe of the unperturbed trajectories is 

required, as ",,"'lId be ~xpected . 

This method has ~een .uccessfully 3ppli~d to the problem of ~Icctro-

sta t ic o s cillations of 3 n ~ utral1~cd, "i~,gle - "pecies pl"..,.a in one spatial 

dimension .. ith periodiC boundary co"ditions. The equilibrium velocity dis-

tributlon functi ons can be arbitrary, and the ones used have included 

s ingle llaxwelLian distribution, SlJlll!l of twc Maxwellian distributions, and 

nonanalytic distributions that are bounded 1n. velocity ""d represented by 

cubic splinc functions. A particular solution of the ba.ic cquations has 

becn found for an arb itrary equilibrium velocity distribotion. The Landau 

d""'l'ing rates ~nd growth rates observed for some of the cases in "hieh the 

equilibri\El\ velo~ity distribl!tion was a Maxwellian o~ a $1.111 of two 

Maxwelli.:ms ""'re c ompared with precise n......,ric a l s o lutio"" of the usual 

dhp~rsion relation [2]. The rate s obser ved ",ith the variational method 

reported here agree .... 11 "Hh those cOlIIJ>utcd fro:n the dispersion relation. 

Specific result s of m""'ric al computation "ith the variational method ' .. UI 

be given ill the oral presentation. 

In the variational me thod, the basic fUllctio ns that enter are the 

particle positions as functions of initial conditions and time and [h~ 

el .. ctro .... gnetlc pot('.ntials as functions of "pace and ti.me. The initial 

distribution fun~tions arc s pecified a s initial data, bu r the distribution 

function. at later time s do !lOt entet" into the equations. 

For the Case of a n",u eralized, single-'pecies pIa ..... in o ne spatial 

dimc,ns;'o n ·"'th pe riOdic bo undary conditio ns, ",e take the ""rm~lhed equi l-
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ibrium velocity distributioD functioll to be F(v), and .. e write the initial 

distribution function of position x and velo"ity v as 

f(x, v, 0) .. F(v) + G(v)e + G (v)e [ Ho< • -'''' J (1) 

The scalar potential is represented a~ 

0(>< , c) '" 2Re [Q(t)e
iKx ] ' (l) 

alld the x-coordinate of a particle "'hose initial position and velocity are 

x' and v' , re""ectively, is represe<lted as 

" " [ iK(x'+v't), J X(x,",t) _ x +vt+2Re Lyj(t)e Xj(v) • 

J 
(3) 

The initial conation. on yj(t) a r e yj(O) .. VJ(O) _ O. For conveniellc~ in 

the fon;ulatiou , "" nonnalize the equilibri= particle density, <1
0

, to 

UIlity (no " 1), alld "'" take the functioM x/v') ' to be orthonormal to ene 

another "it h respect to F(v') a s a ",eight funotion . If the Xj(v') form a 

complete set, then the represeot a tion of lO(x, t) and X (x' ,v', t) Bre exact. 

The quantities to be determioed are Yj(t) and CI(t); these quantities , a­

loog with G(v), ate considered small for the purposes of Unearbation. 

Thc Euler-Lagrange equa tions , writtco in terlll.'l of .. column matrix '/ 

" "'hose j elCmcDt is Yj' are 

¥ + ilKVy - rV"'/ + \II~ Pr ... }~ g(t)o (4) 

CI(t) - (4nQIiK)[t (}' ,'/. (t) - s(t» , ( 5) 

J " 
"'here (}' is a col"",n matrix, V and P are square .. atrices, Q and H are the 

chlU'g~ "nd mass per particle, and \II~ " (""nor/fM). The quantities a, V, 

P, and get) are defined as 

If the Xj(v) form a complete set , then the solution of Eq. (4) Call be 

written as 

where the quantities llJ (t) .. tisfy the h<>mogeneou. fono of Eq. (4). It 

(0) 

(7) 

has beell dem<>nstrated that this formulat i on is completely equiValent to the 

""uai linearb:ed theory in tenns of a time-dependent distribution function 

when the Xj(v) forll a complete s et. 

For the u""",r ic&l computations, the Xj(v) have been ohosen as the 

otthonono.a l polynolOials "Uh weight function F(v) . Theo the matrix v h 

tridiagona l and it can be written in terms of the coefficients of the three -

tenll r ecursioD fornrula fot the otthonormal polynomials; these coeffioients 

are easily found nlDll!rically for arbitrary F(v). 

Work performed under the auspices <>f the United States Atollic Energy 
Coomission. 

( 1) H. Ralph Le"'is, chapter in Methods in Computational Phy.ics 

(Academio Press, Inc . , Ne .. 'fork , 19~O), Vol. 9 . 

(2) D. W. Fors l und, private c""",ullication. 



GENERAL THEORY 
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~: S1:ationar y plaslnds con fined b y a magnetic field of 

sho r t c onn ection l e ngth and arbitr~ry shape are treat e d i n 

terms of a verage motions in aB space defined by t he field l ines. 

Local flu i d motions are allowed to take place . An average ma­

cr oscopic fluid veloc i ty is deduced in terms o f which plasma 

equilibria can be investi gated . 

1. The Loc ", l Plasllla Bala nce . The present trea"tmen"t is res ­

tr icted to a plasma having a small energy de nsity compared to a 

strong conf ining magnetic field! in which both the eq uivalent 

~gnetic aoment H and the longitudinal invariant J can be trea ­

ted as consta nts of the motion. In a hot confined plasma dissi­

pation will cause the l ocal fluid velocity of t he cent re of 

maSB ~=(mi~itme~e )/(mi+me) t o decay at essentially the same rate 
as the pressure gradients and the electric current de nsity i. We 

shall neglect dissipation here and r emove the unnecessary res­

triction of "!£I£!~_!!~!i£_~9~!!!~~!~" where ~:D all over the 
plasma . We assume ~ to be small and treat the electric field 

~:-ys as a quantity of the same order as the terms arising from 

the press ure gradients in the momentum balance o f the plasma . The 

transverse part u~ of the guiding centre velocity should also be 

small compared to its component uq along the magnetic field and 

to the velocity W of the gyro motion. 

In a stationary s tat e div (n~l:D, div j:D and curl !;.:D can 

be considered as subsidiary conditions for a plasma of density n 

which has to sa tisfy the equation of motion , Ohm ' s law , and the 

corresponding heat balance equations . There is a larger class of 

equilibria which satis fy these conditions wh en ~t D and fluid 

mot ions are al lowed to exist, than that corresponding t o local 

static equilibria with ~=O . 

2. Average Drifts and fluid l'Iotions . With the present approxi­

mations the energy Hq=qJ+MF of a part i cle of mass m, charge q , 

and with F=Bntu~/W2) will become a constant of the motion 

(1 , 2). For a monoenergetic plasma with ions and electrons having 

the same velocity vectors at all poin ts in s pace , both ~ and F 

then become constant along a field line (3 , 4) , as we ll as t he 

longitudinal particle flux functions Gv=uqyn/B where y=i , e 

stands for i o ns and electrons . 

We introduce a system ", 8 , s o f curvi linear coordinates 

where s is in the direction of magnetic fi e l d ,!!=1. " .1.8. Then 

Hq, F , G and J become functi ons of " and 8 only . Further, ~ean 

values are taken of the guid ing centre motions along a field 

line, using the expressions for the corr esponding contravariant 

components . We introduce the me tric tens or gij a nd its dete~­

nant g=l gij l , as well as t he longitud i nal period ts=,dls/u" o f 

th e particle motion along a field line , wh ere dls " {(seds. Ta­

king into account that ~ is a constant of t he moti on , we ob­

tain the average guiding centre drift Y=Yt+YB where 

U " !1 (- !!l" t ~ ) 
- 8 q ae -" a" -B (ll 

are the contr ibutions from the gradi ents of the electric 

potential and t he magl'letic field , subs cript J refers to t he 

explicit depende nce of J , and !" and ~8 .are unitary vectors in 
,,6 s pace . 

To determine the ana logous contribution to the total ma­

croscopic part icle flu x from the gyro motion we i ntroduce 

Q=n/8 , the particle density H;oIQdls in aB spac e , G; u" Q, and 

use the r e l ations ts "N/G , , dls/Q;J/mG, and B:F_(m/2M ) (G/ Q) 2 . 

The corresponding av erage contribution to the particle flux 

then becomes 

"Yw=( -~o .!-,. t a L) ( !:!FH - LTG) -8 i<1 q 2q- (21 

Consequentl y , div N!:!W=D in <>f! space , as expected since the 
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gyro motion shoul d not produce any c hanges in parti cle den. 

sity in this a pproxilllll.tion . 

Finally, the average mac roscopic fl uid vel ocity Yy o f 

o ne species and t he corresponding centre o f mass ve locity ~ 

<co 

frol!l eqs. 0) · (3) wa obta in 

( ", 
which implies that dens i t y changes are only produced by ~h~ 
convect ive motion due t o the average guid ing centre dri ft s . 

3. Plasma Eguil ibria.To establish a stationary equil i brium 

i n the presen t a pproximation it i s sufficient to realiz e a 

situation where cha rge separation is avoided by t he average 

guiding centre drifts in 08 space , without imposing any 

re striction on ~ . Th is is the case when S=~(N) and f=F(tJ) 

and the ion and electron drifts are par al lel or antlparalle1 

(5) and directed along the sur f ace s N ~const. In a closed 

IIIdgnetic bottle where F forms clos ed nested lines in aB s pace 

there will then be no particle leakage from the con f i neme n t 

region in a stable state. 

If , in addition, we requir e Gi=Gi(Nl a nd Ge "Ge(N) t here 

should exist "~~!~!s:!:_~!~:!:!£. !g~i-g~!:~~" wh ere t he fluid 
velocity ~ can be ~ade t o vanish. An electric potential is 

then set up which compensates the average contributions fro m 

the magnetic gradient drift a nd the gyro motion and i s 

de t ermin ed by 

Local fluid motions:!. are allowed to exist i n this ease . . 

The present r esults ind icate that plasma equilibrium 

should become pos8ible in internal ring (or ring-current ) con­

figurations with magnetically 8creened supports, provided that 

there are no excessive losses in the small weak fie ld regions 

c l ose to the suppo rts where t his analysis is inapplicable . 
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Toroida l magnet ic 

field Bo has zero 

fields B = ~E""Bv where 
v:..o 

rotationa l transfo rm are 

the unperturbed 

c onsidered. On 

rather weak assumpt i o ns it 1s shown that single-valued formal 

s olutions Fo. L E"'F of the e quation B'vF~o exist, and that 
v:?c. y 

the a sy mpt otic magne ti c surf a ces F- const are uniq ue to !lIl 

o rders. Rec ursion formulae are derived which allow any order 

o f F t o be calcula t ed f r o m its lower orders, and explicit 

expressions are given for Fo' These depend on the order of the 

rotational transform ,whIch can eIther be the same as, or 

highe r the.n, the order of the perturbing field. In the former 

case, 1.e. ire ~ eo ....... I., , Fo(X) is simply the flux of the 

lowest order pert urbing rield through the closed line of 

force of the unperturbed fleld passing through the p01nt X. 

The latter case occurs if, and only if, this flux 1s a 

constant. 

For the special cases o f stellarator~like vacuum fields , i . e. 

for vacuum f ields haYing clrcular 11nes of force in the l i mit 

t-t 0, i t i s shown that the asymptotic magneti c surfaces can 

be toroidally closed without encircling any current c.arrylng 

wires only if I., is of higher order than the perturbing field. 

This necessary condition is f u lf111ed by claSSical st e llarators 

with alternating helical WindingS , but it 1s Violated by 

any torsatron configurations . 

As another app11ca tion thew.est order of an adiabatic in~ 

variant is constructed for the longitudinal guiding centre mo-

tion. Thi s invariant applies it L. is compal"1'lble with the usual 

expansion parameter of the adiabatic orbit theory. It reduces 

to the usual longitudinal invariant if L is much smal l er. If 

L. ........ If ~ B", then it agrees with an adiabatic invariant pre~ 

viously constructed by Hastie et a1. on the assumption that 

exact magnet1c surfaces exist , taking an entirely different 

form in general. 

"Submitted to "Plasma Physics~. 
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~ 

Some physical aspects and a pplications a re discussed of 

an expression giving the probability distribution for spechl 

collective resonant elec trostatic fluctuat ions. The latter 

should include the m8r9inal reactive instabilities aSSOCi(lted 

..,ith bodily energy transportation from the polllrlzed pla sma 

into the col lective field . 

Let 1:(III , k) be the effective dielectric coeffiCient fix-

1n9 the plasma e l ectrostatic osc.111ations and Id • k'. - }. - · >0 
• m m 

a real solution of the equation r(kI ,k ) _0 (where Re C(lIIm,kl= 

tr{lIIm,k) - 1 + (k,l,) - z) representinq a marqinal point of the dis­

persion relation. Consider, in a reference sys tem moving with 

the V~loCity IIIm/km ' a collective charge density tluet~ation 

60' .. VI r
f 

60', expikX occ~rring inaide the volume VI . As shown 

elsewhere' the probability density for 60
k

is then given by 

~~ 160kl1 1 160k l " } 
P-Pe exp - 4"11"1".J 160k l' + .. r --- --- ! - - - i 16~ I' . 

k>O k >O k1,l,J 2 .. Nt k>O k 1 Ibo 
(1) 

In the cases described by the Har.ris dispersion relation one 

has (for k . ;'0) 

r q'nI CjF.(~) 
,(species n n .) 

""( -h kk.id llH/dyj III k ' (2) 

.' m 

where y '" (Iol-Iolm)/k and a distribution function ot the form 

tlV) _ ng~lv ... )F" Cv,,) is assumed, the quantities g~ and C~ being 

defined as in Ret . 2 . 

It can be s hown that the probability density (1) has an 

abSOlute maximum corresponding to all 16O'kl - 0 with the excep~ 

tion of the 160kl associated wi th the minLMum unstable k. For 

simplicity , we shall consider only this case, where Eq . ( 1) 

takes the form 
,l,'16O' I J 160 I Z 

p " Pe exp-~ [l+(H)-' - 2l1T~k2 ] (3) 

To obtain Eq. (1) the state of the plasma is supposed to 

be specified by the coarse-qrained val~es of the eharqe densi­

ty (related both to the collective and the individual- particle 

fluctuations) in each volume 6V in which the plasma volume V 

is subdivided by a coarse graining inherent to the measuring 

process. In Eq. (1) N _ V/6V, while the fo~rth-order term in 

60It ' proportional to N- l , represe nts an interaction between 

the collective and the individual fluctuations; it is impor­

tant for k" <_,l, -1, which defines the unstable reqion. As shown 

in Ref. 1 the mean square deviations 60' (6E') of the random 

fluctuations of orE) as measured in each 6V are connected with 

"I" according to T/2 _V,l,'6o z/8 11 N <O(lt/21 "6E'6V/S .. ). The ·fluc­

tuation tgmpcu:ature"' T must. h", i ndependent of the collective 

fluctuations ( -lsothermic~ system). This involves 

,l,lu-t/3kilm « 1 (condition (a»), since then ,l,-' h indepen­

dent , at first orde r, of variations of the considered component 

lt i away from the equilibrium point (which is the marginal point 

in the considered reference frame). Mo reover, while one can 

take v -VI at equilibrium, in the stable region (k 1 >-,l,-', the 

condition V »V1 must hold, outside equilibr ium, for the vol­

ume VI of the subsystem where "isothermic· fluctuations are 

conSidered (therIDodyn(l/!lic limit). 

Equation (3) involves stringent bounds for ;5;1 in view of 

the restrictions N « nV and k = km in the unstable region, as 

shown in Ref. 1 . We next discuss some physical aspects and pos­

sible application s of Eq . (3). 

The quantity 1 + (k,l,)-2 -1 6o~I/2111Nk' constitutes an ef­

fective non- linear dielectric constant cn 1 ' taking into account, 

in the last terM, the reaction of the polariZed plasma to t he 
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collective ins tabil ity. Indeed , the part of the polarization 

energy due to the individual fluctuations equals "' ~ t N( C r-l)/2. 

When the instability develops in V, the e ne rgy o f the collec­

tive field H: associated with the lXIde introduced a bove be­

comes W -,sEIV/SlI -1,s0kl/4.kl. As s ur.ting that this energy is a b­

sorbed from ., the polarization energy reduces to "'n1~'" -W, 

. while Cnl follows frOll! tho relation "n1 : "I" N( cn 1-1l / 2 -

tN (e r -l-,s0k.!2.tk'N) /2. 
If the system is neither disper s ive at the considered 

margin41 paint, where (condition (b)) (d cr/dwl m EO , nor in 

the adjacent unstable region, the relation U =c nt 6E'V/Sn : -

cnll60klA'/4l1 can be used fur cdl<.:uldllng the time-averllged 

total collective enerqy of the plasma. Moreover, it is assumed 

that Cr(w), and therefore U, incr eases (condition (c» for 

those 6 ... - i.,. (y >0) .... hich are assOciated with perturbations 

from the marginal poInt to the unstable r e gion (k l <_),-1 ). 

These are j ust the physically relevant perturbations which are 

more probable than those moving the system towards the stable 

reqion described by Eq . (3). S ince (j is to be minimized with 

respect to the relevant variations , it constitutes a - good" 

thermodynamical potential under the conditions (b) and (c). 

In fact, the discussion of the dispersion re l ation assuming 

(b) and (c) shows that instability occurs when )::2 <- ,l,-' which 

is just the unstable r e gion predicted by Eq. (J ) , which can be 

written p " Pe exp-u/I ·t! . It is als o verified that the most 

prob4ble 60 ):: minimhes U{ 6ok ). 

The above considerations can be applied e.q. to the 

loss - cone instability of Guest and OOry! wh lch a dmits a bra nch 

pOint (related to a marginal value of "pe) , where (a)'-> /3k,.\n-0 
(condition Ill)), whi le (b) and (c) are satisfied when 

£' r (."lIIpe ' ~ £r(III''''pe,k~{''''llIpe) (k~ - kN{IlI,wpe ) is the marginal 

relation for fixed k ... : see Fiqs . 2 and 3 of Ref. 2). 

A furthe r ex;tmple COncerns the flut e instabili ty (k.-O, 

see Ret. 4 for the notations ) in a Maxwellian plasma (so t hat 

ITI - k(T
i 

+T
e

)/2) · The cond ition (a) here implie s Idn/ndxl « 

2(1i lg i -gem/HI Ceq~ilibrlwn near the m4rqinal point dn/dx-O) 

and, moreover, 4l1nHc ~ /8 2 « 1. 

The author 1s indebted to Professor H. Bremmer for his 

connents. 

This work was perfo rmed under the EURATOM-FOH 4s$ocill ­

tion agre ement with financia l support from ZWO and Euratom. 
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Abs tract: The concept of a therr.lodynemie local potential is 

~to the BeneI'd problen of hydrornagnetics . In this way a 

new (unctional is derived which nay be viewed as a genera!i;:;ed 

entropy production due to various dissipative and convective 
processes . B3sed on this !'esult 3 stability analysis includ ing 

arbitra)'y r.onlin!!!ll'ities is given. 

1 . Introduction. The stabili t y of a hydror:lagnetic systel':\ in a 

stationary equilibriUm depends essen tially on non linear effects 
due t o the int e l'action between t.he dynamic variables which de-' 

terr.linc the evolution of the syste~. or due to the dependence 

of the pheno~enological transport coefficients at the instanta­

neous state of the SY8tem. In this paper a general evolution 

criterion and a thermodynanic local potential is r;iven. Based on 

that a thermodynamic stability theory is derived valid for a mag­

netofluid of infinite electrical conducti\·ity where the viscosity 

and the thernal conductivity vary with ter.operature T. The elec­

trical conductivity i:5 as:5urned to be infinite. Prigogine 1 , 2 in­

troduced the conce pt of local potential into the phenomenological 

equations of an electrically nonconducting continuum without 

electromagnetic field being in nonequilibr ium. 

2 . Local potential. The flow configuration of t he Benard problem 

corresponds to a horizontal layer of plasma wi t h volume V, in 

which a temperature gradient is maintained by h e ating it from be­

low in a constant gravitational f i eld g and in a variable magne ­

tic field B • (6
1

, B
2

, 6
3

) . It is assumed that t he 60ussinesq 

approximation is valid . I'le sLart from the ideal t-IHD basic equa ­

tion; includinC; effects due to the viscosity ~ a nd the heat con ­

ductivity ~ , and construct a negative semide finite function. 

• = _ I~(ff)2 ~ ~(*)2 ~ (~)21 (1) 

(where v, .p and Cv are flow velocity , density and specific heatj 

the index 0 corresponds to the plane x
J 

= 0) . Let U5 denote the 

physical quantities of the equilibrium state of the plasma con­

figuration whose stability will be investigated by ba r red quanti ­

ties q and let us wl'ite the nonlinear disturbances withou t bar: 

q(x,t) ~ q(x , t) • q{x,t). If one integrates (1) over the whole 

volume V bounded by the surface I , then , using the ~HD basic 

equations, one obtains the following relation3 

f tdV = h[I ~dV . f ~dI] ! h 
V V , 

(2) 

where the !..agrangians l'v and l[ 
face) : 

are given by (n normal to the l'Iur-

o , • 
o v (O;>T . O;>T) 

2T' 
0 . 

J 

l' -il2) ~(v.o;> ) 

~ [ Vi (n o;>v i )· 

i=l 

, 

, 
L (o;> vi · o;>v i ) 

i = 1 

[8 i [0;>·(B vi)J 
i =l 

Cl) 

(4) 

After ca~rying out the integration over the ~pace coordinates in 

(2), the resulting quantity , et) is a function of t only . The 

form . given by (I) contains derivatives with respect to time 

and il'l smaller than zero or vanishes for the stationary state . 

Consequently there rollows for the til:le - derivatives of , : 

a , ~~) ~ 0; the equality sign holds for the ste a dy equilibr ium 

state . Therefore' can only deCI'ease with time and takel'l ita mi­

nimum value at the steady stste . This quan t ity ' is called the 

local potentia1 1 ,3. It il'l imp0rta:lt to note that t he integrand of 

, depends on t~e equilibrium quantit.1.es q and on the nonlinear 

perturbationR q, the for~er being supposed to be known. Taking 
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now r(q , Q) as a functional of the unknown functions q , one ob ­

tains the extremal principle 

, (q , q) = extremum, 

the variational derivatives of which produce the unsteady MHO ba­

sic equations in the form of the Euler-Lagrange differential 

equations with the subsidiary conditions q = q. In this way we 

have derived a new general variational principle applicab l e t o 

time - dependent processes, the solution of which may be considered 

as a consistent scherr.e of successive approximations and is useful 

for stability investigations. 

3. Stability analysis. ':'he integrals in (2) , representing a volu­

metric contribution and " surface contribution, may be viewed as 

a gene~alized entropy Droduction in the volume V per unit time . 

They contain an oxpression of entropy production due to dissipa­

tive processes and an expression due to convective processes . 

This fact is the reason for the fact that a thermodynamic theory 

o f r.lagnetohydrodynamic stability is feasible. This concept is 

much nore il!lportant for the case that the dissipation mechanisms 

are arbitrary func tions of temperature . Analogies and relations 

between the free energy and the local potential ror dissipative 

e ffect s of thermal and mechanical origin without IJIagnetic field 

and without ohmic dissipation are given by OlansdorffJ . 

We now assume that the plasr.la configuration whose atability we 

are investigating has been perturbed according to q : q°..r(x)n(lOt) 

( a nalogously for the q), where qO is the value of q in the sta­

tionar y state , the f(x) is the spatial perturbation of this state , 

and the parameter .. occurring in the function n is a measure of 

the stability of the sys t em . If we specify n{ .. t) = exp(-",t), then 

a pl;!aitive "' would i ndicate a stable l'Iystem. If the perturbed 

system is in none quilibriurn , then the function is not identi cally 

zero . Therefore the f unctional of the total energy diulipated du­

ring the ti me interval t is o"btained by integration'f( t) with res­

pect to t. For small time intervals we may expand the resultir;g 

functional in a Taylor series , and after introdu cing the assump­

tion made above we get a condition for the parameter III where onl y 

;Cnown functions enter. In or"der to obtain information about stabi­

lity, it is sufficient to determine the sign of Ill. 
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GENERAL THEORY 

LINEAR WAVES IN INCOMPRESSIBLE BEAM-PLASMA SYSTEMS 

by 

FJ:ank Verhees t 

SEMINARIE VOOR ANALYTISCHE MECHANICA, RIJI<5UNIVERSITEIT GENT 

Jozef Plateaustraat 22, B-9000 Gent, Belgium 

Abstract, The dispersion taw for tineal" WatJee in incompressibLe 

beam - plasma eyetems is derived . Several special Cases ape 

diecUBBed. 

If a magnetofluiddynamical treatment is given of wgves in a 

plasma (in the broadest sense), an addit ional assumption is 

required about the pressure tensor in order to close the set of 

magnetofluiddynamical equations1 , Very o fte n the pressure is 

assumed isotropic and hence the pressure tensor becomes a 

multiple of the unit tensor. This almost invariably goes together 

with the supplementary assumption that the plasma pressure varies 

barotropically, which includes both isothermal and adia batic 

behavior
2

• There is , however , no valid physical reason why the 

hypotheses of a scalar pressure and a barotropic behavior of t he 

fl uid should be coupled . We therefore propos e to investigate 

here how the dispersion law for linear waves is changed for non-

barotropic plasmas. We will do this for simplicity for a 

specific class, namely the inoompreeeibte plaemas. We start from 

the set of magnetofluiddynamical equations for incompressible 

plasmas and have per kind of particles
3

: 

o. 

aB " . aD .. j " . 

o. 

9' D = o. (ll 

The subscript s indicating the species componing the plasma will 

be omitted whenever possible . Before linearizing these equations 

about a uniform equilibrium, we remark that such an equilibrium 

must satisfy the conditions 

f. J. o. 

o. (2) 

This indicates that, even if the plasma is composed of more than 

One kind of particles, all steady-state velocities have the same 

component Eo"60/BI perpendicular to the sta1:ic magnetic field. 

By a suitable choic e of the reference frame (already taken with 

the z-axis along 6 0 l we can transform away all yS as well 
Ox,y 

as Eo. We now apply the linearization procedure with a Fourier 

transform of all first - order perturbed quantities and get : 

o. 

k"e wb, 

1 • 
- kp ,. 

(3) 

Here '*' = w-kzYo is the Doppler-shifted frequency (per species). 

It ~s worth mentioning that since k'; = 0, we always have that 

k, e, b form a positive orthogonal triad. We now ~olve the set 

(3) for v and p and find: 
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g.1 k'<l>ex ' Hlk~ey 
m" 

p ") 

From the substitution o f the values for ~ into the wave equation , 

the dispersion law follolO5 as 

IT'k,*, 
r ' , I s~ = 0 . , ., (6 ) 

While discussing this dispersion lalO, we have to keep in mind 

that t .; = 0, Which means that we are dealing with transverse 

electromagnetic waves, modified by the presence of the 

j ncompressible beam-plasma system immersed in a static magnetic 

~ield. We have to distinguish the following different cases : 

- i- Propagation along the e:ct"I""a~ magnetic field: From (4) and 

(6) it is clear that the dispersion law evolves into 

This result is essentially the same as obtained from a cold 

plasma treatment4 , especially since here p = 0, indicating that 

these parallel electromagnetic waves do not a.ffec t the static 

pressure. 

-ii- Propagation acrOe8 the e",ternal magnetic field: (6) becomes 

(B) 

Here even the effect of the static magnetic field and of the 

possible beam velocities is no longer felt. 

- iii- Arbitrary propagation; The general dispersion law is now 

(9) 

This varies appreciably from analyses g iven for a plasma with a 

scalar barotropic or even anisotropic pressure variationS. 

Because of the incompressibility the longitudinal plasma waves 

(essentially of. compressional nature> are absent, a nd hence no 

coupling phenomena can occur between the transverse electro-

magnetic and the longitudinal plasma waves . 

T.J.M . BOlld , J.J . Sander8on , Plasma dynamics (Lo'ldo'l 1969: 

tle leon) , p . 4S. 

2 P.C. Clemmow " J.P. DOllgherty . Electrodynamics of particles 

and plasmas {Reading Maos. 1969: AddieO'l -WeeleyJ. p. 175 . 

3 1 . 1' . Shkarofeky, T.W. Johneton "M .P. Bachyneki , The particle 

kinetics of plasmas (Reading 1966 : Addieon-WeeleyJ . p. 426. 

K.N . Stepano/) & A . B . Kiteenko. Zh . tekh . Fiz. 31 . 167 (1961). 
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