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P R E F ACE 

This vo~ume contains the Contributed Papers of the Eighth 

European Conference on Contro~~ed Fusion and P~asma Physics, 

to be he~d in Prague, Czechos~ovakia, ~9-2J September, ~977. 

Previous conferences in this series were he~d in Munich 

(~965), Stockho~m (~967), Utrecht (~969), Rome (~970), 

Grenob~e (~972), Moscow (~97J) and Lausanne (~975) . 

The Conference is organized by the Institute of P~asma 

Physics, Czechos~ovak Academy of Sciences, the Czechos~ovak 

Scientific and Technica~ Society and the Czech Technica~ 

University, under the auspices of the P~asma Physics 

Division of the European Physica~ Society (EPS). 

The papers contained in this book have been se~ected for 

presentation by the Paper Se~ection and Programme Committee. 

The responsibi~ity for the contents is exclusive~y that of 

the authors. Some minor editoria~ work was carried out where 

the presentation was rea~~y not adequate for the repro­

duction by photographic processes. 

Invited and Supp~ementary Papers wi~~ be pub~ished after 

the Conference, in Vo~. II of the Proceedings. 

The Organizing Committee 
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TOKAMAKS 1 

CONFINEMeNT OF BIGH ENERGY ELECTRONS IN T.r.fl. 

T. F .Il. Group ( Pr •• " oted by K. Chatalier) 

ASSOCJATION EUR.4TO.\I-CEA SUR LA FUSlO~' 

m".,'_nl de P~y.iq" ... d" PI",,,,,, er th I .. Fit .. "" CIM/,Mk 
Un"" .rE/uar. """"JiGi.." 

80111! POJlak 0" 6. 92260 FONT£NAY-A.UX-/WSES (Ftufll'C£) 

Eapuialenn done "n the n'R device have .hOWl] tha t the behaviour 

of runallay d ater"", dap"nd a on the gron propertiu of the ditharge Li. f/. 
Oependina on the den.ity reg i .. e , the pi ...... Can be 

I) dehet highly \lnn. ble and runaway. rapidly lOlt in the anti-lOll conll 

o f the roroid&l field <De S lOll cm-', type A and g di lchargu) ; 

2) or lIild l ), unacable ( lOll eat- I S ne:: 2 lOll ClII- 1 typa C di.chargu) 

3) or ... . kly unnabl . ("II".;e 2 lO l l em-3 . type D diaeb.&rg .. . ). W. itnv.,tlSI"e 

hen the biah d a"lity type 0 discharge-wIIen high ellergy electron, (in the 

10 H.V rena.) c. n b • • t.bl)' confined. 

The uin experim.ntal futur .. chare"teri~ins the dia"har,e . n the 

followioa 

(l) the hard X r .y nUl[ du. to ruM"'" d.urona hitdoa the 1i1eiter le .. eek 

tbr~t . the dhcharga .1Id i. concentr . ted . t the end .. hen the current 

drop •. 

(iO the .pectruGI .. itted b), the 1'1 ....... around the electron ,,)'<:lotron fre­

que lE)' {ndicetel that tha aroll di . t ribution f unction of electronl il "x-
.. e u ten. In addition. pelk et tha centr.1 electron ple ... frlqulDC)' il ob-

• erved earl), in tha diaeharge a nd decay •• v'), with a tilee eon.Unt ;; 100 .a , 

the inngntad povar in the pn k beioa "orrel.ted with the runaw.), creaHon 

r.ta dleu.lated from the .elured n. aDd Te a7. 
(Hi) url)' m.elurementl .hawed that the l"iQli ter i. the ..... in neutron lour", iji. 
Neutron apeetre vere reeo·rded near the limiter by using' proton recoil pro­

portional countar {f/. Th . .. meaaurement. indic. ted that a pbotonucl ur pro-

c ... r el.ted t o the hard X-reya , hower in the IIIOlybdenum limiter . itaalf 

"reated by the imp.ct of runaway electrona. is responsible for the neutron 

production . Aa a fact tha lhape of the ap.ctrum ,boWD o n figun I i . typical 

of photonuchar r .. cHona induced by a brems , trahluoa ·dil t ribution of photon. 

in • thiek target. The IIIIIJCimum energy of the spectrum ~ 3 HeV indicatu that 

elsc tron l with . n enulY ~ 10 KeV .re pru.nt into the di l "harge ( . ince the 

mini_ thrlehold of photoneutron r.actions i. clOI. to 7 KeV in ... l )' bd . nUIII) . 

In o rder to .ake lUre .bout the 

proce .. a nd &1 . 0 to a. in 1IIOre illfo .... iioo • 

on runav.y d)"tla8ic • • t\ID further experi-

.... nt. h. ve been carried Ollt LV. • 

T. U", a dunt 'aa of the replacement 

of tb .... tybcle ..... limiter b)' I cubon lilei-

t e r and of the . ub u quent r edu"tion of the • 

ha rd X r ' ),1 and ~hotoneutron ' flllxes, we 

, "cc ... ively inser t ed tarse t . of differen t 

marerial l .t- th •• dge of the plallll3. Thue 

targ. t . vera located in the outer r egion of 

the equ.torial plan. vher e runaw.y. are ex-

pected to b. lolt. Three tuge tl have been 

u u d carbon (~. 6. A· 12). lIIolybdenUIII 

( Z · 42 . A :: 96) • • nd tungsten !!&!..!. 

" 

" 

- -
( Z . 74. A :: 184). We checked th.t the Nz/A 12~lstion &hip between th .. tlrget 

cOIIIpolition and the reaction tlte which i a ""pect~d f or photonudear pro-

"e ..... l~7 hold. in TFll .. c.n be leen On figure 2. It mu l t be DOted thlt in 

the c .. e of c.rbon. 10 KotV 

electron. o r photon. hava a pe ne­

trl tion d.pth which h larger than 

tha actual tarset thicknen . ' 0 
t ha t photon.utrona were prow.bl y 

produced in the . reinh ... teel 

. upport . Figllte 3 . bo ... the thrr 

.hold a f o r photoneutron produc­

tion in the different t.raet. 

( lta inle ... t ea l .... l)'bd . ...... 

a nd tllng . ten .. a function of 

the neutron flux .tlrti", time . 

One " .n l ee th.t the he . vier 

the target. the eadier the Itart 

0 0 N..,-mooliMlion 

,," po,nt 
~- ," . .,. ..... 
S:.: / 0 o l.,Mu 

oS.! • " . :::.-: :: 
:! :,/ - .. ~d.pe ...... ,.U 

'; / 1'/ 
: ' ,/ '0 IN .. \ 0 .. .. .. Al ornk N ..... b .. 

•• 
Fi&.2 v"zoifiooti= of t htl NZ/A d"ptmdanoB 

of t htl neutron fl.ra . 

lip of the neutron a i gna\. On the .IllIIe figur e i a plotted. the a t raight line 

co rr,u ponding to thll f r OlIl . ccd eration of electro,na uDder the expOl ria,e otal 

l oop vo l tlge - 2.76 vol ~ l!turn (firee f a ll slope ). The free f a ll la .. corr.,.­

pond a to . 0. illCuue of 13. 5 HIIVI lOOms while the s"tual incteu .. iI only 

8.4 HeY! 100111 • . Tbia reBult is s imilar to Ormak 11.7 and PLT r u ult . l§7, 

it ..... to indicate that the conti_at 

of high enerlY electron la anoulou •. 

Figu .... 3 . how. that within th .. 

400 m. of tbe dia"h. r ge nml .. a)' electron. 

could r each an energy 11 high .. 35 HeV. 

(Thll pl u..,. current, 300 ItA, al lowa the 

confinelllent of su"h ele"tron.). 

. ... , , .... , 
................ "---(.'ifot.-
10 ,~,. /:."1 
::::::::1-J" : 

A, a mat·ter of .tl" t an 

andy.ia of the radioiBotopea crMl.ed in the 

molybdllnUIIIlimiter 8eelllll to i nd i "at e the pr.­

.ence of lIle"trona .. i~n energy .. high .. 

I Vw: :. 
.' :: 

50: i 100 ti ......... 1 

"" 20 MaV. n.e a"tivi t y. VII "hie fly COncen- !.!.a.!l 
ttlted jUlt .. here tbe aurface of tha limit . r 1IIeltad that h in th.t part which 

intenacts the eqllatori.l plane in tha OIIt.r region of tha ptamOl. The activi­

ty wa a 3 mrem/h'a few da)'s . f t e r relllClv. l from tbe .. chine. A'( Ipec trum ncor­

d-.:l .with • Ge (Li) diode ahowed 27 p .. 1ta belona!'" to 9 ndionucl . idu. 

39y88 • 40zr8&. 41 Nb91i1 , 9211., 95. 95. . 96 . 42Ko99 . 4'3Tc99B. 

Tba different IIlIclear reacrio~ and deu)' .chem .. 1 .. d1na from tbOl lu.ita:r 

ouclei to the observed r.diollllcleide .are . hown on figuu 4. Molt of tha obaer­

ved radionucleidu c.nnot ba obt.ined but thfOllgh pho t.D nucl Ola r proce ..... (y ,n) , 

Cy, p)and (y . 0.). It .... t be .lao noticed that tha prele""a of 'INb92a ae-. 

to indic.te that ele"troD..l of . naru larg. r than tha corrupondina (Y . pn) 

thru ho l d ( 17.3 KeV) ar e pn .. nt • 

We cOlElude that in the high deQ.lity di,c"'rg" i n TYR . the neutron 

production ari aioa in the limiter h due to ph~tonuc l .. r r uctioDB induced by 

the hard X ny s hower caueed by th u.p.ct of high energy runa .. a)' electron l . 

AI • c.onaequence inddent ele<:tronl IIIJlt hav. ene rgi", at lellt in tbe 10 HeV 

rallge. There is .n indi"arion th. t .ome electronl reach a n enllrgy a . high .. 

17.3 KeV. Finally, tbe r . te .t whi"h electron. lain energy la IigniU"ant1y 

lower than the free fa ll rllte. 
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2 TOKAMAKS 

DENSITY FLUCTUATIONS IN THE T .F .R. TOKAMAK PLASMA 

T . F. R. Group ( presented by F. KOeehlln ) 

ASSOCIATION £URATO.If-CEA SUR LA fUSION 

D'pa'~1Mn' tie Phy.iq~ . du Plo,,,,,, .r d. In F~.ion Con"O/'" 
Con .. e d'r.'Ud~. Nudmi_ 

Bollo 1'''''01. n· 6. 92260 FONTENAY-AUX- ROSES (FRANO;) 

ABSTRACT: Low frequency (W4"Wci) density flucluatio,u hove been mealured 

in the T .F .R. tokomok plcltmo by microwave Icott.ring technique • . The frequen:­

er and WGve veelor spectra CHI! compoled with IhOle prlldlcted by the theory for 

drift wave,. An elllmatlO<l of. lh e turbulence-induced electron heal trander I. 

ginn., ullng the meCllured flu c:tuotl On le vel and the model of dlllipatiVIII trapped 

electrOn drlfl model. 

An anomaloul ele<:lron heal transfer, tronlvene to the mognet],; c:onfine­

ment field,IJ Ind leoted by enerlilY bolone lt eonlidltrot!"'n In tokomok devlelt. 

(Kit h:perimentClI e'50 -100 Ke neoc lonkol ) / 1 ,2,3/. Turbul en t dlffu.lon Jehlt ­

mill bOlltd on ItlltetrOstotle drift modlt., ItnergiXed by c:irc:uloti"g Or by troppltd 

Itleelr"'n hovlt bltltn propO$ltd /4,5_, / • In ordltr to Invltstigote thltllt mod", 

It lectron denl!ty flueluot!onl In thlt T .F.R. tokomok p l~lmg hove been meolured 

with 0 2mm mlerowove leotterlng 'yltem (fig .1) /6/. Their oXlmutho l and radial 

WOVIt veetOr Ipeetra eon be meo,ured from 5 to 15cm -I 

with 0 Zero toroidol eomponent ofk. Coleulotlonl of 

the mlerowove beom propogotlon In Cl refroetive plos­

mo hove been performed, liIiving the effeetlve leolle-

ring onglel and Ico tterlng volume for any plosmo den-
2 2 

,lty (0.15<CO
p 

/W <0.40 ot the plolmo center). A 

heterodyne recelver,frequency loeked 10 the em itte., 

allows meOlUrement of the fluctuotion. frequeney spec­

tra (20 kHz to 300 MHz). In the mic.owove leollering 

teehnlque, the Icottered power i. proportional to the 

Feurier tronsform S (t, w) of the 'pace and time outo-

correlation funetlon of the flu ctuating density 

Pscoll FII('n'? . 
- . n ,I.e. 

L-___ --' 

Fig. I-Apporatu, for 

mlc:rowove scotterlng 

.... I 
I 
I , 

, r. 
_a : - u_ 

• 
F111.2- Freq ueney spectrum of Ihe 

den.lty fluetuotionl (k." 1.5. c:m -1, 

k. ~ 10 c:m -1,k ~3 em-I, ....... 15 cm; , 
Fa " laurce frequency). 

Figure 2 .how. Ih lt frequeney spec:tr ... m 

af the pOWltr scattered by the density 

fluc:Iualions, i.n the region r/o ..... 0.7, 

d ... ring the q ... asi-slotlonnory stollt of 0 

300 kA, 50 kG, T .F.R. di .ehorge. The 

.pec:lrum i. Independent of the laroldol 

magnetic: field; its width and Iltvel in­

c:rlto.1t morginolly with the disc:horge 

e ..... ent ( I .e. Ihe energy con lenl of the 

plasma) . Ih strong dissymmetry with res­

pe c:1 to the .ourc:e fnqultnc:y rltveols 

Ihot most of the dltMlty fluet ... ation. pro­

pogote In 0 well defined .enslt with 

respeet 10 Ihe wave vector ~ ~ k;. ; 
thi. hOI been verified to be th e Itlectron diomagnelic drift direction. On the 

contro.y, when it. ...... 1<';, the Ipec: trum is symmetrical, showing that no prefe­

rential rad ial direet ion of propagation exists. Flguul 3 ,hows the main data of 0 

200 kA, 40 kG deuterium plolmo and the T ~I 

rodlol variation of the amplitud e of the 

fluctuation. at c:onstant wove "ectar 

and frequenc:y. As the radial rel olution 

was .... o/3, thh indieate. that the am­

plitude is a maximum In the region 

./0:;"0.7. Figure 4 shows the azimu­

thal and radial wave vec:tor speetro 

measured in the plasma of fig.3 , 

wIth a re'solution lI.k ..... :Jc:m _1. The 

k. - spec:tra were meolured c:IOse to 

the vertic:al of the magnetic oxi., kee­

ping r/a 0.7, and the kr- spectra mea ­

s ... red in the equatorial plone, <:lose to 

the plasma c:e"ter. 

" J. 

·s 

• " 
Fig.3 - Density (n e)' elltc:trOn (Te) 

ond Ion (T i) lemperat ... re. profillts . 

Radial distribution of flucluot ions 01 

<D f c O.3 MHz CD f =0.6 MHz, 

S;liInal x 3 

At the c:enter of the frequeney Ipectrum (f "'300 kHZ), the maximum of the 

k. Ipeet'UIII occ:u" Clt k., .:::ao: 8 eln -1, kIWI .5 c:m -I ond r ..... 15c:m. Camparinlil the 

, • . - r tronlvefle wove vec:tor .of the fl ... et ... o-

• • 
Fl g .. 4- Tronlve"e WOve number spec:tra 

ef---.... n.lly fl ... ., I ... ali .... l . Q) k, Ip • .,hum. 

kr«.k. ,r .... 15c:m, f. '" 0.3 MHz • 

® ' f=0.6 MHz, lignal x 3 . (il kr 'plte­

trumk,«k" 0<r(5em, f"0.3Mhz. 

® f " .. 0 . 6 MHz, . ignal x 3. 

tion. k ... with the ion gyroradi"'l 
. 1/2/ . fi-(TIM) e8glvesk ... elM)·6 

(at f .. 600 kHz, kJ. (I""" 7 ). Suc:h a 

val ... e of k.a. C I It expeeted to g ive on 

appre<:loble grow th rote to drift wovel. 

Thh re .... lt, together w ith the freq ... en­

c:y range of the 1I ... c:t ... otion. 

(f4Wc:I/2lt '" 30 MHz), sUlilges" that 

these are indeed d rift wovel. We c:an 

0110 c:omporlt the meon ozimu thol pho,e 

veloc:ity of the dlttec:tltd wove. 

(2.4 x 105c:m/.) t o the phollt velac:iIY 

deduc:ed from the dispersion rltlotion 

(0.3xI05em/l)' tokinlil into ac:c:o ... nt 

finite Lormar radii and temperat ... , 1t grodiltnt eHItc:" (flg.3). Thi. lorlile dlfferenee 

c:on bit explained by an ExB plo.mo rotation due 10 a negallve e lec:irO$totie plo.­

mo patentiol, 01 was indeed meosurltd in thlt S. T . tokomok /7/ . Thlt req ... ired 

rototionnal veloc:ily (01 ./0 ...... 0.7) i, of the order of the ion dlomolln e lie vlt lac:ity 

(v
dl 

!lIt1.5 x 105.:m/ .) and wo ... ld .:onc:ellhe plolmo ongu lor moment ... m orOl,lnd 

ax i •. 

Ullng the value of Ihlt fl ... ct ... oling eleC:iro.tatic potenlio l if deduc:ed from 

the meo .... rements, the lurb ... lent heot tronsfltr eaefficien t c:on bit c:olc: ... lotltd, 

o ..... ming the diulpotive trapped e lec:lron drift wove model (D.T . E.M.) to bit 

valid. The .peetrol density 5 (t",w) is first ded ... c:ed from Ihe mic:rowave leolllt­

ring mea.urements ; then, the RMS f1"'ctuoting density is obtained by, 

<In' ( r ,,)I:$. =ne J dw dJ r- s ('t,UJ) integro led over the meos ... r eo;! ,peetro. 

This yiltld. /'ii'1""3-7 xl02 1 c:m-6 at r/o",0.7 - 0.81n Ihe 200 kA plasma 

(1-2 x 1022 01 300 kA ) , la thot 'it' / ne ...... 3-4 x 10-
3 
Ne !f/T e' The mamltnt ... m 

Itxehonge between the waves and the tropped eleetrons c:on be colc:uloted by 

Ilmple qua.l-llnear Iheo.y of thlt D.T .E . M., giving the radiol heal diffusion 
~ ~ 2 2 2 -I 1/2 

by Ihe.e parlid e. : Ke' " A (e!fIT e) (k9 ee) ve ')IeH (2 r/R) where 

A....;6. ThIs yield. typic:ol vol ... e. of k ~ 50 c:m
2
/s _ at r/o~O. 7 and 0 moxim ... m 

2 • ~ 
.... 500 cm /. 01 r/a",0.5, dult to the .trong temperat ... re dependenc:e of tl.. e . 

Th lt qulttlion of why Ihe.e heot c:onduc:tion coeffic:iltnts (mlta, ... red at the ve rtic:ol 

of the magnetie ox is ) ore l ower than those required for the elltelron powlt r bo­

lonelt, (3000 c:m2/s ot ' /0 .. 0 . 5 ond 4000 c:m
2
/. at r/o '" 0.7 ) /2/ ltill remoinl 

to bit on,wltrltd. A strong ballooning ofthlt D.T .E.M. in the weak field region 

c:a ... ld rltd ... c:e this dlfferenc:e; this wi ll be sludled in thlt f ... ture . 
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TOKAMAKS 

INFLUE'NCB OF A RESONANT HELICAL OCTOPOtE PIBLD ON THE POLSATOR 

TOXIoJolAX PLASMA 

F . Xarqer, W. Fenaber,). D. Mal,.l , H. Murmann,J. Gernhardt. 

O. klUber, K. Lackner 

Ab.tract.: A pla t.eau in the telllperature ~lle on the q ... ;1 8ue­

tace end 11 damping- of the ID .. 2 DOd. la ob.erved when a helical 

la .. 4, n" 2 Qcotopole field 1. applied. In add.1tion, a corre­

lation 18 found !Motween the thre,hold value. for the induced 

,Haruption and the ergodhat16n of """':Inetic field line •. 

Experimental .etup: In Puhator 

the he11c;:.1 winding8 which are re-

aon.ant to the q .. 2 .urface can 

genar.t.e an ID ... 2, n .. 1 helical 

quadrupole tide! /1/ or they can 

1n all helical winding. flow in 

an ID .. 4, n .. 2 actopele field. 

(Pig . 1) 

(IPPER SHEll 
IRON (OR[ 

SCATtERED 
.. _- - liGHT 

OC1((lOR 

• UNE. 
"0IUI1 
VESSEL 

F1g.1 Experimental .etup 

I.land, on the 9 .. :2 811rt8c81 Th. ID .. 4, n .. 2 field 1n con­

junct.ion with t.he phama current. fonu four i.land. on t.he q _2 

aurfaca, the oppoaite one. tJ.ing connect.ed in pair. (Pig.2e). 

The octopole field decreaae. t •• ter toward. the centre than t.he 

qu6drupole fi. ld. In addition, dnc. the r.turn conductora are 

not. h.Ucal they do not ~ntribut. to ialand formation aa th.y 

do in the qu.drllpol. c •••• Henc. , a lIIuch .tr onger current. la re­

quired ln the h.lical conductor. for Lh. caae III-t, n-2 (Pi9.2a) 

in ordar to achi.v. t.h. a4l1l. 1.1and wldt.h aa ln the ca.e 111-2, 

no.' (Pig. 2b). In t.ha ca.e 111_4, n-2 wlt.h t.ha .ama ial.nd width 

roughly On' half of the nUllLber of t.rip. around t.ha .... jor clrcWII­

f.r.nce are required to qet. frea the lnn.r to t.he outer .1d. of 

t.h' ial600 on on. fi.ld lin •• The enhanced tranaport alonq the •• 

f l . 1d lin ... hould th.refor. r •• ult in a pronounced. temperature 

plateau acro .. t he 1. 1and. 

Thi. prediction about the t'lIIp8rature profile in Pul • • tor 

w •• te.t.ad by maan. of ThOlllaon .catt..ring, tha taat. polnu belnq 

locat.ed. acro.a an i.land (Fig.1). The r .. ult ia ahewn in Fiq.3a. 

Tha atap in tha profile can c l early be diacerned. . Thia plateau 

ia locatad around the q-2 aurface aa can be aa.n from Fig . 3b 

which waa calculated. frolll Fig.3a "'\lIIIing jQ&T.3/2. Such a cur­

r.nt. protil. ahould have a .tabUiling ettect on the m-2, n-1 

tearing moda /2//3/. Strong dlUllPing ot the 111-2 MHD moda ia ln 

tact o baerved. .xperiB.ntally wh.n t.he III - t, n-2 fiald ia 

.witched on (Fig.U. Th. dlUllpin ... ia gen.rally at.ronqer than that 

oba.rved for t.h' m"2, n o. ' field / l //t/. 

Even without t.he heUcal ti.ld awitched on, it. ia poaa1ble t.o 

ob.erv. flatt.enil\9 at the tuperat.ure profU. at the q-2 . urfaca , 

thia app&J;ently belng due to the .t.rong m-a MHD mode ( •• a /5/. ). 

Ergodlzation at a.ld 11n •• , B.a1d •• the ialanda on the q_a 

aurf.c., ialand. ~f high.r mod. nWllbera are aleo tormed on the 

corr •• pondll\9 .urfaca. owing to t.h. toroidal curvatur. / 1 / . In 

t.h. ca •• of the ootopol. fi.ld 111_4, n_2, t.h. hlqher harmonic. 

are particularly w. ll r'preaent.ed , 1nc' t.h. field increaa.a 

at.ronqly towarda t.h. out.aid. /6/. If the current in t.h. heUcal 

wind1.nqa ia atrong enouqh, the qooa, q-2.5 and q-l ialanda may 

ov.rlap, l.e. the field Un.a are . rgodlled and tranaport. may 

be brouqht. about. alonq field linea from t.h' inn.r aid. at t.h. 

q-2 i a land to t.he limiter. Maqnet.ic limit.ing at t.he plaama ia 

thue poa.ible /6/ . Th. remaining pla8lll&, how.ver, . haa too low • 

q value .t. the boundary to be .t.able. 

Exp.rimentally, one doe& in fact. obeerve the 0raet of diarup­

tion at a cert.ain critical current. in the helical windinqa, thia 

threahold bainq about on. order of ""'1nitude hl'1h,r than in the 

quadrupole ca .. becllu .. of the bland width. For the octopole 

field on. can di.tinquiah t.wo CIl'." For the ca •• when the hali­

cal currenta flow ~rllll.l to th. pla.me currant t.h. crltical 

"' ..... ".nt th"e.hold ia high." than in the anti- pa".llel c .... . The 

.ame trend appeara In the calculations ot the ergodi:r.at.lon /6/ . 

In the parallal caaa the e rgodization appeara at hi'1her helical 

curr.nt than in the anti-parallel caae a ince the relativa po.i­

tionl at t.h. primary i.land. and the harmonica are diUerent in 

th. two ca ••• . Th. windin'1a avail.bl. in Puleator thua .a_ t.o 

allow indi"ect demonatration of plaDlll limitation by ."godl:r.atio •. 

With m-3, n'" or m-4, n'" winc!inqa, howevar, it. ou'1ht to be po.a-

ible to demon.trat.e directly atable I116qn.t.ic limitw'1 and diver-

t.1nq of the plaama 17/. 

Raterencea, 

/1/ P. kar'1u .t al., Pl.ama · Phy • . Cont.r.Nucl.pua.Raa., Proc. 

5th Int.Cont " , Tok.yo (1974), lAEA,Vi.nna(1975) 207 

12/ A.H. Gla .. er et al., Phya.R.v.IAt.t..ra 38 (1977) 234 

13/ X. Lackne" and F. Xarqer, thia confer enc. 

14' F. Xarqar .t al., Plasma Phya.Cont.r.Nucl.Pua.R ••• ,Proc:. 

6th Int.Conf.a'rcht..sgaden (1976)!, IAU, Vianna(1977 ) 267 

/5/ S.v.Ga.l.r, proc:.7t.h Europ .Conf., Lauaanna,(1975) ~ , 71 

/6/ W. Peneberg, thlll conference 

17/ F. Karqer, X. Lackner, R.aonant Helical Dlvartor, to be 

publiahad in Phya1ca Lettera A 

.- .' 
1 ... 1 " lli }1ooI ".!2!!. 

.- -. .- .-

• .- 0 .+ 

~, Production at ialands with co!llParable width on t.ha q - 2 

Burface by an al III - 4, no. 2 octopele'tield, b) 111- 2, n .. 1 quadrlt­

poD field (calculationa without toroldal curvaturel 

I!!r,------" 
ElHTII1lN 
TEKP£RATURE 

CURRENT DENSITY 

, . 
~ .... ::.:':~ --­.-~ .. ~ -- ,l, 

1""1 "" 

6 e '(}O 
t (tlnJ 

" 

LASER PULSE 

.!!i..:..!.' Dupinq of the .. _2 
mode by the 111-4,n-2 field 

at tlie t1llla at the l.aaer PJ.lN 

Fiq . ), al Temperatur. and. den.lt.y profil.a with externally 

.. pplied '" - 4, ., .. 2 tield lllaaaured at 110 IIUI 11\, _27 .a, ~- 60 kAl . 

bl Derived curr.nt and q protilea 

3 



4 TOKAMAKS 

TIll: UBI ~ 1I~uu. RlLICAL WllIDIIllS rOll 'ftIB ~C'1'ION er A 

8CIII.IJIl83 . UYIIA. lB ASDIIX AND A TOl<AHAlt wrrs I9.TllRIAL LDU'l'IIR. 

•• raneherq 

Max-PlanCk-In.titut fOr Pla-=aphyaik 

D-8046 Garching. ,ed.Rep.of Germany 

Ab.~ractl The paper pre.ant. a aolution of tha _gnetic dif­

feJ:'ential equation for inveat.igat.ing t.he coupling between an 

external reaonant helical field and the t.oJ:'oidal curvat.ure. 

Tba propertie. of a bOWldary l ayer craat.t by erqodizat.ion of 

the magnet.ic aurface. are di.cu •• ed. 

It i. known that. a purely helical peJ:'t.urbat.ion (Ill. n) axtar­

nally auperpoaed on an axi~etric tokamak aquilibriua pro-

c!uce. on all _gnetic a\uface. prilllBry i.landa who.a J:'otat.io­

nal tranafOrJII agr_ • ."ith the hal'1lOJ\ica (Ill :!: R, n, Y_l. 2, 

primary i.landa are thereby daatroya4 by .econdary re.onancea , 

.tarting frOll! the .epaJ:'atrix, and a lIIOJ:'e or leaa rarge part. of 

the volume ia er9odical1y fill.t ."ith fiel d line •• 'rhi •• ffect 

.".. inve.tigat..t in 11/ and /2/ a nd applied t.o the taaJ:'ing 

lII04e (Ill- 2. n_l), only the Ur.t. haraonic (Ill t I, n_l) ' being 

t.aken into account. 

producing a magnet.ic limiterl an axternal halical fie l d with 

high mode nw:rber Ill, n genuat.a a _gnetic fi.ldJ"BJ:' .... rlll-l 

conc.ntrat.ed on t.he boundary region, ."hile the int.eJ:'ior ia 

only pert.urbad by .mall i . land •• 

To cal culate t.he .ize of the primary ialand •• the _gnet.ic 

diff.rent.ial equat.ion (lvr- 0:1'- con.t. are the _gnetie .ur­

face.) .".. aolved by expanding in tarma of tha aapeet ratio. A 

helical perturbat.ion (m. n) wa. t.hueby .uparpo.ed on an un-

ptll:t.urbed IIIIlgnetic fhld with circular _gnatie aurface. whieh 

i. free of divergenee and who.a ahear can ba freely ehoaen. 

The r •• ult for the dbJlleter d of the ieland. in th. i ndividual 

ordeJ:'. of the a.peet ratio i. all follow •• 

(11. _ major radiu. , r _ di.t.llDce from toru. axi., 

B - _in magnetie field, IBr - radial component 

of the perturbing _gnetie field) 

4 =A A=~V~! ,By' ...... , n,' :B 
"f/2 .r...!l.·A(M~·'tI1 ,,'" ~~","=A (.~'. (~+2)' ! (_.2))/ 

; " 111 
£ ~ ((L)'" (~'N) • O(CM.l'lt-Z

)) 
.... !I,~ A R 7ifZN J 

In ABDEX ergodization ia due to overlapping of an infinite 

.uece.aion of i.land. between the excited basic l!IOde'-~ 

and the .eparatrix ,..- -0), while in the lintiter t:oklUllllk the 

INIIgn.tic lIurfac •• break up bacau.e the re.onant .urfaee. 10-

cat. d inside the l imiter overlap with tho •• loeated out.ide the 

limiteJ:'. 

Figure 1 .hows a ca.e in whieh tha topology of a perturbed 

ASDlIX aquilibriulII i. inveetigatad by _ne of the Gourdon pro­

gram. Here the thiekne •• of the eJ:'godized layer i. about 

A -5 cm. 

Like the aCJ:'apa-off layaJ:' of an axisymmetric divel'tor, the 

line den.ity of the pla._ in the boundary layer can be e.t i-

mated by _n. of the confin_ent tiall"t' -+ in the 1.yeJ:' to 

- T ' be n.o- ~. (L - mean len9th of the field linea to the 

liaiteJ:' of diveJ:'toJ:', "i - ion aOWld velocity • .ii - mean paJ:'­

ticle den.ity. a - pla_ radiu., 't'p - partiola confinement. 

time). 

The ioniAtion of neutral hydrogen in the boundary Iayuo la 

thereby negl~ted. Tbe .trutth of the axtuonal helical fi.ld 

ean b. cho.en such that the boundary layer ab.orbs the h_vy 

illlpuritias.A shielding effect occura if the illlpurity ion. frOIl! 

the e1:904ie lay~r that iIIIpinge on the wall .tick there /3/. 

A. the taape.ratul'e in the layer ia reduc.t by heat conduction 

along the field lina •• it can be a.aumed that •• condary .put­

tering ean be neglected . Tbe ill!pUrity denaity ia then nz-t 

and hUee i. _11. 

In Pulaator it wa. at~ptad to iDve.tigat. a _gutio lilli­

ur by lIIean. of an 111- 4, n- 2 configuration /4/. In l'i9.2 it 

ia . hewn that in the anti-parallel e •• e (direction of balical 

current eppo.ite to that of pla._ current) the _gnetiCl 1IIlr­

fac.s tor the same cu.rl'ent in the helix are much IIIOr •• trOllgly 

ergodized than in the parallel ea.e (Fig.3). It might be con­

c l uded from thil that the earlier on.at of dilruptive in­

atability experilllantally ob.erved in the anti-parallel ca.e 

11/ J .".rinn, ",,'l"l'-1137. 1975 

/2/ J .A. B.Reche.ter and H.Btix, Mftr,TT-116S. 1976 

/3/ H.Vernickel, B.Beherzllr . J .Bohdan.ki. R.Bahriaeh, Int. 

S~p.on Pl .. ___ all Interaction. JGlicb 1976. 

/4/ F.J(arguo at al • • thi. Conferane •• 

Fig,1 • 

Asdex • 
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TOKAMAKS s 
.IQDELS FOR THE INFLUENCE Of' RESONANT HELICAL WINDINGS ON 

TOKAMAI< DISCHARGES AND FOR THE CURRENT DECAY FOLLOWING THE 

DISRUPTIVE INSTABILITY 

K.Lackner,iUId F . l(srg&r, Max-PliU1ck-Institut fUr PlaBIIIsphya1k , 

0-8046 Garchinq. Federal Republic of Germany 

1. Stabil.1zatlal of d1srupUve instab1llty by rea:nant hel1cal. w1n:11ngs 

AwUcatial of extemal. resonant 1 .. 2 ~8 has teen alown exper1-

mBJItally to l ead for a oerta1n regimB of external w1rd1ng current. ~ to 

• q.Jcnch1ng of tho m .. .2 ooc:Ul.DtJ.cn. and .. retaEdati.c:n in the onawt. or tha 

d1.srupt1ve ~ty /11,/2/. we ~ that thU effect 18 due to the 

local ~ of rlId.l.a.l heat oc:ntuct1a'I due to the maqnet1c 1alards pr0-

duced by the reeonant helical w1rd1nga. 'Ihe 1ncrease:1 heat o:niuet1on leads 

to a flattening of the t:.errp!rat:w:e ani curn!rlt profile IUWnd the q .. 2 Mlr­

face with a atabWzJn:J effect c;n the m .. 2, n .. 1 IICIde /3/. 

OJantitative -.1nzItilJoe are oan-1m rut by firft. fitt1rq a hMot o::a'dlc­

t1a'I coeff1c1ent profile OCr) to the I!B!I!Illred. ~ tarpml.ture distri­

b.:It1a'IS. 'lh1a coefficient 18 then ~ ewer • uq1a!. ~ to the 

a1za of the maqnet1c 1al.ams by 

O(r) . • O(r) (1+cr.eICp - «(q(r)- 2)/ I'i )2) 

ard use! ID CC&TpJ.te a 1fOd.tf1ed teqJer ... ture pmflle. 'Ihe reatlt.1llg =rent dis­

tr1b.ltial, cXrta1ned by asa.ninq j_-r!/2 1. then tested for stablli.ty against 

the m .. 2/n .. , tearing rrcde , usinq the farnUJ..ar no:5el of Gl.a.seer et. al . /3/ . 

Typ1cal unperturbed tmperllture d1JItrilJ.ItJals in Pulsator can be c1eacr1bed 

by Ta" Tee (1 - (r/a)l,2 (a beini the limitel' rad.iwlJ ~ carreepcn1.1ng to a 

=ent d1str1b.lt1cn as shcwI in Fiq. 1 (dashed line). Fer ttW; c.urrent distr1-

bJ.t.1on Md an MfIlm!d 'la .. 3.65, the m - 2/n - 1 ~ 1II ·t.ear~ -~: 

III very IiIIIIIll plateau in the =rant di8tr1l:ut1cn a , ~, alffU:1ent for 

iu stablli.zatia'l. '%he IIOUd l.irw Ib:MI tm =nII'It datr1h1t1on o:.:orrespc:n­

d1rq to the lI'Ilr91nal.ly stable state, which acc:nrd1n:l tr.o the above ao1el. can 

be ~ .by 11- 5. ~- 0.12. Stabilizatia'lof the III - 2/n _1 nc6I bfIc:aJee 

na-e difficult if a'IlI tries to ~te the action of the sawtcoth oacill.a­

tJ.au .by a oentral flattening of the Ta prnflle, el..1m1natlnq the q<1 regial 

in F19_1. FOr 11 -5 one then raq.dnI8 ~ ... 22 to ~t in aarg1nal. 1I'tab1l1-

ty (F!q . 2) . 

Fa: both cues, tJ:Iwever, the required ial.ard ai%ea (alao for IIl'\aller 

values of a ) are wll within the range that can be produced by t.llcal cur-

rstta ~ in the CItIe8rwd stabilJ.z;ing regime . FOr values of ~ in EIICCeS8 

of a =1tical Vl:ll.ue. the regial of 1ncreaaed heat CXlnduction will exterd cut 

to the limiter (either by direct (Q'Itact with the III .. 2/n - 1 1alama, or be­

OIIWIB of averJ..awirlj of the seac:rdary ~ ard mqcd1zatia'l of f1lll.d 

~) , leading not any IIDte to a local plateau, bJt tr.o the ahr1nlt1ng of the 

clliIc:hal'ge and an 1J'duce1 dl~. 

'%he crucJ.al point of th1a l!Ddel a that it interprets the dl8erve:S influ­

ence of ~ III - 2/n - 1 f1alda on the m .. 2/n.l teariD3 nose not by aars 

fom of direct re«Klant 1nteracUon, bJt by the lIIXlificat1al ~ the III - 01 

n .. 0 tarperature and rurrent di8trihrt..la'l. F'\lrth8r ~ for th1a e:IIplana­

tJ.on a g1ven by recent experJnent.. uaing III - 4/n - 2 hel..1cII.l.. wirdingl (alao 

in ~ with the ur:prturbed f1fll.d at the q - 2 .urfaoe). Mddi liI!!nI 

Ihcwn to have III qualitatively similar effect 00 the III - 2/n .. 1 no:!et; at the 

III .. 2/n - 1 winlliql 14/. 

2. Qlrrstt decay fol.l.ow1n;" dJ.arupt.1ve inatab1l1.ty 

on. chuacteriatJ.e tJne for the current decay 1 c.d . folladrq the ~­

tive voltaqe apika in Pulsator has been fClWld 0008Utlmt with the &aa.II"p­

t1m of a resJ.stJ.ve dIIoay fol.low1ng the c:teerved l.OM of ther:mal frtaf1'J 12/. 

~i800 between p.lbl..ilIhed current decay tiJrEs fer other ~ 

~ al80 ~ a suqriBingly clear deperrlence T c .d:,"a
2

• in spite of 

the urcertainties in the value of '0"> after the vol t:aqe 8PiJce. 

Racant results of t:.ok.!Irnaks witlD.lt • ocwer ahell (PIll', wega) have 

sh::lwn, tJ:Iwever. a ro.dl futea: =rent decay, with T c .d. up to a factor 

20 analler than ~ frail the Bb:MI ~. 

Oolr rrc:del. for the am:ent o:!eoay p,ue starts ftQQ the fact that the cb­

serval Ta re:\lct.1m ccrresp;nl.s to b::lth a res.1stiv1ty 1rIcreue and a Spal 

decay resu1tlnq in a loll. of equil.1bl"M. In a ~ tokarnak the 

plaana ilrmediately finds a &eea"daxy equilJ.bt"iuII poIJitJm in which it then 

deOayl rea1.eti.valy. In the alBenoa of. III copper &hell, ~ a sea::n:!azy ~­

l..i.bfilD. poIJitial edatII a\l.y for the penetraticrL t.ima of vert1cal fl~ 

t:hrariJh the varuutl vaasel. (unll!S8 Q18 has a sufficiently fast feadbac:k sya­

tau) I with th1a cbaractariatic tJma the plaaTa will arift im.arO and ~. 

'lhi.a qJ8lltative DXldel ~ the obaerved differencaa in lc.d. a sup­

~ by c:alculationa ~ the IIPtiaI& gcvernirIq the drift of a plaa­

I!II in a th1n oaa1ng" 151 with the circuit equatials for the p1asna l oop - (J! 

.,...... 

11/ F. It8rger et al., 5th Cl:lnf.on Plasma Phys. en;3 Ctlntr.!bel . ruaial Aa-

1IeIU"d1. TOkyo. IAEI\..-<N-JJ!PD2 

121 F. Kal"ger et al.., 6th a:m.on Pl.aana ft:\yB . am (kntr.!bel. nwiallle­

MUdl, BerdI~ 1976, IAEA-<N-35/ ..... 7 

131 A.H.Gl4aaer. H. P. F\lrth and p.H. RJth8rford, Phya.fIBY. LetterB 38 (19n) 

'" 
141 P. JtaJ:qer et al., this COlfenn::e 

15! V.S.~tDv. V.D.Shaframv, !bel. f'uaial 11 (1971) 60S 

FI(l. , 

St&bllization o~ III • 2/~ '- 1 taaring mode by curra nt 
plata.au for.at1on for '10 , · 1 .( Cl -5, ~ ... O. l1,qa • 3.65) 

FIG. 2 

Stabll,izat1on of III • 2/n - 1 tearinq moda by currant 
plateau foraa,tlon for 'iol.. 1 (a .. 5, ~. 0.22 , qa .; 3.65) 
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TOKAMAK UPERIMOOS ON JIPP T-II DEVICE Concl usion A realization of good vacuum condition and an optillhation of 

J. Fujit. , V. HUllda: S. Itoh, K. Kadoh, K. Kawahata , V. KawasulIII , feedback control of plaSIlll position are found to be i llpOrtant to obtain a 

T. Kuroda, K. Matsuoh, K. Matsuura, A. Miyahara, K. Miyamoto, ' low leff and disruptlOf\-free tokamak plasN at low q-value. 

H. Hoda, K. Ohkubo, S. Tanahashi, Y. Terashima and K. Toi Acknowledgements Technical assistance by S. Kito and T. Tabata is grate-

Institute of Plasu Physics . Hagoya Unlyersity, Nagoya 464, JAPAN 

Abstract A low Teff (a 0Sp1tze.-'0exp '" 2.5 - 3.2) tokamak plaSN of Teo a 

1.1 keV, Tio a 570 eY and Ipa . 160 kA is obtained in JIPP T-II by the feed ­

back contrt/l of plaSIllll pos ition and c lean vaCUlMl system. The optimization 

of feedback contrt/l also allows tokamak discharge at l ow safety fa~tor 

without abrupt current dis ruption. 

Oeyice Ind Oiasnostics JIPP T-I1 Is I hybrid device of tokamak and stel­

larltor with resistive shell [1] . 

The diagnostic Instruments are: Thomson scattering, fast neutral ItOlll 

energy analyzer, 4nm microwave interferometer , visible li ght spectrometer . 

hard X- ray detector and lllagnetic probes. The illllge of HQ li ght at llmlter 

section is always ..enUored by high speed scanning TV camera through the 

tangent1al port. The internal structure of MHO oscillations are examined 

by an array of five PIN diodes. 

Feedback Control Ex'!riment of PhSlJla Position In tokalMk without conduct­

Ing shell , the feedba ck control of plaSM position is required to reduce 

the plaSM-li.lter interaction and to i llprove the MHO stability which is 

regarded to have connection with disruptive Instabilities. The feedback 

syst!l!l hu been analyzed and the optillMll gain Is fhed for the discharge of 

I~ • gO kA and Bt • 21. 7 kG. With this loop ga in, good tokamak phsmas 

are Obtained for di fferent discharges . As for the plasma position, however , 

I considerable deviati on has been found depending on the time-varying plaSlla 

current . This shift Is e~phlned by the ulstence of the effective refer­

ence input of feedback control system being used (2]. Thi s is due to the 

difference between stationary vertical fi eld (ByO) and the one required for 

equilibration without shell (B.1.o)' 

Figure I shows t he time behavlor of typica l plaSlllI parameters for the 

following three cases . When the plasma position is maintained Ilround the 

optlmuJl position (case l), the plasma current and l oop voltage varies smooth­

ly with time and the MHO oscillation of m • 2 and n a 1 is suppressed. No 

oscillatl on is observed on the s ignal s of PIN diodes. Whl!n the plasma Is 

shifted outward (case 11 ) by about 3 CII froll the optl_ positi on at time of 

cur rent peak, tile safety factor q(a) decreases due to a scraping of plasM 

minor radius and the osc ill ation of large amplitude with m • 2 and n a 1 

appears from t ~ 50 t o 11 0 ms. If the plasma Is still shifted outward Ull 

q( a) becomes less than 2. the discharge tends to be disrupt ive accompanied 

with negative voltage spikes (FIg.2). The signals of PIH diodes of chord 

radII 0, 8 and 15 CII show remarkable relaxation oscillations. In the dis­

charge of Inward shift (cue IIIl. the osclllati on of lal1le amplitude with 

m • 2 and n a 1 grows up because of signifi cant narrowing of current channel 

(1i :t 1.8)rather than the decrease of q(a). In contrast to clSe 11, weak 

rehxatlon oscill ations are observed in the signal of PIH diodes. 

The device has been constructed carefully to rea lize a good vacuum 

condition; Base pressure of 1. 2 ~ 10-9 Torr. The mean effective IOnic 

charge (Leff) derhed from the rat io of the Spitzer ' s conductivity to the 

measured one remains at about 2 throughout the discharge in the optimum 

case. For case 11 , Leff increases from 2 to 4 and Leff " 3.5 for cne Ill. 

The time variation of phslJll. parameters are shown in FIg.l. In FIg.4 

the peak electron temperature Is plotted as a function of peak plasllll 

current. The scaling of Ion temperature is also shown together with data 

of t he T -4 tokamak. 
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TOKAMAKS 1 

SKIN HEATING AND CONFINEMENT IN A TOKAMAK PLASMA 

H. de Klulver, c.J., Barth, H.J.B . M. Bracken, J.J.L. Caar!s, 

B. de Groet, H.W. Kalfsbeek. H.W. Piekaar, W.R. Rutgers. 

B. de Stlqter. H.W.H. Van Andel- and H.W. van der Ven 

Association Euratom-FOH, FQM-Instituut voor P! asmafysica, 

Rijnhuizen, Jutphaas, The Netherlands 

(- On l e ave from D~pt. de Physique., Univeuite de Montrlial, Hontl'eaL, Canada) 

Abstract. Results on plasma confinement, heating and suprather­

mal radiation during current-driven turbulence 1n the teroidsl 

device "TORTUR" are reported. 

Introduction.TORTUR has been built to investigate turbulent 

skin heating of a tokamak. The description of the experiment ls 

given in Ref.l. During the turbulent skin heating torotdsl elec­

tric fields of up to 7 kV/1II are qenerated in the plasma for a 

few microseconds. Moat of the data are obtained for the follow-
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I'iq. 1. Toroidal current density s s a 
function at r adiUII and time. 

ing conditions: plasma 

current Ip - lOO -180 kA, 

toroidal magnetiC field 

0.8 -1.6 T, plasma density 

... 10 20 1'1'1- 3 • Figure 1 shows 

the time development of 

the radial current profile. 

The skin character is still 

identifiable at some 5 \lS 

after the start of the 

heating current, changing 

into a nearly uniform cur_ 

rent profile after the 

heating period is ended by 

crowbarring (see also 

Fig. 5.8) . 

Heating, Due to the anoma­

lous dissipation in the 

skin the e nergy density in­

creases in a few micro-

seconds from typically 0.6 kJ m- 3 up to at least 8 kJ m- 3 • Com­

parison with ! i 2Rdt indicates no appreciable loss of energy 

durinq turbulent heating. The electron temperature is on the 

average 1 keV in the skin with a local and temporary peak value 

near 2 .5 keV, as deduced from X-ray emission. This electron 

temperature is in qood aqreement with the expected value f or 

turbulent heating Te + Ti - uoI;k/12112a2nee, where Isk denotes the 

skin current and a the plasma radius. Some 15 microseconds after 

current skin collapse, 

electron temperatures up 

to 120 eV are measured 

near the axis with 

Thomson scatt ering 

(Fig . 2). During the 

skin phase local q-values 

can be as low as 0.75 

during I microsecond. To 

obtai n higher tempera­

tures mul tiple pulsing may 

have to be considered. 

Numerical calculations. 

A one-dimensional two­

fluid MHO-code to follow 

the development of the 

skin during the first 

Thom""n s callerl"" 
R.Rg .2cm 
a · t6T 

~ P . 6~IO"· larr 

~~o.---o.---,.,.---,.,,---,.,,--./., 
-_ t (~s ) 

I'iq. 2.Energy content a t r _ + 2 Cm vS U ... 
as measured by Tho .... on scattering . 

microseconds of the turbulent heating pUlse. has been developed2). 

Various anomalous effective COllision frequencies have been 

used and compared. It turns out that the level to which the 

collision frequency during the saturated state of the ion­

acoustic instabi lity can increase has no significant influence 

on the final results. The ratiO of drift velocity and ion sound 

velocity is found to be constant and equal to ... 6 in the tur­

bulent plasma, leading to Te/Ti-values around 5. Figure 3 shows 

n\lJllerically computed values of resistance and enerqy density . 

Microwave radiation. Supra thermal electromagnetic radiation is 

emitted during the first microseconds of the neating pulse, a t 

frequencies near fpi' but also at higher frequencies up to f ce' 

" mcTIT--,,----.------.-, 
•.••••• ion Iraoglng Time-resolved measurefllents 

of the radiation, covering 

the band 8-40 GHz··, have 

been performed with a ten­

channel microwave spectrom­

eter. The emitted microwave 

spectrum averaged ever 2 

microseconds of the heating 

pulse, for various values 

of the magnetic field, is 

shown in Fig . 4. The spec­

trum may be interpreted as 

be ing the result of a beam­

plasma Cerenkov mode, 

caused by the inte raction 

of freely accelerated 

electrons with the bulk of 

" 

_ .... _ .. lIuda_o.·lh. ary 
___ non lin .... ' LOM .... 

"",",olno 
loo_,uonance 
b,oadOni ... 

- , ,~., 

" 
, 

f' i q.3. Resistance (the peaked curves) and 
enerqy-<iensity values II.S computed 
fro", the one-di .... ""ionll.l code . 

the plasma distribution3 ) 

The latter is limited to 

drift speeds of the order 

of the ion-acoustic speed 

by the ion-acoustic insta­

bility. 

Containment. Although plas­

ma temperatures in the keV­

ranqe are obtained only a 

modest pl a sma confinement 

(approx. 40 usec) is 

achieved' after crowbar­

ril"\g the heating bank. The 

reason for this is the 

steepening-up of the cur­

rent profile during the 

passive current decay which 

provokes a strong increase 

in the plasma self~induc­

tance. It is proposed that 

the rapid current decay is 

I,aquancy (GHzl 

Pig.4 . Spectra of average microwave emiuion 
during the current pulse rise for 
various values of the toroidsl field B. 

caused by a strong skin cooling due 

to influxing neutral gas adsorbed on the quartz veseel wall 

(surface covering lip to 2 ~ l016 cm- 1 has been reported4 ). Thie 

is demonstrated in Figs. 51+., B, C . The plasma confinement is 

expected to be considerably improved when a bakable - closed -

stainless- steel liner is used instead of the quartz discharge ves­

se.!. ThJ.s proposal has been worked out and looks vary promising5). 

f'iq. S. 
A. Plesma currents v. tilllll from c~uter 

s illlUlIltion. 
(1) Without influx of neutral oas tha 
current i s z .. ro at 1000 \la. 
(2) The effact on the plIlslII4 current at 
a five-fold inarease in density .. hile 
the plaslII4 redius decrease. in 200 11. 
troll! 8.5 cm o5ovn to I cm. 

B Ph." '" current VB time in the experi­
ment. Bia. current at the .. tart of 
hea ting pulsa 20 leA. 

r:~< '®J 

r:~1 
\ iV--:==l f 0 50 100 I~O 200 250 C 

__ I(~S} 

The corresponding- .. veraqe pl ll8 ma 
dendty vs tiJDa from CO

2
- l aser inter­

teromatry. 
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8 TOKAMAKS 

I'OLOlDAL BETA LtHITS IN HIGH-D!}ISIT't TOICAKAlS DlIE TO 

NEOCLASSICAL lOt! Il£AT COHDtlCTIOH 

F.e. Sc:hiillu and D.C. Sehn .. ' 

Auoci.tion E ... rato .... FOH. FCIf-lo&tituut "oor Pl ....... £y.icl , 

RijnhuinD, Jutph ... , TlI' ".th .... I.nd. 

(' rae-hnied Uninnity, Eilldhoun) 

~ It lIill be .hown that the dOlllina ting .,nuB)' 10 ...... ch.ni ... ill tha 

"'Dne of high-d ander to"IOIII" di lcha ra" 1. neodu. ical ion hea ... conduc­

tion. Th h l .. d, to , lIUutilllll1 bat. poloidal "Ilue which Can b, reached with 

ohmic heating It • livI" dlnlity .nd magnetic field . 

lntrod""tion. en injection in tok'mak dischargel have .... de it pOllibh to 

raiae the electron denlity ne Co valu ... well above. 1010 m-1 (Reh.I,2).Th 

"",,st imporunc pheon ... " .. " h th~t the. enargy confin"","Dt , T
E

, and poloidal 

heta, BIl , incre ... rOUlhly proportional .. ith the den.ity, Which indican" , 

chang. in tha prevailing anuaY 10 •• mechani 'la' . Rather th.n confidedns 

only the changf-. in TE or ulinl dabont. nu.ricd codu , •• u.plf- me.thnd 

i s iDtrnduced3) to evalu.te the confinellMlnt. Thi. Olf-thnd i . b .. ed no the 

...... ptioo thst the ."pui,..nte1 profiles can be .pproxi ..... t f-d by ,auu iaol. 

Th. profi le. of vuiou. pl .. u quaratiti ... Her. only the .nuuptiona on 

which the evaluatioo _thod it baud will be outlined: I) The eIperlll.ntal 

curr eot-den.ity .nd tle:troo pu •• ure profile. ,,,n be .ppro1CiJl.llted by Cau.,-

i.nt: j(r)/jo """p(_rZ/A~) (.!!) .nd p.(r)/Peo" e"l'(-rZ/"~) (.!!.) 

2) Tbe T.-profU .. - aod con .. que~tlY .ho "e(r) and "i(r) "Zine(l') -.n 

taken to b. C'vnia" . .. ith j '"' T.'h.. 

3) Th, qu.ntitie. neo ' T.o ' Ac' lop at. c.lcula t .d frOll ThOllloo-sc.tterin, 

lIu. ur ...... nt • . If no coqlleu profile, .ra Iv.iIlble , Ac il calculated f r oll 

the ... umption '10" I .nd lop i. taken Iqual to "c (uncertlinty ~ 10%). 

4) The Ih.pe of the TCprofUe i . takln to b. equal to the Te-profile 

(Ti(r)"TioT.(r)/T. o)' Th. retio TiolTIO i. calcullted under the .um=ptiun 

th.t all ohmic di .. ipuion h transferred to the ions by Coulomb collision •• 

With thu. "''''''Ptions .11 qu.ntities of intenst c. n be c.lculued. 

The enerlll bdance. The ohllic input pawn il the only 10urce clulin, an 

enerln' flow Qeff(r). In I .tation.ry l itu.tion (anl<T/at« l'Ijl), 

Qeff(r) .1.! Ilj2 r 'dr' .1.3 10-'Z ffA j 2i-lh {(I_e"p[_r 2/,,2])A IdWll- 2 , (2) 
rO ecoeo cc 

in .. hich Teo h the electron talperatun in keV on ui •. 

Tht. ener,y flow ..... t coo.ht of eontribution. due to conductioo, convec­

tion, r . diation I nd ehsrla-uehang. 10 ..... Thl heat flow due to iOIl-he.t 

conduction , Qiond(r) e.n ba c.lculated followill, the DOta tion ofRutherfor<l.4), 

Q~Ond" -I(i ni/ar. -C~2(r) IInikTi(.iW~iTii)-1 akTi/ar, (3) 

io which C~2(r) il.' eoeffieiant depending on geOllf-t~ and re,ime. For I 

li"e.r c ..... try, ch • 12. For . toroidal leOlle try c~2 i. dependent OD t he 

coIli.ionalitiu ",* ."d ",-, vi" (R/r)I' ~"'-- (R/r)1.5 qR/vthiT ii · 

The f ollowinll u:prs"ion' for C~2 Ire ulld, 

'anln. + platesu (v- < I), c~2 " 2q2(R/r)I'5 0.48 (1+0.36"'i )-1 (4a) 

Pflnch-Schlutar (v- ) I), c~2 " 2 . 26 qZ. (4b) 

For the hi,h dend~ d i.thsrgu in Alutor the ceotrsl core (r < "c) i . in 

the plateau tI,ime , the ou t tlde in the Pfiuch-Schliiter regime. Tbe IXpr u ­

lion of HlzeItine ancl HintonS) covers .U three regillu: 

ci2" 2'12 0.47 (1 .. 0.4Juil)(I+ I. 03(\Ii)O.s+0 .18\1l:)-1 (R/e)I.S. (4c) 

The eontribution of ion hut conduetion to the total ener"gy flow, liven by 

the rstio Qiond'Qeff h . hown in Fig. 1 for I typical hi,h dendty di . chsrll 

in Alu t or. described by Ap&sr et .1. I ). Froll thh figure the followin, cOn­

dOlion. c.n bl dn .. n: I) In the ce"tre the cllcul. ted value of Q~Ond it . 
even larler thin Q'H. Thh -.>ft be due to the. .ppr01Ciution by I g.ullian 

for Ti(r). Anyhow, the ruul t l,.vu no Ipeee for o ther lOll lllech.oi ..... thm 

iOD he.t cooduction. 2) At the out, id, re,lon other lOll .eeb.ni ...... r e _re 

i~rtlnt th.n Pfil'lch-Schlutar iOD he.t conductio" , . .. cb .. radi.tion .Dd 

eh.r'e-.... th.n'e. 

The sensitivity for the choio:.e of Ae i . tured by redolD' the cO!lPleu cll­

eulatio"s .. ith Ac enlltSed, or dill.ioilhed b, 10% (Fill . 2). Th .. e .... Ac"0.9Ap 

,iv"" •• 000_h.t butlf dutrlptioD espedally .t the ouuide, but thi. don 

not ch.n,a the v.lidity of the conelu.ioD" 

in .. hich Ai is tha ion ...... nu .... e~ . nd ~eo ttoe electron denBity in 1020 m- l . 

As Q~ond ~ Qeff. this mUn. th.t Bee "",It be limited to: 

B < 2.4wI0-1Z A-lta(T IT )5~ii~ q~ B-lliA,(R/a)7A,(A 'A )1(1/" )%. (6) 
ee - il .oio .00 pc c 

'0' 
I·O.loe,.... 
Bc · 1.1l 

'0 
T.o.O.17 keY 

"""EiXlifOm.."l 

t Ap ....... ,mm 

0·9!imm 
0 

I " 

10- ' " 

~ 'J'h. raUo rlond /aaff for neo­
clalllc.l (ne), pfirach-Schlllcer (PS). 
and llanltine-Sintoo. (lIB) ioo. he.t 
conduction for I typical h19h-den. i­
ty 4ilchaZ"Ojl_ In A.lcator. 

00' 
\.0.10e,..." 
Bc .1.ll 

'0 
T.o.0.11 kaV 

, ... o·Eiww;lOm.."l 

1- \\ Ap,.'mm 
,I 
0 \\ 

'.'\ '. 
._'-''''',,31 

, 
'0-' 

... 
A,'.' 

\",'.!5 

__ r/"p 

~ The nUo ~n4/aeff neal­
culated for tha .... 411ch.r9_ a. In 
Pi9. I .. UlI all qu.ntiUee IlfIChallo;led 

"",""pt Ac· 0.9 Ap and "c· 1.1 '\. 
r."","cUv"ly. 

In Pie. 3 tbe ""l'er ilHntal ... al .... of the produet Be.oa for high-cI"laity dis­

eharcel i n Aleator an plotted ",aiDu a eo ' Tvo .,urvu d.l.,ribin, thl f!,e.­
lillit are plottld for I find u t of ntiol: 't l't. "1.1; It. "A: Ill. • 2. 3; 

one curve is for Qeond /Qeff _ I .nd the othar ::r ~~ond IQatf .. 2
c 

(u : po.­

. l.bll cornttion for .pproxiJl.lltion erron ). ni" valu .. plott.d .n f o"" 

hydro,en. Onl poiot (.Dclrcled) indie.tu • hi,b den"ity dilchsrle in heHUII 

io th. ST-davic.6) .. ith Zeft • 2, Icaled .. ith Zi .1Id S,ometry. 

Concl .. tlon •. I) At hl,h density (neo)3WI020 ac-1) the ... parillentd Sea cor­

r u pondl t o the Hmit ut by nf-ocl. u ical ion heat cc>ndu.,tion in thl con. 

2) At lower denlity the See-vdu .. tend to be lo .. er , .. hich iaditltu th. in­

flu.nce of other lOll IItchsni .... . 3) It would be int.rlltinll to verify the 

ZCdapendenu of See by ,.thering IIOre dl t. of h igh-denlity dilchu, .. in 

halios. 4) Wh.o dudnS the den.ity incn .... of • , .. -inj.tud tole....,k d i.­

chit,. th" limitin, Bee i . n~ched. fur ther incu ... in the dendty mu.t 

lotld to. 1000ering of Teo '" n~o-A. or to I f urtbe r peakio, of the curnot-

denlity profil •• Connquently. TE'" See't!·s A~ l .... ell off .fter th. initid 

inena .. .. ith i"craRlioll deDlity It fi,..d a . 
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~: Stand_et Tokom.ak opuaCiOD with al....w.., chlllllbu ba, bun eehie­

'V1ld OD tbe. PETULA 'Iokomak.. R"cyclinS from thl!. vaU i, 'howo to b ..... Un 

thaD in ca .. of the pravioll' _ taUi!: liner . Ave.rege deUl ity up t o S.S 

lOI J em-.3 ha. be.n obtaine.d by un of f u t puhe.d valve. AtcordiDI to wan 

coaditionin\ 'Z • .ff ranau within 1.5 to ~ wbeT"! u ",ne tID' confinement tun. 

naain, of cb order of 4 1IIII1C. 

DIT1U)DucrICli : por rh. purpo .. of K.P . haatias expariml!nh, the PETUU. 

1okolu.k ha bull. u ... Ulbhd with a new V8CU .... n u d which h _inl y aid, 

of 6lt .. in •• IIlchnical charac:terhticI and outl.uin, proputi .. of chi. 

nuel tLn. bull. reported iD rel. J. In th .. prelent a%p8ri...p.tal t OQdltiODa, 

the. liaitar m d 801 of the wall facina the pi .... aft al uai .... ~ tha radii 

of W liaitar cd of tha dlillllba r are r u pecti"ly 14, 5 and 16,5 ca. 

'~io,& h pJ"ovidadby turbollOlecular and a yoaenic p ... pl. Af t a r bak.io,& at 

a .. duata ~aratuft (I40'c) the ba .. pnllun h 2. 10-& torr . the fU­

l~ ... h b,J'drO&UI and the _pe tic field 16 kG_a. Bafon'l'okOlDlk op.­

retioo , IS ailIUUOI dhdluaa d a ani.". at 1. 5 kGau .. , 2.5 U, 0 .3 lac npr 

titioo rata an pado~eI. 

'DPKRllENT.oU. MSULTS: Compared t o thoa. obtaiaad with tba pr.vio .... I tai~ 

1. la Ite.l lill. r 12,;11 , tbe elladlarau lhow two major diUeull.,.l. The l oop 

voltaaa la lower IIIId the el.ctron delllity clacn".1 continuoul ly elurin, tba 

Ihot. tha I . Conel point _ani that the w.n maurial ha a low ~lil1l 

rate ,0 that electron elenaity lIIuat be ..... Itained. by III inj e ction durin. 

tha ahdlaqe , tha l oop volta.e then rema.in"ing low. For vall collditiolltlad 

chambe r, elactron elanli ty can be la varied vithill alar,. ran,a . 0.. Fil' I, 

curva' c ' torn.ponell to full aperture of the valve wbicb ha •• conductanc. 

of 2.5 Ton-H t ar par .. cond anel mul t b. compareel t o curva' a'whicb h typi­

cal of • Ihot without inj.ctioo. For c ... ' b,' the valve . p. rture w •• ndu­

cad aftar JO Ill. b . 11 c .... the fillioa ptenure la 4 . lo-ion b.for. 

opanio,& tb. fut valv • . eo.pari lon of Ks line .. i .. ion .uured in tha 

vidnit1 . of the la' vahe and 60' apart fll toroldel uu....th .howa that 

iOGhation of the i nj ect. d p. occure locally. Maxiln .. vel .... of 5.S 

1013~-3 avata,a a lectroo d .... iry hu heeo reacbed, b. i", .ppanootly 

U.ited by the conductanc. of th. p. f u t val," and the poloidel 

field duration. 

Tb. c:ooc:anrratioo of lipr iJDpuI:citiea ha. been _uunel b tho.a 

d.an v an conelitione for the fo11ovioa dlac:hars. cllar~teri.tiCl : pi .... 

curt.ot - 55 kAaop . , By - 1.6 T .. le, ii _ 2 . 2 10lJ.,.-J. Ozylen d. nlity 
,. 11 -3 

daducad fr_ ~ Ho. (1032. A ) intenlity -.mr. to 3.10 ~ Dd elu-

aini_ cou1cl oat b. quantitatively _al ured. Thil lov Uapurity rata la 

. upported by tha 1.8 Volt loop voltage and the .bcttoo temparatura whidl 

l hoWl a r athar p .. akad radid profU .. "ith 620 . V WI valu •• 

Mora eI .. taUad ...... ur .. _ ou h ...... been p .. rfo l'1ll8d imlDadiataly af t .. r 

a _jar opa .. iOl . Tb .. vdl recycli" a rate remain. lov in thil ."P .. rimt.nt but 

.... ch lar.ar hydro .. n flow h require.d to ge t the lame ahctrOll den.ity. 

Tb. l1.ctroo d.nlity , d.ctron a nd iOll tempe r ature profi l ..... no I hown hi 

Pi •• 2 and 3. for typical 60 kAmp. dhc:bargu the chuac: terh tica of whid: 

an Ihewn in Pi • . 4a. Z . ffectiv. la thul of rh .. order of 4 .. hUe it vU 

about 1. 5 with the previou. chan v .. n condition • . Thh inen .... in Z afhc-

the h in "re ..... t with th. lo-ISt;.",.,. hither .. i .. ion leval f or the oxy -

, ... li .. u. Th .. e ....... ,. eoof i .. c.c .. t dB" rau.i ... i .. tho r _,o of 4 .. fa .. 

both c ... ditionl . 

Tb. tia. avolutioo of T i frOll cha rge .. zc:han.a .. autral ."U",­
_nu la plotted on Pia. 4b ~or varioua radii u " ell ea the c._p.ratun 

daduud fr_ 0VlIU". (1623 A ) Dopp1t.r broaduina. It IhowI tb. t t he 0Vll 

.hlion cm k l ocat.d about r .. 12.,... Fia.4c lhowI t h a t iool foU_ 

the (01)1/ 3 Artl~idl eI. peod ... c. only af ter t .... phlllll curr.nt raachal 

iu 1IIIlI:1.a,.. valu • • 

la tuml our frOlll th ... ralul te that d ean va n cooditionl 

cID b. obtain .. d with aluain • . Oley, .. n coocentration r emainl t he doainant 

par_tar for. th. obt .... t ion of low Z and hiab deolity di.ch ........ 

~( 
III -l'ET1ILA GlOtll' , lot . ~.on. Pl ..... " .. U IDtaract1:on • .J\iHclI. 0916) 

/21 - R. BARDtr . t 11 . , Nuclu r Vu . ion 16 4 (1976). 

/3/ - n r ULA GROUP , VIth Coal. 011 Ple • • Phy. iCl and Controll.d Nuc l .ar 
rulioll Ranatch, Bercht.I,.dell, 6 - 13 October 1916. 
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CURR£rlT DENSITY PROFILE OF NON CIRCULAR TOKAWJ< 

H. Toyame., T. Dodo' , A. 11IM8Bhl, H. Kaneko , K. Makiahima, 

'i . lIagayame., O. Okll.da'. I. Ochia1. K. 6akuma , S. Shinohara, 

and S. 'io!lhtkawa •• 

Department of PhYllics, Facul.ty ot Science, Univerolty ot Tokyo, Tokyo, Japan 

• Central Reuearch Laboratory, Hitach! Ltd., KokubunJl, Tokyo, Japan 

.. PlaslII& Physics Laboratory, Princeton University, Prillcetoo, N.J .• U.S.A. 

Abstract Direct meBHU1'ementB ot the current density profile oC the 000-

clrcul.ar tnksmalt TNT are presented. In a low current operation ( Ip • 

6 !lA 1. the elongation ratio ha.e been 1.8 lIell.r the time or the current peak . 

'!be peaking of the CllI"rent profile and the decreasing of the elongation with 

time h"ve been obaerved. 

Introduction A device nlUll<!d TIlT ( Tokyo Honclrcu1ar TokllllllLk ) han been 

cODntTUcted to inventigate what type of crons section makea the bi!s t UBe of 

the advantll8eS of noncircuJ.ar cross nectinns. In the first report
l

) it haB 

been .Bhovn that IL D-sbaped. elooglLte d plllsma can be obtained with a mu:imu:m 

pl&lllllB cllI"rent of 50 ltA corresponding to 'la • 2.4 by meana of active field 

nhaping. MIlD propertiea. auch &11 kinkl1ke modes and disruptive inotabill-

ties . bave been inventigated. In noocircular tokumks , n cllI"rent profile 10 

very important to 1to.prove the pl&llma conrinement
2
), &11 emph ..... 1zed by the 

coocept of FCT (Flux Coniierving Tokamak )31. Here lie p reaent ·dire ct mea8-

urfO .... nh of t he current density profile of TIlT by magnetic probes. 

~ Figure 1 ill 11. Cr1lBB- aectional vlel1 of TrIT~). The maJor radiua ia 

40 Cm. The vacuum chamber haa a rectlLDgular Cl"OaS section ( 60 cm hi~ ILDd 

2i! cm vide). The plasma cross section 10 lillrlted by the molybdeoWll l1mitsr 

~D 

Fig. 1 

Crosa_aectional vi"" 
of TNT. 

T: toroidal coil 
0: ohmic beating 

coil 
5

1
-S

6
; ahaping coi18 

C: ohm1c-clLDcel1ng 
coil 

D: ahaping decou­
pling coil 

V: vacuum chamber 
L: molybdenum 

l1miter 
cs; copper shell. 

with s r ect lLDgular aperture of 2a • 20 Cm and 2b • 56 Cm. The 24 toroidal 

coila supply a lMJ(im..Im toroidal magnetic field of 4.4 kG. The plasma cur-

rent 10 driven by an air-core trlLDaformer of fifty turns, powered by a 25-kJ 

capaCitor bank. The e:eteroal shaping field 1& provided by 6 shaping coils. 

A 10!lllll thick copper shell with gaps h placed ..... an open shell to restrict 

the magnetic aurf&ce . The v&Cuum chlllllbi!r acta I!.II a reaiative_shsllwith 

about 1.6 "'" akin ti ..... Hydrogen gaa 18 fed pulaively through t\lO faat-

acting vBlve s up to tilling glLll pressure ot 0.1: 1.0110-
4 

Torr, and is 

pre1oo1z:ed with .. ID-kW rf ( 800 kH,. ) oo<:111ll.tor IIJId an electron S!lD' Tbe 

6-mm m!crOVlI.ve interferometer haa shown the electron density ~ 2 I 10
13 

cm-3 • 

Mel!.Burement of Currsnt ~nsity Profile Ve have meaoured the poloidal field 

in the plll8ma directly, Wling lIlIl8Iletic probes in a 10lf current operation 

( Ip - 6 kA ). .The magnetic prohea are 2 = long and 1. 4 mm in diRml!t e r 

with . the area-turn of 7 x 10-
4 

m
2 • \lhich give the Bignal of 140 )IV corre­

sponding to 50 G integrated vith RC circuit of 26 IllS time constant. Thc 

magnetic f ield 10 measured along the semi- axes o f the apparstus; the radial 

component Br at the 15 points B..l.ong r • RO ( RO; maJor radius) anll. v e rti­

cal com~t B& at the 6 points aloog 1: • 0 ( on midplane). The behsviora 

ot the ~asma current and the loop volt&ge have been little attected by the 

inaertiOll of the probes . The procedure to get the current dennity profile 

o f a noncircular tokamak is IIlOre complicated than that for a circular oneS) 

The Zll!!l!.Bured poloidal magnetic fieli.l. Br(Ro' Z) and Bz{R, D) are fitted \lith 

5-th order pol1nomialll o f z and r, respec-::'lve~, by the least square method. 

The magn e tiC nu:z: 1'Imction '" along the mes!lured points is d e t er:Bi.ned by 

integration of the magnetic field r epresented by the polynomial. Assuming 

the lIlIl8Iletic surfacea have elliptic cross sectionll and the alLllle geometrical 

ceoter, '" in the plasma can be evaluated. The WlJIIeaBured term in the equa­

tioo of the current density j.. ~o ( aB/h - aB/ar ) can be determined 

trom this t . A typical example of tbe current density profile st the cur­

reot rising s tage ( t • 500 )IS ) and at the current peak ( 700 ~s ) is shovn 

in Fig. 2. The up-to-dovn &IIymmetry observed at the curreot rising IIt&ge 

hlls a1.most vanished at tbe current peak. The elongation ratio hila decreased 

\11th tilM! due to the current peaking. Tbe elongation ratio of 1.8 at TOO )Ill 

agrees \lith the data ·ot Bp coils located poloid&l.ly on the lillrlter. In 

cooclusion. these direct measurements have confirmed that the elongated 

"CMIm') 
5OO).IS~ 

'" • (cm) 

Fig. 2 

'l'yJIical example of the 

current density profile, 

Bt - 2kG. 

Ip!II&X. 6 ltA ( t· 700lls ). 

equilibrium can be actively controlled by shaping coils. Tbe se measure -

meots al20 indicate that the current peaking l eads to the decrease of the 

elongation. 

(1) H. Toyama e t al., Phys. Rev. Lett . n, 16 (1976). 

(2) R. L . FreelllBll et al .• 6-th Conf. OIl Plasma Physics and Controlled 

Nuclear Fusion Reaearch ( Berchtesgaden, 1976 ) IAEA-CII-35/Al0-3. 

(3) J. D. Callen e t al. , ibid, IAEA-CN-35/BIO. 

(~) H. Toyama et al., ibid .• IAEA-CIf-35!Al0-4. 

(5) K.Ml!.kiBhi_ e t al., Phys. Rev. Lett . .J§., 142 (1976). 
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TOROIOAL PLASMA ROTATION IN TOKAMAK LT-3 

M. G. Bell 

Department of Enqineering Physics' 
Research School of Physical Sciences 

The Australian National University 
Canberra, A.C.T •• 2600, Australia 

~. Toroidal flow velocities up to 6 x 1 03 me -1 have 

been measured in atable discharges in LT-l. The persistence of 

these velocities indicates the existence of lIiqnificant non-

ambipol llr electron diffusion from the plasma.. 

Experiments. The toroidal flow of the pl.unna in tokamak LT-l 

(R _ O.4m, Il - D. lm) haa been deduced from the Doppler shift of 
o 

the oxygen impurity Une QV 27Bl A, the profile of which WII.8 

analysed with a aeven channel polychrOlllator Ill . Li ght. from Il 

line of siqht tangential to the minor axis waB reflected into 

the analyser by 11. small mirror mounted just inside the vacuum 

o 

OV omllllon (orb) 
--", 

\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

50 100 
minor radlUI (mm) 

vessel. The mirror could be ro-

tated to view the plasma either 

parallel or a nti-parallel to 

the discharge current. By COIII-

paring the results from the two 

directions, the absolute shift 

of the line could be determined. 

Figure 1 shows the radial pro­

file of OV emission in a stable 

discharge at the time of peak 

Figure 
current (t - 2 .• 2ms, Iq - lOkA, 

Bt - O.ST) together with a 

histogram indicating the relative contribution of each annular 

region to the total emission seen along the experimental line 

of sight. Although the contribution of the central region, 

r < 2Smm, dominates, it was found in the analysis that there 

were small but detectable differences between the apparent 

shifts of the wings and the centre of the line profil e. The 

line wings, which are dominated by emission from the hottest 

central region of the plasma, yielded velocities up to 5o, 
greater than the line centre. As a result of the low ion 

temperature in LT-J, Ti ~ JOeV, rotation velocities a s low as 

lkms-l could be detected. In figure 2, we show for two 

successive shots, the toroidal velocity and also the longi­

tudinal ion temperature deduced from the line width during the 

interval 1.5 - 4.5ms when OV emission is strong. The results 

i ndicate fairly rapid flow of the av ion component in the 

direction of the toroidal current. As a result of collisions" 

with electrons, the QV ions with charge _ 4 will tend to lag 

behind protons travelling parallel to the current by a velocity 

Which may be as high as lkms -1 in these conditions so that the 

bulk flow velocity may actually be somewhat higher than that 

shown. 

Discussion. In all collisionality regimes, neOClassical 

tra nsport theor}· predicts a toroida l flow driven by radial 

gradients of temperature, density and the electrostatic poten­

tial [2] . such rotation has previously been observed in ORMAK 

in the collisionless regime [J]. However, it has a lso been 

s hown [41 that in the plateau and collisional regimes, which 

apply in LT-J, the flow should decay to zero all non-ambipolar 

ion diffusion, associated with charge exchange or magnetic 

ripples, readjusts the ele ctrostatic pote ntial. Since "the 

charge exchange time in LT-3 is of order 20011111, we would not 

"expect the observed rotation to persist through a discharge un­

less a mecllaniam exists to maintain the potentillll above the 

expected zero velocity level of about -lOOv. It may be calcul­

ated that an extra potential of order +lOV is required to 

account for the observed velocities. The required mechanism 

may actually be provided by the neutral population in the 

plasma. El ectron 1l'IIpacts with neutral., which are relatively 

probable in LT-3 conditions, will cause a non-ambipolar drag 

on the electron component which i. drifting with considerable 

velocity relat ive to the ione. 
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Dr . L. F . Peterson for help with eOllle of the experiments, 

Dr . R. L. Dewar for helpful discussions and Profesaor 

B. s. Llley for his continuing interest in this work. 
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ion temperature from raeasurement.s parallel and anti­

parallel to the plasma current. The experiment.al points 

and full curves relate to the wings of the line profile, 
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SATURATION OF KINK INSTABILITY AND 

HELICAL EQUILIBRIUM OF CYLINDR ICAL TOKAMAK 

Sanae Inoue·, Kimitaka ttoh· and Shoichi Yoshikawa+ 

Oepartment of PhysiCS, Faculty of Science, University of Tokyo, 

Tokyo, Japan 

+ Plasma Physics Laboratory, Princeton University, Princeton, 

N. J. , U.S . A. 

~ Nonlinear saturation levela of kink modes are obtained 

by use of the neighbouring equilibrium method for various current 

profile calle8. 

Generally we observe the kink modes in their nonlinearly 

saturated state in which they no longer grow ( in MHO ti~ ) ; the 

plllsmll is i n an equilibrium governed by the equation -j x B - lip 

with heliclll symmetry. This fact implies that the plasmll moves 

from a cylindrical equilibrium to a heliclll one . The helical equi-

libria in linear theory dictates the bifUrcation points of the 

cylindrical and helical equilibria. Here we evaluate the satura-

tion levels of kink modes by findinq hRlical eguH±bria with 

finite !llI1plitude deformlltion . 

In the large aspect r ll tio limit (R/a))l) , a tokamak plasma 

is approximated liS a current carrying plaslll8 cylinder ( ralHus a 

inwersed in a strong magnetic field . We use helical coordinatel, 

r, +-mO+ktz and x .. (mt-kzrIO)/(ml+kzrl) (r, e and z are the ordina ry 

cy lindrical coordinatel with r-O at the axis of t he cylinder , m 

and kzR correspond to mode numbers I. The plasma col wnn hal the 

helical aytllnl8try: . We de fine. and B+ as ljI-kzrAe-mAz and · S.- kzrBe 

-mB t . The plasma equilibrium equation with X independence gives 

(k"+ !!!:)!:.t + rJ. .!. * + 2m2 * + 2r.okzS t 
z r HI2 ar r r rlm2+(kzr) "] m2+(kzr)I 

d(B.12I/d. IJ , IIII"+tkzr)") dp/d, (1) 

B. _ B.(t) and p - p(.). 

£. is also expr essed al B.-B:+2IJ,f{(lDJz-kzrJe)dil'-(k~r"+m2)dP]. I n 

low B limit, S, in the left hand s ide of Eq. (1) is replaced by B. 

unless the case of q <k~r"«l. We eXpand", as 1jI- 1jI,(r)+o.,,(r)cos+ 

+0."'"+ " . { both in the plasma lInd in the vacuum J and Jz-J, (r) + 

(lJ, {r)cos++o."J.(r)+- .. . The constant + surface is also deformed 

aa r(+,+)-r,+,hcos++6 2 +'" where 6 , and 6. are given like 

6, _ -0."/.,,, , 
'h - -a" (1jI.t,~ - 1jI , 1jo1/21jo~ + "';1jI1/41jo~) • 

(2-1) 

(2-21 

From now on , we analyze this problem notinq the safety factor q 

and the current con entration ratio It"- q(a)/q(O). Both are 

q _ 0'[1+(1- S.·1(!.L~·+ !'+ d6,lo.') ~ q.(l+(l- SL·joo.'j, 
- m 2r l cr r ar m 

" 11+ 
J2';Jl rdr - JI(,""J2rdr 

J'/o·J l rdr 
0') ~ '" + 1,1(11 • (3-2) 

We expand Eq_ (1) a nd retain terms up to the 2nd order of o.. To 

the lowest order of (kzri 2 we obtain 

!. d r d,. 
rCr dr 

!. ....!! r d t , m2
, 

r dr dr ri' 

!.dr~.t2 rar dr 

,. 
mlll~' 

( 4 -1) 

(4-2) 

(4-3) 

The boundary condition is that Br-O at the wall ( radius b ) and 

the continuity of B~ to the plasma surface . This qives the 

condition which determines the critical q value q. as 

IS) 

at which the plasma is in a helical equilibrium with in£1ni-

teaimal deformation. From the 2nd order equation, we qet the 

nontrivial solution of a in terms of q and 1<. The plasma 

transport equation qoverns the time evolution of Cl (t) closely 

coupled with I«t) and q(t). Here we do not simul ate the history 

of (I(t) , we take a simple constraint that the current density 

profile does not change. Equation (3-1) give s ~_~ 2 1 , 

the me","urablfl quantity Brlal/BeCa) is qiven by 

where I q- q* I <1 . The saturati on 

lImplitude qiven above indicates 

the linear growth rate, that is, 

1"Br'Bel"YL since Y~ is approxi­

mately proportional to q-q •. 

Fiq. l 

.. , 
CI/tI ••• 

'~,--'-.,_-' ..... __ -L.,.:!.:" 

We show some examples of Br/Be. The current density is J.(r) "' 

Jo [l-A(r/a) 2+ (A_l) (r/a)']. 3] Figure 1 shows the case of 1<_2 and 

a/b- . S for 111-1,2,3 modes . For each case, the q<m side ( kink) 

branch is shown. In spite of the tendency of the linear growth 

rate, the saturation IlIIIplitude does not vanish at q _m and will 

connec t to the internal and/or the tearinq mode_ Figure 2 shows 

the dependence on the current prof ile for m=2 mode (a/b_ . H) . I n 

Fiq.3 we see that Br/Bp strong ly depends 'on alb. This tells 

that the she ll ( C!r shaping coils ) must be placed as close as 

poilsible to the plasma surface. 

In this paper we use the constraint J.(r)-J2(r) from the 

following reasonl real toka­

mak plasmas have the finite 

resistivity and the anOIll8-

lous skin effect so that the 

flux conse rvation condition 

is not alwaya a good appro­

ximation, the experimental 

observation shows us that 

the current profile chanqea 

much slower thlln MHO activi­

o 

.~ 

Fiq . 2 
m.2 

aib ' .a 

q{a) 

ties 3! By means of the flux conservation cond ition which impl ies 

o(r)-O, "h can bo solved from EqR . (2) and (3-1). Using Eqs. 

(2-2) and (4-3), (I as a function of I< is determined. It will be 

i nteresting to compare our results to the case of 0-0. 
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STATIONARY AXISYKH!TRIC STATES WITH DIFFUSION 

AND HIAtING OF TOKAKAK CONFIGURATIONS 

ASSOCIATION EURATOM · et:" SUR 1...1 f'US/ON 

Drpa"~_'" rI. Ph)";",,. Ju 1'1",.,,, ~, ,/~ IQ F~,."" Co~"'II'" 
u~'''' d·t:I",I~ • .vue/,:.";,,, 

nor,~ 1'''01,,1. Q' 6, 92260 FONTl.'/'IAY · AUX-ROSES (fIUNCE) 

~ : A let of int"ro-differential i!<I ... tio,,1 d ... eribiD8 the M.H.D 

"'l.uiHbril.lll ot • pllsaaa in uil Y=tetry, including the tunlport eOIUh:ieatl 

and Ohmic and non-QlIIII.ie lIutina. ia .. ubli , hed. Then aqult t" ... have b .... 

l oIved _edean,. 

Th' phy.ical phaDOllllIA whicb occw: in the equiUb'dWII and evolu­

tion of Tolr..amllk 'ditch,r, .. In IIIDII..rOIlS and very complu: and ca .. Dui, '1' .. 11, 

be aceounted for by ........ ot IlUIIHOrical c:od. .... such .. th" M.\XOKOT cod. at 

Fonte"y [,I ' J, Haw ... er. it i, u .. .ful to .cud)' .... lytic.lly the .. aquiU-

br ia ,uDdu lIOn ""h_dc conditione iD orcler to .,i ... better indaht 

into the nun. fnund both uperiIKntany and by tha IlUUdca l codu . In 

particular, the influence of the functional fOl'1lll of the tunaport co.ffi­

cienta and of different farm. of heatina .... y be better undeutood. A aoad 

• nalyticd d ... cciption ia .. ho nec .... .., to nudy tha . t abUity of the .qui­

libd ... nd to predict the beblviour of Tou..kI uDdu ".riou. conditiou. 

In a:d. yumetE'j, the equilibrium 11 aiv"n by [23 

(2) lCo .. < X2 > 1/2 upoo definioa Iocr) to be 

vber, < K > .. J"" 
~ 

'/dl )-1, the int.gration being taken 
XJiiiiIPT 

doag. croll-seetioll bounduy of ... gM tic aurfac. l' .. conat. We put 

!, .. .!f .. ~ j. wh,n to .. con,t. 

A, .. ,iaQ,Hfic:.t.tioa ve will 1,1 ... . inat .... d of the d iffulioa 'qwr.tioll , 

the relation n" t t.W vhi~h i. very v,n .. thBed jn the actud Tokalllollte. 

III i. ae",nlly do .. to 1/2 .. od VII abl ll Ut. thia '1.1111 • • all a;ampl •. W. 

finally obtdn : 

(J) ~r .. A(r) + (15 - Xl).L!m. cIA 
Eo dF 

A "!a. < t;.J/2 >. 

"" Oeterminatilln IIf ACP). We vdte the hut tranapon equ.tioll in the fan 

9'Q .. !, Y, + • where z.. y. tlpruenu the olllic hutina Ind • the h .. t 10 .... 

tog.th.r vith .ay otbar fon of heatiQg. SUPPO" that Q .. -~) 9' . , v. 

obtain 

vbere I il tbl pl.na curr'lIt a=OIl ah. crol ' - I "ction of tbe lurf.cI l' .. 

COut. la ord.r to .ccount f or th. rapid tnoaai •• ion of the hea~ .lonl tl:!' 

.. gnetic tinn ooly the 1II.~a Tep) ..... t enter into tb. probll!lll end .0 v;' have 

(4)J(P) I/o S. 

We OOV cbooee the hut tra napo r t coefficient 

K· ,a q8 nl • T" q8. Tb.a Q .. - ~ T'" q8 'if vhere (6) q" f dSr i. 
xr 1ilod'F 

the .. hty factor and T" < TIn >",. 
We con .. qUlatly ftud : 

(7) A"!il rt-, ("'+I) I~ro(l + . :Jb ) q-O+8)f dSrJM 
flo ~ ~ :J Ui; . 

M .. ~ .• (1') and f .. X I, beina given, the . et of eqwr.tionl (2)- (7) 

deUnn the proble= po"d. 

Tbe bound.ry condition wilt b. taken to be l' .. 0 on th~ pIu ... 

Tben aqueCiOll' hav . been 10 1Vld rwmedc.Uy by La Pal and Toad. 

under contract vith the C. 1.5. t. 

Special c •••• - To il1uetrat. th~ nlulu. ve viU choo .. nv.nl Ip.cial 

c . . .... 

1) In th~ cylindric.lc ••• , the .qultionl r . duc. to diffeuntia1 

equ.tionl which have alreldy hen Itudied in particular in r3_7 .. Tbe prin­

cipd n.ult .... the follovina:in the cu. of Ohmic heating etolle th.n 

."i. t. on. and onl,. oue _lutio" if 0 < M\;2 or <..-0<> ~J.f 1_< 0 • 

! 
Otherwise , there i . no equilibrium 101ut10n and the numericd code ehov. 

tblt the pta .... temper.ture becomea progruaivd,. DIOn .nd DIOre peaked 

1'ia · 2 

.2) OlDic heatina done (11·0) 

A. I .. napl. , l .t ua chao., 8· - I and f/xo " con.t . In thia e ... , 

the equatioll be.,...,. : -, 
1.1' .. ~ (0 - Sr)K -.!.L=....!: 3\10 (] - Sr)If- 1 & ~Sr) ] 

-xr · Ti"" d,¥ (iii'7 .. d . 

where A vUl ba d'terginrtd. by the boundary condition • • nd I i. the ntio 
ji. 

betveea thl rill tr.nsport colfficient tak.n on th~ ugnetic ui. ,Dd • r . -

f .. ~ .. n" .. I'.o .. fflehnt ~ .. "" vhleb it el .. ay. 010 •• ~o the ............ nt.l .... lu • . 

Tbe cetculltion. have bun perfonaed for different vduII of M .nd \10- M • 6 

being clo .. to .ctu.lity _.nd f or elliptie, tlcetr.clt .nd D-ehaped Croll­

nction •• The do ... in of pollibl. equiHbrh do .. not IIII!III to be very dep.n­

deat upon the type of crO:II-.. ction. With Oblic hu tina 110n., tha equi li­

brium 8 vllu ... r. of the order of a fev percent. With a IIOr •• venly dhtd­

huted additional h .. till8, on. vould ""peee 8-v1l .... cooderabl, higher. 

In Pi, •. (3) .nd (4) . r . npnaanted the ... guetic ",rhclII, tha tecapera tun 

Te and the current denaity for a D-. baped plana. It 11 I lilllitina c ... v i th 

8·0.0& . 

UP!Il£IICZS.-

LV 
6) 

{j} 

, .. .1 

Cod, HAKOKOr. Rapport mbte C.E . A..-C.LS.L !UR-(U a32. 

L.cturu in 1'1 ..... Phyaic. - EUR SI27. - l.o..I><_bour" Sept. 1974. 

C. iG!RCtlDI., SOuaa.utA.HAY!R. 7th !uropua Confer.nc. On Coat. l'ul . 

and Pi .... Phye. 19n - Vo1.Il - Suppleca. papen-

C. KERClER - Rapport EUR-(U-1'C-812, rh-tier 1976. 
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! 

, 
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............... - ... iIy 0._'" 



14 TOKAMAKS 

SCM.INC LUlS FOJ. l'LASK\ CONPlNEM!NT 

Cui ...... lAboratory, Abin.don, Oxon, OXl4 3DI, UK 
(EuutOll_UK#LV. ""oelation) 

SaUna 1 ___ It be hlVarhnt undu any tr.n.fo~tlon whlcb I_vII 

tb_ bllt" pi ..... equationa Inverhflt. Th' conltra1nte wbich thll 1"'1'0181 

tUct with empirical It;:IIUnl lawl, 

The ',,,aUng I..,' 11 the tdation bltv •• n ene"'ay confinement tim. T 

pta, .. den'l ty n and t""uature T. 

aquletolUl of p11 .... behaviollr Ire Inv .. 'hnt \I"de ... fOQlI BrOllp of trln.fo[lllol.-

Honl, then 1nl' ,cIUnl la" dutv.cI f'l"OII thn .... t be InVI",hnt under rhl 

.... tr.n&fo .... tlon.. Thil property levenl,. circUIIlcrib .. whit leaUnl 

!aWl Ire eOlllP1tlhh vith any 11vI .. pi ...... .odd. 

CollhloDl ... . 1",,-8 Vi •• ov _del 

Thl 11""111,, ca .. 11 that of • <:o111.1onh .. , 1""~ pi ..... ducrlbed 

by the Vl •• DY equation 

where rhe dlcede: fh ld 11 dltar.inad by char.1 nl"enUey and rhe -8-

nath: fidel 11 prllcribd. Tbare are tbr .. independant lineu tUMfonaa-

tio ..... hich l eave thil mocld invuil nt . They In 

A, : f ... ert 

Aa: v"' fJv. lI"' fJB.t-fJ-'t,S" fJ as 

Onl can Ih"". (b,. tonalcluinS the beat flw< Q whicb 11 clirettly 

cI.flucl i n Un .. of find v) . thlt .n ener lY confina .. ent ti .. e dlp.nd1na 

on n , B. T. a .,Ul loa invariant undar tha.a tun.fo .... t1o ... ~ if it 

11 of thl fo .... 

IT .. P(T/aalla ) 

Thh 11 tbuafore t hl onl y Ical1ng 1 ... tOl!lPat1bla .,ith th .. collllionlell. 

1""-fJ, Vl .. ov .. dd of p i ..... 

Otbar Fl ..... Hocle1l 

In a "-.illr .. ay one CIn duenolne .,blt lca ll ... 1 .... are eo.pat1bla 

with other eonv.ntional pi ....... dell, We hav .. inv .. US'ucI (t) Tha 

eollil1onal. l",,-fJ _cid - d .. erib.d b,. the aolulMn tranlpon equation 

(ineluding eolli.ion.) plue charge nlutrllity and prucr lbed ""'gnor i c fi e ld. 

(H) Tba collhlonl ... . hlgh-fJ _dd _ dllcribad by VIa-av', 'quatton. 

ch.r SI neutullty Ind the Klxw.ll .quaUon. V x B .. t,"j , V x E .. aa/a t. 

(ut) Tb. co11iI10 ... 1. h1sh-fJ .-odd. cI .. erlb.d by the BolU ... n equ.Uon •. 

ch.. Klxw.ll equIUonl Ind chuSe n .. utraUty. 

Tb. r .. uH., Usathee wtth thou for ideal .nd ra.1ItlvI fluid .. dell. 

In IhOtln ln colu .... 2 of tbl table. 

In Dlny "p.riDlntl the pI .... 11 beat.d by ohllic di .. lpltion. If 

.. e t.kl thi. to be soulrnd hy 'n ohll', 1 • ., (not ne"e"lrlly cll .. icII) 

b ... cI On the eoll1110nel .. cid (Ui) the leaUnS I .... for ohaic beatecl 

pi ..... beeOlla theu ln eol ..... 3 of the tlbl., 

eo.p.rhon with !"P.ri ... nt 

In. recant IUrv.,. of thl cllta fro.. Toka .. k elq>.rillentl, HuSHl and 

Sh.ffldd [I) found thlt the ebluv.d "onHn .... nt ti ... e'n b, well 

reprl.ent .. d b,. 

.,ith It .. 0,61:i: .01, Y .. 1.89:t: .13 .. .. 1.51 :t: .17. Unfortunately thil 

SCIUna Law ScalinS Law 
Pi ..... for BT for IT 
Hodll (O.nerIO (Ohatc Heating) 

Coll1.ionle .. 111' .. p(T/.IBI) BT .. P(na'B~ ) 
1000-fJ 

Colli.lolll",. ( , M') BT ~ P(na l . "B4) low-fJ BT .. P 1"8' , B'I' 

Co llllionla .. 
BT" P (nal.~) BT .. P(nal •• 'B') 

hillb-.6 

Col11aionle .. BT .. P( .... z , TI's , aa%) 111' .. p( ... z .a ~II.) 
hillh-,B 

Iclea.l KIID BT .. (na l )\ P(nT/al ) \ (".,) BT"naP '&'1ii" 

JI."iltivlI KHD 81' .. (nal).I.. p(nT/BZ.Ta-'l) \ ("") BT .. niP i"SiT 

IIIIplrlal 1 ... 1. not cOl!lPltlbh with .ny o f the modela con.ldetlcl, '1 lily 

bl veriUed frOll tbe tabll. 

A pOlllbll Clull of thil dhcnp.ncy ... y be rldilUon fro .. illlj>urltl .. , 

Thh cln b. i ncorporlted into thl rl1tati'le fluid .. del throoS" .n .ffaethll 

eharllll Z i n troduc:ed into ohll ' . 1 ... Ind the Iddition of I rediltion "nuSY-

10 .. Prld - nr..,Jzm. Tb. inv.ri.nce prop.rei .. of the ...,del then require 

the .eeling 1 ... to be of tbe fona 

BT -n\A\' p(it.-\$,aabzeA
d

) 

.,here A 1, .tOlDle ""' ... nd the indte.. b. c. cl .r. rel.t.d to the 

lndlcu of th" radtation 'n"r D-lolI fot'alla. 

Conelulion. 

U r . int l On Iny 1"I11n& 1 ..... hich eln be dllrived from it. In the '""tu .... 

• ...,11 of a eolUdont.1I 10tI-.6 ... dd IT Cln depend on l y 'on thll ratio 

T/I "B" BIN. (Ineident.lly the only ~ tranlport coefficient pOllib l 1 

ln thtl rllI~ .cel .. lik' Bolm diffulion~) In thl co111110n1l" hlSh-.6 

rllli... BT CII" dep.nd only on fJ . nd the lin. cI.nllty N. , Por ohm.icdly 

b .. tlld pi ...... all IIOdal, requirl BT to bll , funetion of N Ind ( .. ..,~ ) 

Ind eb. t,,,,,,erltur. to bl liven by T _ ,-\ P(N.B,".). 

thal. rlleult' redue. tha nullbllr of Idjultlbh p.r .... t.r ... hlch h've 

to be duerained nopirie.lly _ providlcl the Ipproprilt. o:odlll h knovn. 

Alternativ.ly on. could UII the cllte eo cllltenain .... hlch ...,dllll .re appro-

unfortunately tha ,.iri"d 1 ...... hich hlv •• 0 far blln propond 

.ppear ineoq>Ittb1l with the coov.nUonal pi ....... deh. Thll may b .. 

b,c.uII radi.tion fro- l..pur1t!" 11 important Ind tb •• ffect of thil ln 

tbe r"lltive fluld ""dal h .. bean duu-.ined. 

Fi .... Uy .... nota th.t Ilmtlar l"aUnS 1 . ... 'pply to p.rtiele ·confln._ 

"''''t tt .... 

W. think Dra HuSHl .nd Sh.ffield for uTly helpful dheuuionl. 

tl) HuSill. J Ind Sb.ffield J. "l!apidcd Toka ... k SCI Una" , To be 

pubU.bed. 1.110 in R 5 P ..... Contemporl ry Phylic'.!! (19171 113. 
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BALLOONING MODES IN TOKAMAKS WlTH FINITE SHEAR 

J . M. Greene, Mo S, Chance . A. H. Clan" r , and E. A, Frieman 
Pl'inceton Univenity. Plum. PhydcI Laboratory 

Prlnceton. New J er .. y 08540 USA 

D. R . Dobrott 
Genera l Atomic, San Diego, C a l.iforn l& 9l11Z USA 

D. B. Nehon 
Oak Ridlle National Laboratory, Oak R idge, Tenne •• ee 31831 USA 

ABSTRACT 

Ballooning m ode. ar e calculated from twO different 
appro;d.mationa to ideal MHO theory. The fiut approximate. 
the rull aet of equation. nume r ically; the ,acond utili~e l an 
expanlion in large toroidal mode numbe r to reduc\ the proble m 
to a aed u of diffe r entia l e quation. a long linea of fo rce . 
Excellent agr eement iI found, and the importa.nce of the mod ... 
•• a •• e •• ed. 

Application of the Prillceton Equilibrium, Stability. and Tranlport 

Code (PEST) 1 ha •• hown that in many configurations a n a bllity Umit on 

achievable pluma pre u ure i. determined by fully developed hallooning 

~ode • • Z The .e are driven by force ... odat ed with the prellUre g r adient 

and have the character of interchange', but a re concentrated in r elian. 

where field line curvature i. uniavor.ble. The interchanse vortice . penetrate 

to tlw cor e of the pla"na . and exilt even when the pla.ma .urface la con· 

I tt.iaed to be . tationary. Too •• they cannot be .tllbilize d from ou t. ide the 

pla. ma. and could .tr onsly affect the .containment properti ... of high 

prel.ure I ylteml. 

In addition to the numerical work. we are 11. 1' 0 c. rr yinS out a mare 

analytic appr oach to the under.ta ndinll of these mod ... . 3 T he m ethod il to 

conlider hiSh toroidal mode number • . Thh provide. a complementary 

localbation to that utiUzed in the u l ual interchange I tability c ri ter ion. 

where locaHr.ation in the vicinity of a masnelic a urface la a aaumed. 

The calculation. have been done for syltem. with finite .hear that 

aatllfy the UIUal interchange ltability criterion. PEST r e.ultl h&ve I hown 

that marllinal ballooning model in theu 'ylteml u ti lfy periodidty r e· 

qulrementl by being fully modul .. ted a r ound the minor crol. lectlon . That 

is, the amplitude of the mode a t lome u,;muth vani. he l in the limit of 

la r ae toroidal mode numher n. 

When theae ideu are Includ ed, the eneray principle for Id ... l MHO 

reduce. to a .e t of ordinary differential e quation. for each magnetic surf .. ce, 

with the bour.iar y condition tha t the solutions v .. nilh .. r 9':1: " I. e •• On 

the in.id e of the tOrul where tbe local cur vature i. mOlt . tabiHzlnS. 

A l imple computer p r oar a m b.a. been written that integrate' thi. 

d ilfer e ntial equation along field lines for numerically dete rmined equilibria . 

The results o f thi l p r Oll ram are then compared with tho.e from PEST for the 

. ame confi llurlltion. Excellent ag ree ment is found. 

The context of thil aireemen t involve. leve ral con.ide r a tion • • The 

PEST code cannot ac curately t reat model with rea lly larSe values oC n 

becaule the mode ha. fine Icale . tructure and i. hard to re.olve in thi l 

limit. Typica Uy. compa r ison 11 made with n " 3. Eve n 10, Care muu bo 

Uoken to en'ure that a .uUiciently line rnelh ha. been taken that the PEST 

r e . ult. are meanin"fuL On the othe r hand, it i . found expe r im entally tha t 

with p r ope r numerica l care. n"'} asreel rema r kably well with tarSe n 

predictions . The implication iI tbat higher order cor r ection . in powe1'l 

of l/n a r e r elative ly s m all. 

Further , the treatment fo r la rll e mode numbers doel not account 

for term . that d r ive free boundary in. tabllitiu. ThuI, aareement between 

the two approache. i. succe llful primarily when the perturbation I. re-

qulred to vani.h at the p luma boundary. 

To conclude, nveral!eaturel indicate that then fully deve loped 

ballooning mod"s should be taken lerlou.ly. They can occur for r e latively 

small value a of the toroidal mode numbe r n. where MHD theory iI most 

nea rly valid. They can occur at . lgnUicant valu"a of pla.ma pr"slure, 

even unde r the con.e rvative allumptlon that the plalma boundary I1 beld 

fixed. Finally. the mode .trucb.1 r e of vortices extendini r ight into the center 

of the plasma could be quite damasms. 
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QUASI-LINEAR PROCESSES IN THE SLIDE- AWAY REGIME 

OF A TOROIOAL PLASMA 

A. A1r01d1 Crescent!n!, A. Oreflce and R. Pozzoli 

Laboratorio d1 Flstes dsl Plasma - Associazione CNR-EURATOM 

Istituto d1 F1BlciI - Via Celaria 16, 20133 Milano (Italy) 

ABSTRACT. The quesi-linear evolution of a current carrying 

plasma, in the presence of magnetically confined electrons, 

is conSidered. Under resonant conditions (Re «(,,) .. ,!:;. ::!l-kftvfte) 

d considerable energy transfer 1& possible to the 10n pop~ 

1at10n , 

In the so-called sllde-away regime of a tor01d81 plasma/1, 21 
a s~tOn9 distortion Is observed 1n the electron distribution 

function, 1n correlation with a considerable increase of tra~ 

sverse ion temperature and with a radlofrequency emission bel 
ween '-Jpi a nd 5;'10 ""' pi ' The parallel energy, imparted by 

the toroidal electric field to the circulating electrons, is 

partially tra'nSferred, through a Landau inte~action, to the 

electrostatic modes chllrllcteri:ing the slide- away situllti062 , J~ 
and drives some of them unstable. Another Landau mechanism 

provides a certain aMOunt of (transverse) energy transfer 

from the waves to the ions. The relevant e . s . modes are ind!;! 

ced by the current carrying electron population , and their 

growth rate is ~ximum for parallel propagation , while ion 

Landau damping is most efficient for quasi- trasversal pro~ 

gation (k~» k . ) where the waves are baSically of the ion-! 

coustic type . In the present paper we ana lyze the quasi- lin! 

ar plasma evolution, in order to evaluate the energy transfer 

to the ions . We label by ' c ', ' t' and ' i' the quantities r! 

ferring to circulating electrons, trapped electrons and ions 

respectively. In our model, the magnetically trapped electron 

population is simulated by a standing maxwellian Ft' Indeed, 

a more satisfying treatment would require the intrOducti on of 

a space coordinate , While our plasma is taken to be uniform . 

The full dispersion relation was analy:ed in ref. /3/. For~ 
computational limplicity, we consider here the limit 

where Vi ' v t ' Vc are the thermal velocities, and u 

the circulat:1nq ele ctron drift . Moreover , we consider 

,. 
'" limit 

't/G>J,.. «"1 (with r..l _ W R +i ~ 
with e {W,~} - E. R +i £1 

We obtain: 

) so that f __ E:z./e:.~ , 

E. ~ - "bE./~wlw.w ... 

€.(w •• !S)" i-:fu (~+~)-h(!.<r"'~'" 
.... """lIi I ... I J)t to t +_oi __ (1) 

t M 1.\ Kl';t'Oc. 
",' 2 <:up; (:i ... .!!.!.. - t' J (2) 

R:!!.! -q In. m 
with tt _k./k. 

Assuming that the e lectr ons are stronqly maqneti~ed, the 

quasi-linear e l ectron diffusion process in velocity space. 

is basically longitudinal. As far as the ions are conce~ 

ned , they are assumed , in the present simple treatment, to 

be unmagl'U!tized and IIIII.xw811ian. In this scheme, we 'let the 

system: 

where E is the external, longitudinal electric f i e ld, 

which is tsken to be f!t ER (runaway Dre icer fi eld) I 

W
R 

is the sol ution of eq . (1) , and w~ is the spectral 

energy of the oscillations : 

W~- W R ~ ~ E.~ with < Ei;;b) - ) d~ E~ . 
Spontaneous emission terms /4/ are i ncluded in eqs. (J), 

(5) and (6), and play an i mportant role '!o'hen the plasma 

is close to thermal equilibrium. Indeed , .... hen E-O the equ!. 

librium solution of the system is given by ~x .... ellian f i , 

Fe with equal temperature T , and by a Rayleiqh- Jeans spe!:, 

trum W
k 

- T. A coll i sion term and an equation for ion ev!!, 

lution-shall be incl uded in a further extension ot the 

work. 

From the numerical integration of the system (3) - (6) we 

obtain the e volution of such quantities 

WC,, · J d; "!; ") , " ,. f., ) d!; 

as Fe(v.,t}, W~(t) , 

~ ", 
(~ )i' 

The last quantity , in particular, 'lives a n estima te of the 

energy transfer to the ions . 
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1040 DIIUXELLES 

~ HF Power near the lower-l1ybrid Frequency at a level to~arable 

to the Ohmic Heating Power Is fed to the WEGA-To~amak. In the experiments 

presented here , the HF Heating is accoflllanied by a marked density incn!a­

se. A comparison is ma'de between the n!sults obtained with HF, and 
without HF using a progranmed gas-puffing that produces the same density 

evolution. The gas influx accounts but for a minor fraction of the heating 

observed. 

INTRODUCTION: In pn!vious experiments /1 ,2,3 ,4/, Hr power at levels up to 
90kll has been fed to the plasma in IIEGA. The available power of the SOOrtlz 

amplifier system has now been raised to 200kW. In the present experiments, 

165kll have been actually coupled. The antenna system consists In two small 

loops oriented in the equatori ft l plane, placed azil!lJthally about a quar­

ter of the fn!e-space wavelength apart, and fed out of phase in order to 

fulflll accessibility for the major part of the excited wave-s~ctnJm /4/ . 
The electron density as measun!d by LangllLllr probes near the loops is of 

the order of 1011cm- 3,well above the cut-off density, just before and af­

ter the HF pulses. The density of the deuterium plasma is adjusted so that 

the lower hybrid frequency equals the applied fn!quency near the plasma 

center. By applying 901:11 during lOrns, an Increase of 90eV (601) of the Ion 

perpendicular temperatun! as measun!d by charge exchange was observed, 

which decayed slowly after switching off the IF. 

The HF heating Is often, but not always /l! , accompanied by an Increase 

In density. In part i cular, in the series at high HF power Pn!sented here , 

the density Incn!ased regularly with the total coupled IF energy. The In­

cn!lse in Ion temperature due to this density Increase alone, if due so­

lely to enhanced electron-Ion exchange is expected to be much lower than 

the ion heating observed during the Hr pulse. In thls paper, an experimen­

tal comparison made between HF heating and gas puffing confinns this point. 

EXPERIMENTAL RESULTS: Fig. 2 shows the evolution of the electron density 
(peak density assuming parabolic profile and using the plasma radius de­

duced from position measurements) during the HF pulse (full Hne). The 

density in the absll'nce of IF as sillLllated by an additional p-rogralmled ~uff 

of cold deuterium Into the discharge Is sholol'l by broken line , the dotted 
line pertains to the case without HF nor gas puffing. 

Fig. 1 gives the perpendicular peak Ion tefJ1leratun! as deduced from neutral 

energy analysis. During the IF pulse, a high- energy hll exists. The va­

lues during HF are obhlned as described pn!viously ts./ by subtracting the 
Maxwellian tail, extr apohted to low energies from the data, and thus are 

subject to doubt While not conflnned by another te~eratun! measun!ment. 

Oue to the rapid dec~ of the tail , (~ 10%s) , however, the value obtained 
600)ls after switch-off is n!1iable. At that time , a temperatUn! of 220eV 

is deduced, as compared with a) the inithl temperature of 120eV, b) the' 
~alue of 150 eV obhfned ~t the same ti me with gas-puffing. 

Fig. 3 represents the product of loop voltage and current (the curn!nt 

n!mains practically constant in both HF and gas pulses) ; Fig. 5 shows the 

electron temperatun! by soft X-r~s. and Fig. 4, the value of the impurity 
concentration as deduced from density and from the soft X- r~s signals 

assuming the dominant i~urity is Ol\Ygen. (The concentration assuming the 
dominant Impurity to be i ran has not been represented as it corn!sponds 

~o values of Zeft which are in much poorer agreement with those deduced 

from the res1stl~ity during the entire dischar~e). 

~ : The total increase in Ti obtained under comparable experimen­

tal conditions /4/ for lower peak power was 90eV. 
For higher peak power, but the same coupled energy , the difference between 

the end temperatures obtained in the Pn!sent experiments with HF and gas 

puffing is 70eV and dec~s with a time constant of 3ms. 

, 
The IlF power coupled tu the ions is the diften!nce between the rate of chan­

ge of ion energy just before and just after the IiF is turned of f (Inl~s) , 

assuming that energy exch~nge between species and losses do not change du­

ring this t ime Interval. The rate of change of Ion energy just after the HF 

is deduced from the measun!d change of ion temperatun! and density . Befon! 

the HF, max imum and mlnillLlm values for this rate of change an! obtained 

by assuming either that the ion temperature no longer varies at the end of 

the HF pulse or that the ion temperatun! rises linurly to its final value. 

The value of the total ion energy is detennlned using the i~urity concen­

trations found above. As e result, 25 to 50 kW of HF energy are found to be 

coupled to the I ons , i.e. 151 to 301 of the input power. 

In contrast with the previous n!sults at lower HF power, a large increase 

in the loop-voltage is presently observed . This does not seem to be rehted 
to an increase In the i~urity concentration as deduced from. the soft 
X- ra,ys measun!ments . 

COOClUSIONS : In the experiments pn!sented here, a progrillTVred inlet of 

deuterium was used to silTJ.llate the density incn!ase observed usually during 

the HF pulses. It Is shQlrr/l'l that the major part of the observed incn!ase 1n 

the measun!d perpendicular ion temperature. is not due to the incn!ase In the 

deuteron density ; on the other hand, the evaluation of the i mpurities by 

soft X-rays make it appear likely that the dominant impurity Is a light ele­

ment whose concentr ation does not incn!ase during the IlF. 

A relative Increase of the order of 701 In Ti decaying slowly after the 
pulse is observed with HF as compared to the gas puffing case. 
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P~ST ION PRODUCTION IN ~ TOKlKAX PLASH1 

IN THE LOWER HYBRID RRlTlliG EXPERDlE!lTS 

.P.Gladkovsky, V.E . Golant, V.V.Djacbenko, T.P.Evtuabenko, 

V. I .lvanov , M.M.Larionov, L.S.Levin, A.D . Lebedev, 

G.~.Serebreny, ~.I.Tokunov. O.N.Shcherbinin 

~.P.loffe Pbye1cal-Technical Institute, Leningrad, USSR 

tract: Some experimenta on HP plaBlb heating in the lower 

rid frequency range were carried out at the Tokamak PT-I 

h a alowing atructure. It was found that the efficienoy of 

t ion production by HP power increaaed aharply when the LHR 

.di tiona were met . 

High efficiency of lowar hybri d beating of Tokamak plaa­

: haa been not achieved yet . But in many axperimente the ge­

'ation of faet 10na waa reglatered by charge exohange neu_ 

.1 analyzers /1-4/. These iora are suggeeted usually to ori­

late at the plasma periphery by parametrio decays of HP n-.. 
In the reported experiments at the PT_I TokUlak the lower 

lrld wavea were exc1ted by a paosive olowing atruoture /5,6/ 

lIltod in one quarter of the torus. It cODaiated of 22 ringa 

Iced in the ehadow of the ma1n limdtero. The HP power waa 

I by a flat coaxial line formed by a central plate inserted 

one of the porta of the Tokalilak. The "lowing factor was ex­

:ted to be 1.6-2.0 depending on pl aBlll&. parametere. 

The effect of HP pulse on plasma parameters WBa atudied. 

changed the toroidal magnetic field from 5 up to 10 kG and 

,rage hydrogen plasma denoity from 4. 10 '2 up to 'O'J cm-J • 

theee conditions· the di scharge remained MHO stabl e with 

J.sma current 27 k.A. and ita duration 40 msec. Ohmic haating 

,or waa up to 70 kW. Laser scattering gave To-2oo-350 ov at 

a%ia. Tha 400 KHz generator waa uaed with power up to 

kW and pulee dUration 1 meec . The lovel of input power wae 

leed up to 90~ by external tuners The charaoter of wave 

Jpagation in the ~laam. waa quite different in various regi-

3 of di~charge. ~t B. 5-6 kG the LHR cond1tion was not sa­

afied , and only the thin layer near the chamber wall waa 

::eaeible for waves. ,It B ~1 0 kG the wavee could penetrate 

t o the central part of the plasma and reach the lower hybrid 

gion. 

The application of tbe HP pulse did not change the cur­

ot, loop voltage and equilibrium of the discharge. ~fter the 

lee the amall increaae of plasma deneity waa obeerved (An~ 

12 cm-J) which could point out at the particle injection in_ 

the discharge. No change 1n plasma diaIll8.gnetiem was found 

thin the accuracy of meaeurements ( 10'4 ev.cm-J ). The total 

gbt emi.aion and intenaity of epectral lines did not rise 

neiderably. Some electron temperature increase wae observed 

laser techn1que in the central part of the d1achsrge . 
"'-
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Pig.1 showe the energy 

" 

ectra of neutrale meaaured 

an analyzer placed in the 

uatorial plane perpendicu-

r to the d1scharge axie at 

rue aide oppoeite to the 

• antenna. One can eee the 
Pig. 1. 

bigh energy tail of the neutral flux during the HP pulae. 

Pig.2 and Pig.J show the dependenciea of the 1 key neutral 

flux on plasma density and wagnetlc field. It turned out that 

!i 10 H,I(G 
Pig. 2. Pig. 3. 

the flux of fast neutrale increased shsrply when the LHR cond1-

tions were met. (They are marked by arrowe.) It leads to a con­

clusion that tbe faet ion production occura mainly in the in-

ner part of the pl aama in the LHR region. 

Pig.4 represente the 

decreaee of the neutral flux 

after the RP pulse. The flux 

dropa rapidly with 

lOO f'sec correaponding to 

ion bouncing: time along the :10 

banana orb1ta. lone trapped 

on the "thick banana" orbits 

eeem to be responeible for 

:l'J<.. 

\. 

• .. 

r...elO .~ 

14: /O.G 
.... 1,$·111' .... • 

... t ..... ..., 

the registered flux. In our condition the1r life cannot be 

long since the current is not high enough. But it 10 cle::l~ 
that there ia It group of ions ... hich do e:nat much 10nger.E't"en 

at 0,5 maec atter the HP pulee the neutral flux ie 10 timea 

greater than before the pulea. It can be related to 00111eio­

nal ecattering of paasing ions. Curve 2 shows the calculated 

col11sionsl damping rate of fast ions. 

The energy eprctra (Pig.l) can be accounted for by the 

two temperature ion dietributlon. Por B .. 10 kG one can oalcu­

late Ti 1 • 40 ev. Ti2 .. 500 ev and ni2/ni1 =:: 10-2• If thia ra­

tio ia valid through the whole plasma volume it ie eaey to ee­

timate the HP power spent for the fast ion production. Taking 

100 t"aec ae a life time one obtaina Pi2o:::9 .11:11', or 15~ of the 

input power. Although be1ng prel1JDi.nary, this estimation la 

rather promising for future Tokamaks. 

The authore are thankful the americsn physiciets R.W.Mot_ 

10..1, .... C.England and R.J.Ls Haye, who took part at the f1rst 

etage of the experiments. 
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ICIi-ICIi BIBlUD RBSt:mililcm Am) .1LPVEH WAVES 
ID TQCAMAl{ fiI-1-Hl 

V4arln V. L.. SbaPOtkOY8ky B.V •• Cheenokov .a..V. 
I .V.lurcbatov Institute ot Atomio Bners1. Moscow , USSR 

In !K_1_HP tOkamak the strong absorption ot taat .aT. in 

deUieriUII plasma .t tbe eeoODd harmonic of ion OJolotron fre­

quency tU .2 Wsi haTe been t1D.oonred,4 !he a bsorption 1JI oauaed 

by m1nor1t:r protona for which W .. W:i • Tbe protons 
.Uio1enU,. absorb tbe energy and tbe energetio "ta11" of 
distributioll fUnotion of protons is oreated [ 1] I that IIIQ' be 
e8,,8nUa1ly WIIed in tWOoooODponent tokamak [2] • 

. \.A • r ~ 2\ lOt ~re the possibll1t:r lIechan18JIIB of 
: U\.: ~":'u tu "'roDS absorption Are oo~1.cltlred and 

-~.~~:. 
~ ... the ooupling 87ste. tor plasma with two 

80rta ~ iOllll 1.8 oalou1ated. '!he main re .. 

au1ts ot beating . t altven waTe, when 

\ 
... , 

1; -..IV'~"A ID ~ ... 
" - '-.. 

CJ ';'Wai. and C1clotron abaorptioD 1& 811-
a1nah(l., aN repor1;ed. 

1 . The tbeol'J ~ llinori'1 protOl1ll 
[2, 31 prediots that maximum or abeorpt1_ 
on oooure approx1me.tly a t 1 ~ density of 
minority_ But experimental value Of wave 

quality is eign1tioantlr lowe r aDd oonti_ 

nue to diJain;18h with increasing of protol1ll 

.. ~ density (fig.1 magnetio probe eignal.e). tbere':' 

:S~f fore oonsideretion 1llUB1; be ginn 10 ion .. ion 

b,rbrid reeolWlce (IIHJl) &leo [ 4] • 

!be d.ispel'8iTe equation f or two-ion mU; .. 

ture (fig.2). i a oalculated numeri oally oonei .. 

dering oyolotron absorption in toroidal magne_ 

tio field in the model of two ooaxial ~J.in..;. 

dere witb parabolio density profile for para-
Fi9·2o. meter. of T-10; nag :ol014 cm-:3, T

e
- 1.eV. 

Ti - 6ooeV. «-40em, Ro.'50am. It oan be aeen from fig.2a,b, . 

that even for sigt:dticant percent of protOllll l a) fut wave is 
not coupled at all with slaw mode end IIHR is · elimina1;ed; 

b) mu: (Ih1K~/ReKJ..) '" 1 ;.. corresponding to .... %'7 IItroDg ab­
lIorbtion; c) mB11mum of abllorbtion ill plaoed not in point of 

CH (,,):; W;i ,but ia removed to the surface £,= N,,2 in tbe 
direction of greater magnetic field. 

Witb increo.siDg of minority (K 11 .. 0.2cm- 1 , ,1 6,5\C. ) , fig.3. 

the transformation in slow mode is occured. One may obtain tbe 

• 

n. 
tlI D 
nco· lO"cri' 
K". f.2 <>4' 

relation between density of minority 

and K u from equation 

aN- +(I,+i I,) 1'1' +<! . O 
In tbe vicinity of cri tical layer 

E.,=/V} 1,.=0. If 1;.2» 4 1ac l 

i .e. ~ ?K,;!'lzl/e,". tben tbe approxi­
mation NI .. - f! (I,. ti lir' =­

[(t,-rJ,:)'-e:J Ire, -tM) 
--.b,L---'ilI--~-'>,d·.(-t is always val1d(C,=l,+ip,t,,,,ZI+l'l, eJ -

components of tensor [ :3 ) ). 

.. ~ 
•. , .. : 

! I-.J. 

"" .," "",. ,,".r 
I. •• ' 

Tbe reaults obtained are connected 

wi tb maxilllUlD of left-handed component of 

electric field of " ave in the layer 

E.,=N:'In [2.31 tbe value of l eft-banded 
component was taken at point CH '-J=~;i 
and tben tbe varintion with cten8:Lty "aB 

performed • 
2. ABSCRl"rION AT THE ICII'- IQi HYBRID 

RESCI1AlfaE. NVII' tbere are the vacuum la­
yer by thick a, between pl esma and ex-

, Fij.3 ternsl conducting cYlinder J ex-
ternal boundary of plasma coi ncidee with x_O, and along surface 
x __ 8 in direction "y" toe current :Jo~ e·~wt flows. The band 

of current l ayer i8 2d.. Equation for f88t wave ( KIt--O ) is 

d'E" (l, _tI,~)2- E~ £ -0 (T~xJ;) 
01,2 + E, "'"z ~ - (.: 

Here tbe coefficient n.2 by Ell has the pole l,~N/ , three 

zeroes £,t:fE.2/= tI/ and now tbe cyclotron abaorption ia 
ignored. Tbe W.K.B. solution in the vicinity external boundary 

of tbe plasma ie .t. 
E, =11 [w;(~)e-i"+RW'/..;)e··J 

wbere W"l = U ~ i tr 
reflection coefficient, 

-', -. -2i"] 
_ Airy functions, R= if Cl -e '(f+Ve ) 

~·r·'(r,.-rJ 

f... Tso Tu 
{, ,or (, "",( "dr+'')Z .1=-2' )".r T = ) n.or T_)" • 
fRet i.... . T,O 

_ - l /'11/»1 

V - r!l-i~1 exo[2,v(8,v+li] 
- rll+iV) /" - I M«i 

res) - standert gamma function, v= S/2'r. , TIC''' and T_-
zeroes and pole rL • The t oroidal eigenmodee are obtained under 

tbe condition E~(X = a.,) _0 (fOj eilllpl1cit,. also a., _0) in (*) 

reauJ.ting in absorption (w =2wsi ln center, S«i, KI/=m/R.) 

.. $ R. (w"HIi'.lZ( 2K/(2) 
:lm KII • 21i Ro =:: 20m a -,,-j i. - Wp~ 

Por 'rY-1-HP ( R" . 40c.m, Cl . 1Ocm. n» .. 101Jom-3 , ItH _1011c",-J 

ono obtalns ,,,.l(n·21iRo =::.i/m. ,that i8 in agl'eement with 

experimental vall1lla q~iO[1] • Por a large tokamaks (1.e. 'r-10. 

PL'1') tbe damping la gt"uter and. toroidal e1gerDDodea are no'!; 

exiBt, if rlH / n D ~ 10-2 • 

J. LOADDlG RESISTABCE can be find using a Pourier seriu 

E~ and j in tbe 2 -direotion (2L. .217 Re> ). The power 

ooupled to tbe plaama ie evaluated as , ~ 

P • Re [_i ( E,(S,1 w)j" H cll] =- ziLHL j. E,. 
c 2 J I " '" I -, 

where j n and Eyn are Pourle r-harmonica of the driving 
ourrent and of t be e l ectrical f i eld in the ourren t layer 1 __ 5: 

In;,,,,j [ {+1'.",.S] 
E~" =- ~1't(Q._S) ~-~~(Q,-S) «"S +.p .. 

wbere parameters of plasma are given by surface impedance 

~ =_lfol"," _ i'!:.. W,(~:) +Re21",. (~:) 
It i'eOl - r'lJKo W,'{<:J +Re21't'~'(C:) 

where Ko=W/c, ae.J.=(K~-K:)I/R, t= 6W;D(O) t;°=r¥3 r(lt) 
LOading redstance a (ftl.l<.I' " ° 

R - ~ (. 8r.r.;Lrq,-$jH 5in2fr.hJI[i._., (Q-S) Hfl,"iS) 
Dh -ReL l f!.'1i~,.,t",t (-,l. I ... , ;£.",S+1' .. 

ho' 

Por paremetel's of 1"-1 0 and W .2W! • ..,..1 088ec-1 , Q, .20l11 , 

B-100om.(H-beigbt of HP current) R •• 15Ocm, S_O it ie obtained 

Rob- 0,499 ohm, i .e . low i~pedance coupling syetem i e required, 

4 . ALPVEN WAVE HEATING was performed at c.J -,W"i. (f.6,9 MHz . 

hydrogen, F!. of 100kV'l, e.eymmett:ical l oops [1] ). Tbe inoreaeing 
of diamagne tism of plasma is .o.(rtT)=.o.h(Te+1i)::1015ev/cmJ 

(denaity Ht := 1013clll- 3 ) ,i.o. IJ. ('1'e+'1'i) =:: 100eV . ConaequenU,. 

approxlmatly tbe same voluoa are obt a ined ae in IeR beating 

experimente (W. Wsi ) [11 • It was poesi bl e to increase 

~ ( t'L'T ) by tbe factor 1.5 by perfOrming of e quil1ty 

VT.=if.., on tbe axi8 of plasma (If!=2Telme, Vl= S'/lrun!1 
Loop voltage ie diminisbed during t be HP puJ.ae (Pig.4), tbat 

may be csused by tbe beating o f electrone. Tbe 

neutral de teotor spectrum (Plg.5 for compari­

son alao are given dates at (,J =Wsi ) 
confirme tbis point of v i ew (inoreasing of 

tJTj = JOeV , '71g-J5eV).The "ta11" of dia­
tribution function eleo exists, but mucb l e8e 

pronounced. 
It ie needed to poi nt out the more high 

etability of tbe plasma in oo~pare witb one 
for beeting at IOR. Tbi e probably le caused 

by much lees bombardment of tbs ohamber by 

unconteined particles (though there are IOR 

for CV ione ). 
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TOKAMAK PLASMA HEATING BY APPLICATION 
OF STRONG POLOIDALLY INDUCED ELECTRIC PIELD 

H. Ichimura, N. Inoue, H. Nihei, X. Yamazaki, 
X. Hoshino, H. Xikuchi . Y. Og'awa and T. Uchida 

Department of Nuclear Engineering, 
Faculty of Engineering , University of Tokyo, 

Hongo, Bunkyo- ku, Tokyo, Japan 

Abstract , Ion heating of a tokamak plasma by the high-voltage 

theta-pinch teChnique is studied experimentally . Ions with 

larger mass number and higher charge number are accelerated 

more efficiently by the pulsed magnetic field. The efficiency 

of ion acceleration also depends on the bias magnetic fi e ld 

for a given amplitude of the pulsed U eld. The region of the 

bias field where ion acceleration occurs expands as the pulle 

amplitude increases . 

For the purpose of quick heating of the tokamak plalma we 

have assembled the high-voltage theta-pinch into the tokalllak. 

with the major radius of 25 cm and the minor radius (limiter 

radius) of 8 cm. 11-4) Production of energetic ions has been 

confirroed by the spectroscopic measurement and the energy anal-

ysis of charge-exchange atoms emitted from the p l asma. Super­

position o f the intense pulsed field on the steady toroidal 

field has not induced the violent changes of the toroidal plasma 

current and the l oop voltage even if the pulse amplitude is 

larger than the toroidal field. 

In this paper we report recent eXperi~ntal result. on 

ion heating. Two kindl of experimen t. have been carried outl 

one il for stUdying the dependence of heat ing efficiency on 

mass and charge number of ion species, and the other for seek-

ing the effective region of the bias magnetic field (he re the 

toroidal ~field Bt ) to produce energetic iona for the given 

pulsed field amplitude. In both cases the pulsed field at its 

first half cycle is anti parallel to tha bias magnetic field . 

Typically the conductivity temperature of the initial tokamak 

plasma i s 15 eV and the electron density is 2.5 - 5 " 10 1' cm-' . 

Figure 1 shows time variations of the pulsed field ii and 

the temperature of illpurity ions measured by the doppler 

broadening of s pectral lines . Emission of soft X-rays with 

the energy smaller than 6 keV was also observed with a lolid 

state detector. 

The dependence of maximum temperature on the product of 

mass number A and charge number Z ot ion species is shown in 

Fig. 2. Spectral linel ot carbon, nitrogen and oxygen are 

trom the hydrogen plulIlIl and helium line is trom the helium 

plasma. The high-voltage theta-pinch generates the radially 

propagating magnetic s heath which is accompanied with the in­

duced electric field. S) In our experimsntal conditions the 

sheath thickness is nearly as large as the plasma radius. If 

ions are accelerated as a result ot re f lection from the moving 

magnetic piston, they earn the kinetic energy proportional to 

their mass number and independent of the charge number. While. 

it ions acquire the kinetic energy trom the radial electric 

potential during its lit, time,their tinal energy will propor­

tional to Z2/A. The reaults of Pig. 2 do not agree with any 

one ot these simple acceleration models. Present results sug­

gest the existence of several acceleration mechanislfIS. The 

ailllilar results have been obtained by the turbulent heating 

experiment . S) 

Bursts of charge-exchange hydrogen atoms emitted in the 

radial direction during -.bout :2 1I. were detected around the in­

creaeing phase (the eecond and the third querter cycles) of the 

pulsed field. Figure 3 shows the region of the bias field for 

the occurrence of the burst emis.ion as a function of the am-

plitude of the pulsed field. This result was obtained in 

such a case that the high-voltage theta-pinch was applied at 

liB section of full torus and the charge-exchange atoma were 

detected at the opposite side at the theta-pinch coil. Opera­

tion of the tok_k with the higher toroidal fie l d requires 

the more intense pulsed magnetic field. The energy of the e­

IIlitted atoms is lower than 1 keV. Elllission of atolflS with the 

energy lower than several hundred eV continues -.bout ISO liS 

after the burst. 
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COHPIlESSIOH DJ'I!RlHENTS ON It. 1'OKAH!\X PlASMA 

D C llohinlon and It. J Wootton 

Cullunl t..borarory , Abingdon. Oxon. , UJ: 

(Euratoa/U .I:.A.E.A. ,.,.ion A .. ocinion) 

pl .. 11111 .how tbat nux h co ... "rve<i. Campenaaud cornidal flu. loop •• bow 

iucre .... in 81 ,u.tar than thou for an adiabatic cODIpnlliou. Kealure­

meot. of poloidal Held atrllcrUrl! , accredited to tearing IIIOd •• • at a 

int.tpratf.d to ahow increases in the edge electr on cmape-.;acutl. 

Introduction. It. ..... 11 air cored tokamalr. , TOSCA(R-JO, a , 10 c.m) i, uled to 

study compnuional huriag. PnviouaLy reported [ elutu III have shown 

both line of l i8ht.~ adl8 density cbangu. IocreueI iD 81 ware inhrnd 

frOIl pl .. m. <lhpI.c .... nr 1I."lIututO!ntl . In t his paper fha couervation. 

herealU in III and changu in _petie field structure ca ..... d by cudq 

IIIOd .. an raponed. 

~. The [0[01d81 lidd 11" h ... tin time of 2 . 5 .. ; tha compnllion 

h Ichhved by incullilll '. by • hctor .t 1.5 in tu.... '10 150 1I1. n.. 

V'CuUII v ... el h.1 • penerntioo time to 'Ill .... 60 JlI . Equilibril .. il maintained 

by cur rent. ia eondw;ton. with 00 ahell. 

Typical p.r ...... t .rs ot. • pre- compru.ed pl ..... . lu tiDg '10 1 ..... re: 

phlma current Ip 'lo 10 kA , line of . ight.v .. rlg .. d .. nlity '101:.: 1013 cm-3 , 

p ... k dlctren temp.ratute 'Iol00 .. V (from hser light .c.treriq), SI '10 0.35. 

Flux con .. rvation . n.. timing of • minor r.dius comprellion cSn be cho .. n 

10 t hlt ths uncomprelled phnll b.1I • time independent current , maintainin, 

vlr tical field, .nd major radial pOlition . Th .. comprenion rnult. in I 

pl"lIII\ current redu<:tion lIIp: .lith "e~t'in timings the ..... jor [ Idilll 

po.ition umainl un"hlnged, (Lplp "out.nt). Figure 1 showI thl r .. ulrant 

lItpltp 'glinlt the "ompr ... ion ratio e, 'J /B~. For rh .. <:onditionl 

des"ribld, poloidll .nd toroidal n"", <:onlerv.tion relult in rh. t heor.ti<:al 

d .. pendence .1Iovn by the .olid line. The agreement vi th· the esperimental 

observ.tioD' dUlOnltratu tbat fl1..lJ: i. con.erved. Unde r tben. condition. the , 
piD in·S

I 
which k ... pl the pi ........ jot rediuI conlUDr i. ,rutu tban 

• di.b.d<:. Initi.l de"ompreuion re'ult. show in"reaae' in current, 

.nd • r .du"tioo in St il deduced. 

Toroidll flux me.surements. Compenlared tor oidal n"" loop. both insidl .nd 

ouuid. th. v.<:uum vlllal 'rl uled t o dedu~e Br before compru.ion. 

lteveuing th. pl.lma cur rent di r ec.tion, and a llUDing th .. pia .... pr enurl i. 

un<:hln,ed, d llNl the lIIilaUgned inrernal 100pI t o be u. ed dur~ng thl 

"oarpre .. ion pltiod. rilure 2 s hIN. t he plaB ..... current, toroidal field aod 

deduced Br both with (broken line) .nd without (.olid line) e "oarpreBlion 

with C .. 1.3. Tb. pi ..... current reduc tion i •• hown . The ..... u .. d ,dn in 

BI due to the comp .... ion 11 1.4, compared to that er,>ect .. d for .n ediab.tic 

chenae of cl/3 .. 1.2. tbe uncompre .... d pIuu enetlY confine_nt time Of. 

Auuain, nUJI <:Onlerv.tion end 'D internsl inductance ti • O.S, e lain 

in SI of 1.4 h required to eccount for the cOII.tant radial polidon. 11Ie 

v.lue of ti h cOlDPetible with t hl ...... ured current diltributioll, lIIi", • 

Mgued<: probe. 111111 the lIMIuured g.in in Bl eud that deduced froll rhe IIOcion 

.re equivehnt : th. aain is great .. r than adiabatic (1]. Computational .tudies 

[3] ulilll neoch .. iClI trenlport "oeffi.,Lenta , uc-ept for enhanced al."tron 

thenul conductivity. predi<:t glinsin Br of eLl (Le .... 1.3S for the <:lIe 

illultr.t.d). 11Ih rile i. attribut ed to de tachment of the plUM f r ail the 

.... tlrill wllll, u previoully observed whh I Lang_ir prob •. 

Turin' ...,d .. Itudiel. O.cill.tion. of the poloidal field both inlide and 

out.id, th" pllllll& cutrent carrying region ere observed (Mlrnov olcilletion'), 

with br/ie .t 1%. The malnetic probe Cln be in •• rted within 4 CII of the axia 

b.for e i t "HqU fluctuetioD' at the V'''uUII v .... l. The br lignal dou 

not cbang ... i gn et the .in,uilr . urbce: the lIOdu .ppear with q lilliter 

t lilt .. h .. re 11 and 1 . re tbe poloidll end toroidal IIDde numhau . Tbu" 

lIu'urellMlnu imply thet the .tru"tura il • t.erina ...,de. rot.tin, in th .. 

elect ron di.magnetic drift dinction. The ole-illetionl (11 .. 3 , t .. 1) 

1Iu::ree." in frequen"y with comprellion , .nd the emplitude it reduced. 

Fi,un ) IhollS the rot.tion period T plotted 'aainlt C for It!varel experi-

menu . The .frequency increll'" by ... 1.3 for I "o=prueion of 1 . 3: initial de-

compreuion =e.surementl lhow a r .. duction. rntarptltin, tb. incre.se I • 

.• Qh~n,e in the diamagneti" drift f r .quln"y [4] and ... umina fl u:.: con­

IIrvation , then TaTe -1 . Tb .. ac.rc .. r in the points wi th C .. I il .ttribut .. d 

to llightly different initial toroid. l field e . Th. frequency of the 

uncomprea.ed c .... cotrelpondl to an ed,. temperetur. '1030 eY (epproxi .. tely 

the condu"tivity t emper ature) •• nd the final frequency to '10 '0 eV . 

The reduction in IlIIplitude h e<:crediud to in"[ ..... d I tability, 

pollibly allodet .. d vitb the cba.o&ed ple_ <:utrent di.tribution 

EJ.:pe~imentl usiq the magneti" probe inaide thl pl lla.s .hlN that tbe reduction 

c.nnot b .. e.zptained. by relative IIDdon. 

Condusions. Hea'url!Glentl of pi ..... "uruot .nd position d8lllDn.tr.te f l Ul( 

"Otl ... rvatioo .t the cOllprenion peek . Toroidal flu. loop. in.ide the 

VeCUUII venel Iho" aeinl .in Br areet.r thin .diab.ti c: theae gain.. .re 1110 

deduc .. d f r olll thl pt ......... jor radial ..,don. Poloid.l fiald perturbationl 

are e""redited to tearillg..,du woo •• r otetional f r aquency in<:rel lu with 

compre'lion, "onai stlnt witb • change in thl edla electron temp .. tature . 

~ 

[I] C Ci ... e t al. 7.th European Co.nf ... nce on Controlled rulion end 

Plas ... Phys i cl , LIoue8lne! p.6 (197S). 

El) K C !:ag.n,kii et at. 6th IAEA Conference on Pi ..... PhYlica end 

Controll .. d Huel ... r FUlioD Ruearch, ,archtugeden , pep.r CN- 35/All(l976). 

[3] DC Robin..on. 3rd Sympo.i .... On Plena " .. dill ip Toroidel DeviceJ. p . 168. 

VareDDII (1976). 

[4] J C Hosee et al . Phye. Rev. lAtt'.12 p.&39 (1913) . 
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ElECTI\OH HEATI NG BY HEUTAAl 8E AA I NJEC T ION I N 011""'1(· 

H. 11 .. H.k .. l . J . F. Lyon. 11. . C. Iller, t. A. '-rry , C. E. Busl!, J . L. Dunl.p, 
G. R. Dyer, P. H. Edmonds. P. W. lOng . D. 11. HcH,,111. 10. H. Na llson, .nd 

W. R. 'II l ng 

O.k RIdge Nnlolul l Laboratory •. O.k Ridge , laMlne" , U.1 .A. 

~: Subuantla . e l ect ron hutlng by "",r get!e neut r.l beam l nJaetlon 

Is observed In Oll.Mk fo r different , 1,_ densit ies, cur rents, .nd torold •• 

fle1.d y,lues . The sc. ll ng of Ive r'IIe electron t empantu re and e lectron ~r 

Iou .. Ith to t •• power Input to al.ctrons (ohlllle: + InJection) luggests the 

equiva lence of olvlle .nd Injection ~r for "liI'ctrons. 

Introduction : Whi l e I, rge Incr .. sn In Ion t Ollllper.tu re wrth Injection h,y" 

been obUfved In OIUlAK ( I], TFR, .nd other tok.makl , little ,1.ctron hOltlnV 

has been reported. In previous u.perlllllln t s the Injection pOWI!Ir de l ivered to 

electrons (" lnLe) 01101 not s ufficIent ly compenut e fo r reduced o",",lc heltlnV 

poo.e r ("OH) . nd Incrus.d e lectron power lonu duri ng In)ectlon. ~. 

u.pected Increasu of e l ect ron t .... ruur. (Te) _re wlthln the experllHnte l 

uncert.lntles . 

OeJllOnstra tlon of El ectron H.n lna: We h.ye opt l lll:ted the exper~onent for 

ele~t ron h •• tlng by (1) use of hl Vh colnJect lon power (340 kll), (2) opec.tlon 

at 1._ p l aslll. cu r rent (70 kA) so "OH < " lnJ.e ' .,,01 ()) oper.tlon .t lower 

Impur i ty lev.1s (Ze ff .... 3) to IIlnllnll. radletlon 101lu. FIgure I s howli the 

behav lor of the basic pla_ per_ters 

for this dhchrVe ~ne It the IIne­

ave raged .Iec t ron ~en:;ltyl. Since 

.bout h.1f of "lnJ should Vo to e lec­

trons , Ind t he loop v~ l uge (end thus 

"OH) decreeses du r ing InjectIon , 

"lnLe ( .. 1£.0 kll) slgn lflc.nt ly exceeds 

POH ("lOO kwl et 15 IllS . FIvure 2 

f • 
~l 

~ I ~~7""';::::::'!'C;::;:;:::"lJ 

Figure I 

shows thl! resu l U of Thomson s~.ttarlng measu rements of Te ( r,t) Indlculng 
'- ..0 - --- _ .- to - -

-·_·_u_ - ___ u - .- .. --- " 

.. 
/ f ;:'-~:.::::~ 
_::-_7"l~ 

" .. ' .• :--...4_-:-_'----:.:---'-= '!;----' 
- . _ .,!,", 

flvur. 2 

.. 
. • 

Figure J . 

thet T. Inc reases s ubstentl e lly It III rldll as. result of Injection. 

fi gu re' shows the tJme hI story of the peak (T
e

}1I111 .od den.lty- averaged <Te> 

• lectron temperltUres , the e le~t ron the r ma l energy We' .. nd the peak Ion 

temperature (T I '
II1II11

' 

The . 1_ rile In (Te)mall and <Te> .. due to e concu rrent density In ­

c rease . 'nce We saturetas efter "'5 ms . e time cons.! .tent with the 10-11 •. 

hst - Ion slowing down time end the 5-m. gross energ~ confinement t ime for 

e lectron •• The . Iower deca~ of W.' {Te)II\III' Ind <T.> dter Inje~tlon Is due 

to a ch'I\Ve In the electron pOWI!Ir 1011 mech.ohllll .Ince {TI1mu deCl~' In the 

e>!pected time. The .... Jor electron energ~ lOll mech.nlsms .n (I) Impurity 

r.dlltlon (""501: of "lnJ,e + "OH It . 11 tiN'), which f.11I r.pldl~ afur In­

JectIon .tops 121, .nd (2) he.t conduction which does not IncrelSe during 

Injection . 

Othllr E I .~t ron Hutlng Cues: The bull. cue d l.cu.sed aboYII loin .t 1_ 

current, 1_ dens ity, .nd high Injection PQI(Ir. Vtlrylnv the Injection power 

with other dlschug. conditions fixed produc.d <Te> v.lues th.t decre.sed 

with decreu lng Injection pOWI!Ir. The observed e lectron heetlng Is not 

1I .. lted to 1_ current dhchlrges. Figure ~ s how. a high current cue (I -

115 kA) where Te(O) .0.8$ ... 1.1 keY .nd <Te> - 0.55'" 0.7 keY (BT _ 2(, kG, 

ne - Z,Z " lOll ~-l. POH - \BO kll, Ind P
ln1

,e - 120 kill. 

Equ i valence of Oh",l~ Hutln!! and Inlectlon P~n: Correl.tlon of the 

results described .bove with those of .ever.1 other nperllllents Indlca tn • 

vener.1 equivalence of Injection Ind ohmic heltlng pcwen. IIhen the beam 

heatlnv i, s i mu la ted by a ~O .. , oIwlc heatlnv pulse (I - 70'" 110 '" 10 kAI 

as shown In FIg. 5, we observe In electron temper.ture beh.vlor slmll.t to 

thet wIth Injection. T. Is I.ft higher . fter the pulle, .g.ln prl ... rll~ due 

to the f IS t dec.~ of P r . d' As In the InJenlon case , P r.d Is -S01: of the 

tot.l electron power Input . t . 11 times, stra ller to that observed In conH.nt 

c!,rrent dlsch.rges over. wi de range of conditions. The Increased r.dll,tlve 

loss observed during In ject ion therefore 'PP!'lrs ' to be due to the Incfused 

power Input , .nd Is not speciflcl ll y rellted to InJection. 

Lones throuvh heat conduction (ch.r.cte rlzed by '1e) .110 delllOn5tr.te 

the generel equivalence of d lsch~rges wIth Ind without Inj ect ion. For <>Inlc 

heated dlsch. rges ~e Increases with densi ty. end the same trend Is noted 

with Inj ect ion. The specific uper llllln t discussed here I . Injection It the 

1i19hest power Into. 70 kA dlsch.rge. but It a h'lgher densi ty (ne· 3.3 

>! lOll (.m-3 vs 1.7 .. . IOu· ga- 3). The confinemen t tllle, -r
Ee

• 11 hIgher (" IS ms) , 

.nd .. a result the observed Increase of <T./ Is onl~ si Ightl~ lass th.n th.t 

It the lower den.lt~ . 

Fln.l1y, FlV. 6 shows <T.,> 11 .. function of tot.' power Input Into 

e lectrons ("OH + PlnJ ,e1 for • vlTlet~ 

of di scharges It different currents , 

densities, and toroldal fields. The 

sc.linV of <Te> with total Input 

power .ppears to be the ._ for 

plumes with o .... lc he.tlnv alonll 11 

fo r those with InJection. Again loll '~,--=~c-~_=-" .. =-c .. ~-.. ~-: .. :-~_ ... .. _., ... 
note the app.rent .bsence of loues 

specific to InJection . 
Figure (, 

Su ....... ry: lie h.v. obslryed elllctron heating b~ neutrel bellll Injec ti on .nd 

have observed thlt <Te> Incre ases with tot.1 power ("OH + PlnJ,e). To first 

order, there Ife no power losses spec if ic to InJe~tlon. This Hud~. ~omblned 

with the slgnlflc.n t IOn heatlnV prlvlousl~ demonstrated. Increases our con-

fldence In the use of ·neutral b ... m Irfjectlon for s upplemen tI ng ohmic heetlng 

In t ok .... k plume" 
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II.ELATlON OF NEUTRAL BEAM INJECTION TO IK/'UR ITY BEIlAYIOI\. MO 
E)(TENSION OF PLASM PARAMETERS IN OftHAK" 

J. F. Lyon, R. C, Isler, 1'1. Hut .. k ... l , C, E. Bush , J, l. Dunlap, 
K. C. 1kIwe. C, l. Jahns, H. [. Keeter"r , J. T. Hihalc;zo, 

IL Y. Heldlgh. V. K. Pim! , and J. B. WIlgen 

0.10. Rld\le National Laboratory, Oak Ridge, Tennene.e , U.S.A. 

Abstr." t : Neutral bu .. Injection extends the plasma parameter range (n. , 8
T

, 

q, T,) In ORMK ove r chit obtalnilble with ohmic h\atlng-.lona. Impurity r.dl­

II tlon ,also In<;r .. sas due to the added power , especially with eounterlnJec:tlon. 

Impurity trapping of lnj"<;t"d beam neutrals 15 observe", but the large torol-

d.1 rotation va loc: ltlll5 upec t ad for unldlrec:tlonal Injec tion do not occur, 

Introduc:tlo~: In addition to heating future tok .. ".k p I ......... . ,,~ •• Iv. ".ulr. 1 

beam Injection power may .1.0 permit attiln .... nt of higher plasma densities 

end hIgher torold.1 bet. s,.. PossIble problems could be (I) large bel"'" 

Induced torold., rotnlon ~e locltles or (2) Increased impurIty influx that 

le)lIds to additional radl.tlon losses and prevents bealn penetra tion of the 

p' aS/M·. 

Extens ion of Plume Denll ty l h.1 t: 

As shown In Fig. I, the density It lllts 

for ohnolca-Ily hened plulllls In ORAAK 

(gas puffIng limi t "I.' tll110s steady 

fl ltlng limit) an~ In other tokamaks 

',e proportlonai to BT/Ro [I], whIch 

Is • measure of the centr. 1 current 

densIty sInce q(O) .. I. This suggeUs 

that the II\Ixlmum densIty i s propor-

tlon.1 to ohmic henlng power. On 

thIs basl~, we mIght &lIpect the com­

blnnlon of neutr,l ~.~ InJ.ectlo.n (as 

an .wcllLiry poWer Inputland 5111 

j 
< 

OIOM.. a,"~" 1.,.I_s' ""' ..... , : : 
a·"o..:.--'--';!,o, ~:---:.:---: • " .,". ,,,., 

It tilt I ! ! lilt!! I 
a.. ! ., to 

"au,al '''''*''1 
FIgure I 

puffing (to provide an ;dequ.te particle source) to Inere.,e the a tti lnable 

density. In fect , this does occur. '5 ihown In Fig. I. 

Extanslon of BT Ind q wIth Inject Ion: For the hl9.hes.t densIty r .. ched In 

DRKAK Ina .. , " lOll CIJI-l) wi th g.,' puffing an.d 2'+0 kll InjectIon (qll) .. 5 et 

BT " 25 kG]. _ obtaIn t E .. 15 ms . 8
T

IO)" I.n. ]IInd B
T

" O.~,. SllIIllar values 

for BT can be obtaIned at I_r q(aj wIth InjectIon. InjectlOll of 3~0 kll 

perllltl g ross ly stabl. and reproducIble dl s chilrges wIth brOld Telr) prof Iles 

I nd nor ...... Intarnal MHO actIvity at q(a } down to 2.' (B
T

" 10.4 kG). which Is 

not pOSllbl~ wIthout InjectIon. For this case ne .. 1.8 " lOll cm- 3, 8
T

(0} 

.. I. ~ ', end ~T" O.~, . Celculetions and equilibrium measurements Indlcete th.t 

'the stored fut - Ion energy epproxl .... tely equals the bu'k p las'" enargy. Thus 

we estllllllt~ the totll (beam + p lnma) BT yelu ... to be .. n peak .nd"" .yerage. 

Effact of InjectIon 011 l"'Purltl es: ImpurIty "diatlon Is Inc relled by coln­

jectlon, but only ta the degree expec ted for ohmJcallv heated discha rges with 

the same totll power Input to electrOllS (2J. The r.dlatlOll loss Is "'50' of 

the toUI alectron power Input both with and without InjectlOll. Figure 2 

Il l ustrlt .. the Increased radIation due 

to .cIded colnjactlon power for the base 

electron heating cau described In our 

complnion paper UJ. The slgnlls ere 

reprasentltl~ of the behevl~r of 0'+ 

(21.6 A) •• SlgIIIInt of Wnt lnuu .. thought 

to be d~e to c losely spiced 'Ines of 

tungsten (20. I A) , .nd tha taU I r.d I ated power (p wa I 1)' 

CounterlnJectlon produces. larg.er Increase In Impurity radl l t'lon thin does 

the. Slma erTICIunt of colnjectlon power. ThI s aspect Is Indlc.ted In Fig. fo r . 

line of Fe .XV I 0'0.8 A} . F}gu re 4 shows the Te(r) profI les obt.lned for thIs 

Glse. The depressIon of the central e lectron temperature with counte r-

InjectIon Is thought to be re latad to tungsten Impu r ity radJulon coo li ng. 

i r-.--r-r-.--..-~'" 
i 
" • ! 
~ 

~." ~." o~ Of~ 

lOO .. . " 

Flgu ~e. 1 

1·'1(I . A.e. oHoG.HO !Hm HO 

---- NCI"HJ 
__ CO-!HJ~'lO''''1 

-- t"·, .... ~'i1O .W) 
_ . - CO·, .... ~ ' ZO .. "' AHO C"-, .... ~'ZO •• , 

." " ".",1 

FIgure 4 

Absence of Beam- Induced Torold. 1 Rotltlon' Oespl t a the deluerlou5 effects 

associated wIth c.oun~erlnjectlon, there has been. supposed need for counter-

Injected beams to ba lance the toroid.1 /IOOII"Ientu .. Inpu t axpected from colnJected 

neutral beaRlS. The Ion toroldal flow velocity calcu latad f rom a torold.1 

m:ome.n t .... bilanee equatIon has been compared loll th thet ISt lNted frono the Doppler 

sh~ft of the 110 line profile .nd fro. comparison of the para ll e l and perpen­

dIcular charge-exch.nge energy di stributIons (AV. - 2 ~ 10& anls). Ag reement 

occurs onlV If the toroidal _nt..,. d ... plng tll11!! In the pluu Interior Is 

-100 ~5 , RIch futer thin any calculated Inter.ctlon tl ... (e.g. charge- ' 

exchange tlow: -SO ms). 

Eft,ct of ' ''purl ti es on Inlectlon, The role .of neutr.1 beam tr.pplng by 

charge trinsfer to ImpuritIes cl n be slgnlflcent . IS shown by the menurements 

it ORNl by Phaneuf and c.o-lNOrkers of the crolS' sectIons for chuge exchange 

between HQ and yarlous light (C,O) and heavy (Fe) 1 0~lzed ImpurItIes present 

In tokamaks, and by calculitJonl and be.m tr ipp Ing menu r l!llM!lnts on TFR by 

IIorlette. DIrect spectroscaplc .wldence for the chlrge tflnsfe r re.ctlon 

11° + 08+ ... H+ + (0 .... )* I1 observed durlng . ORHAK InjectIon expedllllnts. The 

Intensity of the Balmer-o lIne of 0 VIII (102 A) Increuu e fector of" 

wlthln" .. s after beam turn 011, .... ereal the Intensltles of the LYNn- o . - 8, 

and - y lInes of 0 VIII . nd the 8e lmer- B I lna of ' O"VIII In"rea", len than 20' 

In this Interv.l . IndIcat ing. direct Inter.ct lon betWflen the neutra l beam 

When Iqlurity charge &lIchange Is Included In c.lculatlons of the be;lD! power 

deposItIon. the peak of the power deposItion curve for the hIghest dens ity 

cne shifts fr"", r" 0 to r· 15.5 till (tlmlter "dllll . .. 23 CIII) end the 

InjectIon power density exceed, the ohmic power density for r> l/i cm . This 

addltlon.1 power Input In the plasme mey permit Ittllnment of the higher 

phsma d~nsltr before disruptIon OCCUf$ by he.tlng the plasme edge and thus 

forestalling shrInkage of the "current channel. 

Sl.!IMIiIry: Addition of n"utrel beam InjectIon power pOrmlU .ttalnment of 

higher dens I ty and ST and of stable o~er.t l on at lower q thin loll thout Injec­

tion. The ImpurIty radlatlOll also Inc renes , ~ut only In proportIon to the 

added power. 

Ackn_Iedgment, The work presented he re IS . the result of the efforts of the 

entIre ORHAK group in coo~eratlon with the PI u ... Heating and FUlIllng So:c tlon 
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INVESTIGATION OF THE PAST NEUTRAL PARTICLE CORONA SURROUNDING 

THE PUr,.SATOR PLASMA 

F-, Wag~r, H.H . ~yer 
Max-planck-Instltut. fUr Plllamaphyalk. 0-8046 Garchlnq, , R G 

Abstract, Non-Maxwelllan tails havli been Observed 1n the dbtrl­

bution of f •• t atoms eJIIittad from the pla.ma e498. It 1. demons­

trated that back.cattaring from the liner _y lead to such 

dlstrlbut,lolU!. 

The maaaurQlant. of the temperature of the neutral particl.1 at 

the pl.ama edge require. a low ripple of the toro!dal fle1d. 

Otherwl •• , detail. are washed out by the qro .. affects pr04ueed 

by the drift of locally trapped pliir~lcle. (1}.On the PuleatQr 

t9kl!fllllk the toroldal Held :r;1pple 1,-< c.n 80 -that. trapped par­

''-1el11 ) llffecta do not play • major role . 

The neutral particle flux 11 me.auracl. by • flva-channal-ana­

lyzer. The 11n. of alqht of the a naly:!er can be awept in e po­

loidel ph.ne acra •• the plama di_eter from r- +11C111, which le 

the limiter radius, to r_ -';'9Cl1l. Within the range frOm - '9 to -11 

CIII. the lin. of .ight of the analy:!er ia terminated by the tube 

cOnnecting the plaelll« vessel and analyzer: The~~ geome~ical de­

.!a~' ,"r. _of impor'tance in AIIalyzing the expertDtental data. 

The measurements of particle flllJ( and temperature ere carried 

out fOri Ip. 60kA) Btor- 27kG, peak electron deneity between 

2xl01l and 1.5x101f
Clfl-

l • The density 18 increued by ga. puffing 

atarting at 40 meec. 

Fiq.l sho,,~ a eeriea of ion temperature profile. obtained be 

-~ 45 and 70 m.ec. Due to the gaa input the central ion tem-

~!,ature increases on account of the .nhanced. h.at tran.fer 

'between electron. and ion.. The mea.ured edqe temperature .iao 

increa.ea. Prom the .hape of the flux spectr\1lll on. can deduce 

that the messur.d temp.ratur. doe. not repre.ent the actual ion 

temperature at the plaama edqe. At 10" enerqie. (EC4ooeV) the 

.lop. of the f lux .pectrum increa.ea defining a temperature of 

about 60eV. Th18 r18. indicates that the emitted. particle flux 

haa two componenta, a low energy branch oriqinating in the cold 

iona at the 84ge and a high energy tail. 

The que.tion ari.ea as to what proceaa i . reapon.ibla for the 

high energy tsil in the flux apectrum . The moat probable ael!lma to 

be back.catt.rinq at the liner of hydrogen atom. born in the plaa-

ilia centre. Thia conjecture ia .upported. by the reaults of measure-

menta of the particle flux and t8l!lp8l:atur. in the range bet ...... n 

r- -9 end -llcm. In thi. range the ana1yzer can only detect par­

tiel •• which are scattered fJ:'om the .... 11011. Sweeping the analyzer 

o.croa. the tranait.1.o11 r .. qlon, there la no dlscontinuity. in flux 

or tempeJ:'atuJ:'e. Pig.1 .ugg.ats that the pa:ttic1e. at r- + 11C11) 

are wall-:tefl.cted too. Thi. experimental reeult impliea that 

the plaama ia surrounded by a corona of energetic atom.a which do 

not totally loo.e their energy on .cattering f:tom the wall. 

Calculation. and mea.urementa (2) give. a backacattering coef­

fici.nt frOl!l atainlea.-ateal targets expo •• d to IIlOnoenergetic 

hydrog.n atom.a in the lower keV-J:'afige of about 20-30 ,. Th. shape 

of the .pectra of back.cattered hydJ:'ogen atom. corre.pond. rough-

ly to insert 1 in Fig.2 foJ:' low energies (Eo- 1ooV) and to in­

.ert 1 for Eo" 5keV (l). For tha 3 ca.e. of feE) shown in Fig.2 

the back.cattered apectrum haa been calculated asauminq a Max-

wellien di.tribution of incident particle •• Pig.2 .how. the cal-

culated J:'e aults of the te~pe:tature of the backacatte:ted pa:tticlea 

IMPURITIES 

Tedge verau. the temperature of the incident paJ:'ticlaa Tcentre 

for the three apectra f(E) • . The data point. are taken from Piq.1 

The~ relatively good agreement with all three curves aeem.« to in­

dicate that the detected high enerqy flux at the plalllD8 edge i. 

the wall renected flux emerging directly f rom the plaama. How-

ever. the aaaumption. of the calculation are too crude to con­

clude that . the spectrum ahown in inaart 3 represent. beat the 

bacJcacatt.erinq bet_en 0.4 and 1.2 keV. 

Fig. 3 dBlllOlultratel the effect of wall-reflection of neutJ:'al 

part1.clea on the atomic den.ity profile. The curve. are the re­

. ult of transport calculation. which .... eJ:'. fitted to experimental 

pla.- profilee IlJi)d normalbed to the ob •• rved emis.ion of neu­

tral nux along the central chord of enerq1a. between .2 and f 

keV. The ob.ervad anergy di.tribution was in full agre_ent .... ith 

the calculation over thi. range of energiea . Wall-reflection 

wa. taken into account ua ing the reflection coefficient. of Ref. 

2. It 18 seen that wall reflection barely influ.nces the ahape 

of the intaJ:'ior profile. However, it facilitate. the penetration 

of neutral. through the r8C]ion clo •• to the pl.ama .urface and 

theJ:'eby rouqhly doubles the neutral den.ity on ax18 for . a peak 

electron denaity of 1. 5x10 14ca-l. Thia experimentAl reault may 

contribute to the underatanding of the production of high cen­

tral denatUea obtained by ga. puffing.· 

AcJcnowledqement. :rhanks are due to D.Dllch. for making avail­

able hi. cod. to calculate the atomic den.ity profile. 
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ZLZCTROSTA'l'IC PO'l'BNTIAL IN THE DIVERTOR SCRAPE-oPP LA.YER 

U. Daybalge and H . A . Mamedow t 

Inatltut fUr Theoratlsche Physlk, Ruhr- Univera i tll.t Bochum, 

4630 Bochum, F . R. Germany 

tuniverslty of Baku, Azerb. Soviet Socialist Republic 

Abstract: In a toklllMk plasma bounded by 11 l1Jfl l ter or a d l ver-

tor varloua transport mechaniams concerning plasma IInd impurity 

particle. depend on the variati on of the electric potential in­

s ide 'the ecrape- off laye r . An analysis 10 give n for the detaLled 

variation of the potent!al ins i de the scrape-off layer 

Radial Transport equations for plasma and impurity parti cle. 

1n Il tokamaJt repreeent a bc>undary value problem to be complemen-

ted by the conditione imposed by the exi s ting limlt er(e) or di-

vertor . In some caBel, the interactio n of plasma and the solid 

material boundaries causes large potential variation s which have 

strik ing effect on the i o n orbi ts [1,2]. H1nton and Haze1tine [l] 

have I5hown that if the Te/T i ratio is SlII.II.ll, what is to be ex­

pected in a fu ture divertor plasma, the e lectri c dirfts effect. 

can be negl ected . For finite values o f the temperatur e ratiO, 

as i. the case with a llm1ter p!alllM, however , radi a l as wall as 

poloidal f i a ld affect. play a n important role in the formulation 

of the boundary cond i tions on the interior transport . 

For definiteness, we consider the poloidal divertor geometry, 

which haa the axial symmetry. For this geometry the conservation 

of the cenonica l a ngular momentum P,. - (mv,. + eA,.)R permit . an 

exact analy.i. for the boundary value probl em o f the colli.ion-

lesa plaama in con tect with the d ivertor plateR. Instead of ex­

pand ing thi. invariant for small potentisl variation [1-l], we 

• hall consider the fu l l e xpr ession, s ince we expect that the 

• trong potential variation s can take p lace. In the weakly col-

li. ional r egime the charged partic les resching t he divertor 

plate. are eb.orbed giving rise t o the concept of a - la •• 

cone". Neglecting magnetic shear effects the non-cHlI'Ienaional 

form of the p . for iona i s 

J _ r -t 06h[E - * -nO(r , EI)J'12 .. Const. (1) 

where t he- lenqth and velocities a re normalized by t he radi u. 

of the aeparatrix a , and the thermal speed, re spectively . 

Further, ooo t l, 6 • ppi /e where Ppi i s the i on gyroradius in 

the poloidal f i e l d a nd hoo 1 + Er cos e where £ ia the inva rae 

aapect ratiO , n .. etR/kTi , E - E/kTi and ].I - ].IB,/kTi • Under 

fairly general aaaumpti ons about the potential landacape over 

the (r , EI) p l ane, Eqn.(1) can be used to determi ne orbits passing 

through a point (r , EI ) and reaching another point on the axis 

(r " EI._u'/ 21. 'l"wo cylindriC divertor plates are l ocated over ' 

thia axi. at r ,> 1. LoI5I5 region. in the velocity apace (a,£,].I) at 

the given point (r , EI) correapond to orbita leading to the.e 

platea. To di.tinguiah the transiting o r bits from the one. in-

tercepted by the platel, we aaaume that over the axil for r.< l 

the pla.ma potential ia constant and zero. Let ua also as.ume 

that the plate potential is strongly negative. This ia con.i.­

tent with the re.ult. of the Ref. [3] where a monotonous poten-

tial in both rand was found. 

We fir.t cona i der the cas. for a • 1 ,where J) 0 i a an 

incr eaaing fu nc tion of r, with a positive jump a t r ... 1 . 

Hence, the i ntercepted orbits satisfy the fo llOWing ine qual i ty I 

1 1 

J .. r + hiE - * -nt) '} 1 + 6 (B ].I)'} (2) 

In additi on , for real vel ocitiea _ have the conatrai nts 

E - *-l\t~O and ].I! 0 (3) 

Boundaries o f the los. region defined by (2) i . a .kew para-

bola which has a max1:alum for ].I, 1. •• , 

U2~2 + 2].1[C 2+£U)t2_U2(h+l)E+uh2~] ... {[t 2t 2_4E 

, 
_ 2EU(h+ 1)E+2h21lt]t2+u2 Ih+l)2g2+h4 n.;.2_2ulh+llEh2~} .. O. " , 

(4) 

where t .. (r-1)/£6 , u - co. El. The 10 •• region i. the in. ide or 

outaide of this parabola, c1epending whether t) 0 or t < 0, 

respectively. 

If ooo - 1, J{r. ) i. a eectionally increa.ing functiQn 

which auffers · il large d rop at r ." 1. '1'0 distingui . h the trana­

iting particles we require 

1 
> 6 (B _ ].1 )"'2' (5) 

The border of the 1088 region i . found from (S) e8 another .It_ 
parabolal 

£26 2u 2].12 + 2].1[(Htu)r2+ t6 2uh 2nt _ ,26 2u 2 Ih+1)E] 

• +' + 

" 
, 

t 262u 2 ((h+1)E _ ~ ~t]2+2r2{h2I\t_[2+tU(h+1)]E) _ o. 

. (6) 

where r " 1-tt6t. In either ca.e of t ~ 0 , the 10 •• region 

i s the in8ide of the parabola given in 161. Clearly, the inter-

play of the pllrll.l1leter. c, 6 and 1'\ determine variou. r egi1Des • 

The ion di8tribution - function 18 a function of the con.tant • 

of the IIIOtion • In the non-diVerted region. it can be written a. 

fi .. na exp(-Bj. Due to the .trongly negative p late potential the 

electrons can not easily reach t he plete • . Therefor e . their dia­

tribution function ha. no l o.s- cone .tructure . The 'e l ectron den-

. ity is given by ne " na exp{et/lt'1'a)' IlIIpoaing the condition, 

of '.auasineutrality we obtain a tran .cendental equation for the 

potential. We note that the parllDleter Te/Ti influences the .olu­

tion strongly, since ne- na expll'\tTi /'1'e)' We can numerically 

solve 

I 1 exp{-E) 
• D 

• 
(7) 

where the integrati o n i a over non-vanishing region. , end deter­

lIIine the se lf consistent electro.tatic potential. 

This work wa. aupported by the SPB 162 ·Plasmaphy8i k 

Bochum/ JUl1ch" . 
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TRANSPORT CODB CALCULATIONS CONCERNING TH5 PLASMA PARAMETERS 

IN THE SCRAPE OFF LAYER OF A POLOIOAL LIMITER IN A TOlAMAK 

A. Nieolai and G. Fuchs 

Jnstitut fUr Pla5 •• physik dOT Kornforscnungsanl agc J011ch GmbH 
Ass. EURATOM-KFA 

Abstract: Using a diffusion aodet, and including special par­
ticle and anergy lo ss mechanisms in the scrape off layer of • 
lilliter, the pl.s •• para.eters are calculated. It turns out. 
that secondary elo(;tron oll.is sion frOIl the U.lter influences 
the electron temperature, the sheath voltag' in front of the 
U.iter , and as • consequence the enarar flux. SOli' special 
results arc discussed. 

1; Introduction: To calculate the pIu •• parameters in the 

scrape off layer consistently to those in the central core, we 

introduce special source and sink ter.s into. DUchs ' code I l l, 
which describe the paTticle and eneriY flux .. parallel to 
the .agnetic field thereby hitting the alliter . We assulle 
ano.alous transport perpendicular to the .agnetic field accor­

ding to the 6-re,ille 1I0del /11 throughout the plasma. As the 
plasma density is very low in the scape off layer (1011 -
10'0)/clII~ we neglect the friction forces and the elastic col­
lisions with the neutral gas background. The electrons and the 

ions then strea. with their ther.al velocity along the field 
lines and are cOlllpletely absorbed by the Ulliter. 

2. Diffusion IIIOdel: In the scrape off layer (Fig. 1) the equa­
tion of continuity is 

~(r,I)l3t .. (a(rD~(r,I»nr)/r -'f)z }(I,r) + S 

The source terlls S take care of particle production and loss 

due to ionization and recOllbination.1(I,r) is thel particle 
flux density parallel to the lIagnetic field. 8y integra ting 
equation (Z.l) from 1 .. 0 to Z .. L and considering the equation 
for the plasma core, we get an equation that holds throughout 

the plaSllla 

Ijn(r)/~ .. ('l(rD'JnCr)/~r)/?r)/r + S + S '9 Cr-rl .. ) 

nCr) is the plasma density average with r espect to 1. This lIIean 

value is assullled to be very clos e to {i(r, z) because of the 
assullptions .. ade in the introduction. e is the heaviside-step­

function and S' - q(I-L,r)/L represents the desired sink ter., 
which is affected by the shea~h potential and the secondary 
electron ellission ·and in detail given below. As the convective 
part of the heat flow paullel the .agnetic field is lIuch 
greater than the conductive part, we argue along the same line 
as before and get for the temperatures Te and Ti 

1. S a ( nkTe)/'h 

1.5 il(nkTi'tat -

(~( rq. 1 1';) r) I r+P e +P e '9 (r-r l ll) 

C'a{ rqi )la r)!r+P i +P i '9{r-r la ) 

where Pe and Pi stand for the energy gain or loss frolll ioni 1a­
tion , recolllbination, r adiation and charge exchange. qi e are 
the heat flux densities perpendicular to the lIagnetic held. 

Pe' and Pi' are the los s terms due to the lilliter given by the 
energy flux dendties at 1 - L divided by L. These are domi­
nated by the s heath potential and the secondary elllission and 

are also liven in detail below. 

3. Shea th Potential and Secondary Emission: The voltage U be­
tween the lillliter and the plasma is doterlllined by the require­
lIIent of 1e rO electric flu x 

nVi~i + C6"e nvefe + binvifi ) 'Ps • nevefe 

Where the Bol tzmann factors f i ,e ,s for the 
secondaries are given by 

4fi e (U) up ( - eU/ kT i) 
fie e (-U) exp (eU/kTe ) '5 e CU) exp (-oU/kTs ) 

9 (-U) 

9 (U) 

9 (-U) 

ions, olectrons and 

vi,e .. fkTi,e/llli,e are the therllal velocities of the ions and 
electrons. The energy distribution of the secondaries is not 

quite lIaxwellian, we nevertheless used a temperature Ts • 5 eV. 
'"e(Te ), the seconda r y elli55ion coeffic ient, was obtained by 
folding the function be' (E) given in 121 with a IIIIXwellian 

distribution. The secondary ellission coefficient because of 10n 

illpact, i"i' was set equal to 0.1 thrOulhout. Dependina on the 
s ign of U, the secondary electrons can be accelerated in . the 

sheath. This will cause a nonll.xwellian distTibution function 
daht in front of the sheath, fig. 2 ,ivu a qualitative sketch. 

This type of distribution function is however unstable with 
rupect to the two streall instabilititu. which wUl destroy 
the double hUllbed distribution over a diltance of several ten 

to hundred Deb~ye lengths /3/. This iI very short as coapared 
to L and it is therefore justified to allu.e the incolllna 
.electrons as aaxweUian. Considering the particle and ener-
gy flux densitites of the incollina electrons and ions and the 

outcoming secondaries we get 

5 ' ·rJ..lfinvi/L, Pe' -(n(1.5 kTevefe- l.5 {kTe-eU9CU» CoevelJ'e+ 

t;"iVifi)ips + vifie U 9(-U»)/L 

Pi' • OI..n(I.5 kTivifi + veIPeeU9(U»)/L 

The factor ~. 0.564 arises froll the aaxwellian distribution 

function of the incoainS particles . The tans contdnina the 
9·function account for electron energy loss because of iOD 

acce leration in the sheath in cI,e U<:O. and vice veria, ion 
and secondary electron energy Iou due to the electron eccele­

ration in case U>O. 

4. Results: Fig. 3 shows the profiles of the parauters charac­
teriting the scrape off layer. The plasaa para.eters of the 
central core are typical for the TEXTOR-Tokaaak 141 (n • 

1,5.1013/cIl3 • R· 175 CII, a - SO cm, Bt,· 20 kG, It .476 kA) 

in the flat top phase.(Ti~Te~800 eV). We used the secon­
dary ealssion coefficient of tungsten. To account for oblique 

· incidence we lIultip.lied this by a factor 1.5. Ti turn. out to 
be much greater than Te' The physical reasons are thlt the 
electrons are efficiently cooled by accelerating the ions and 
by adding cold secondaries. For the exallple liven in fia. ] 

both processes are co.parable . The voltale U is ion accelerl· 
ting and varies between -140 V and -80 V. This is about one 

third of the value that would be obtained for 'i i - -e • o. The 
maximum density is about 3 t6 of the aean density of the central 

core. The U aiter l:,adin g PIli faUs rapidly and hiS the .. :xi­
mum value 1. 1 kW/clI. The electron current density je is to a 
large fraction balanced by the seconda ry ellisslon current den­
si ty Js ' At the U.iter edge the ion current density Je contri. 
butes only 20 , to the balance. 

/1/ D.N. Meade et . a1. Proc . 5th Int. Conf. Japan, 
paper CN-33/ 1 14-4 ( 1974) 

121 D.J. Gibson. Article in Handbook of VacuulI Physics 
V2 e •. d. A.H. Beck, Per,amon Press. Oxford 1966 

/31 H. AIIIelliya, G. Fuchs, J. Wick. COllputer Sillulation 
unpublished 
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PROBE MEASUREMENTS IN A 'SHEARLESS HIGH-BETA 

PLASM SURROUNDED BY A GAS BLANKET 

J.R. Drake and T. Rellsten 
ROYAL INSTITUTE Of TECHNOLOGY , 5-100 ~~ STOCKHOLM 70 , SWEDEN 

&bitrokI . The boundary layer between a fully ionized rotating 
plasma and the pres sure profile inside the boundary layer were 
experimentally studied with probes. 

1 . Introduction, The Sphf!!rator with a purely poloidal magnetic 

field has been suggested as a device to confine a thermonuclear 
plil.Bma [ 1] . Such a system has neither sheo!lr nor minimum­
- average-B propertiac. To study the stability against magneto ­

hydrodynamical perturbations for such e system we used an axi­

symmetric open-ended device in which a high density plasma was 
generated by an ~x~ discha~ge. The Gt~ong cent~ifugal fo~ce due 
to the plollsma rotation, which is assumed to be a nalogous to a 
la~ge thermal p~essu~e , apparently affected the plssma stabili ­
ty . Also, the bounda~y laye~ between the fu lly ionized plasma 

and the su~rounding neutral gas blanket was changed by changing 
the geomet~y of the limite~. 

2. Experimen~al Arrangement . The experiments were performed on 
the FI device shown in Fig . l. The vessel wes fill ed with a 
hydrogen density of 2.0xl0 2l atoms!m-3 • Two condensor banks 
wer~ discharged between the anode and the cathode , the first 
at t=O and second at t_200 ~s , thus generating a rotating 
plasma . The total magnetic flux between the cathode and the 

anode was 0.037 Vs and the potential drop was typically 2kY. 
The plasma and the aurrounding neutral gas were separated by a 
partially ionized boundary laye~. The cathode also acted as a 
limite~. and the geometry of the cathode and the plasma colli­
aionality in the boundary layer defined the boundary conditions. 

We used two cathode geometries to etudy the boundary layer. a 
2-mm thick ring and a plate of the type ahown in Fig . l. 
3. Probe measurements . The e~ectric field was obtained by mea ­

suring the floating potentia~ and the electron temperature Te 
was obtained from probe current-voltage curves. We assumed that 

the rotation velocity was Y;:fX!!B2, and that Te:Ti fo~ this 
denae plasma. It wa s then pOlIsibl e to estimate the denaity. 
Howeve~ , probee (or any insulator surface) violently dierupted 
the plaem4 if inllerted to a point where the rotation velocity 

exceeds Alfven ' s critiColll velocit'y, Vc (2]. However, since V.!r 
WIIS oIIpproximately constant along the field linea , it was 

pos s ible to probe deeper i~to the plaemae with the probe which 
enters from the upper lid (see Fig . l) . 

3.1. TbG_D2vng~t¥_8~gi2~_ !~_ ~h!_~i~El~~!. The equivalent ~ value , 
obtained from the expaneion of the field lines due to centrifu­
gal force and presllure gradient [3J .was 0.2. Earliar probe 

,-:"""r, , 
• ,.;..0 ....... , .. ~ 

• 

" _ ..... 

n .:L~ --Fig.3 

Fig.l 

Fig.4 

• 

-,--.. -~ ~ 

. . 

Fig.2 

. -

Fig.S 

measurements ot" the plasma in the midplane demontHrated th""t 

the main plasma ~dy , limited by the "cathode field lines", was 
surrounded by a partially ioniZed boundary region with a denlli­
ty of about 30\ of that in the interior when a cathOde plate 

was used as a limiter [4]. This dense, thick b.r. was assumed 
to be caused by Simon diffusion. The plasma diffusion perpen­
ducular to ! was dominated by collisions with neutrals and thus 
the ion diffusion coefficient greatly exceed that for electrons. 
Normally an ambipolar electric field would retard the cross­

- field ion transport , but the cathod, plate short - circuited 
the "field lines in this ·region. This'effect and the drain of 

electrons to the cathode plate produced a flat negative potent­
ial dist~ibution. at the equatorial plane. This relatively high 
denlli~y ou~side ~he ca~hode field linoa was reduoed by repla­

c ing the cathode plate by a thinner ring, so that the ambipolar 
electric field was not short-circuited, fig , 2 . shows the ion­
-retarding ambipolar electric field in the midplane for the 
cathode - ring case compared to the cathode plate case. The com­
paratively sharp density boundary at the cathode-ring field 

line is shown in Fig. 3 and compa~ed with the broad dense' boun~ 
dary seen with the cathode plate . Density measuremants with 
the cathode plate as limiter are discussed in Ref.4 . 
3.2. TI!!l!_YI!E~!:_~!s!2D. It: was possible to make probe meaaure­
ment.s of Te , V. a nd the ion saturat i on current J o ' using the 
p~obe in the upper region where the rotation velocity was 
lower. These measurements were used to es timate' the density dis­
tribution at the midplane. Asaullling a constant angular rotation 

velocity nand Te along a field line ,' the ratio of the density 
along the line to the density at the midplane is a fu nction of 
I114jor radius rand iB give n by nlno = ~xp{mll2(r2_r~)!4kT). 
However, because of the exponential dependence, extrapol ations 
of the probe-measured profile to the midplane were very sensi­
tiye to small errors or deviations f~om isorotation. However, 
the density at the midplane during rotation waa estimated by 
utilizing the Jo- profile observed immedi~telY after the rota ­
tion was stopped and by assuming fast parallel traneport and 
negligible cross-tield transport during a brief periOd immedia­

tely after the centrifugal force of rotation was removed. 

Profiles of J o just before and after the rotation wa s stopped 
are shown in Fig.~. Profile s of Te and V. during rotation are 
shown in Fig.5. The densiTy profile at the midplane derived 
from this second technique , which is juat based on conservation 
of particles in a flux tube, indicated that the n for field 
lines i~ the interior region of the plasma wa a 40\. higher at 
the midplane than at the point of the probe measurements above 
Ole midplane . This is favourable for rotating mirror device s 
s ince the angular velocity is limited by critical velocity 
phenomena a t the mirror ends. 

4, Stability Against Interchange Mode s. Due to the strong cen­
tri fugal force the plasma ie mainly concent~ated into an almoet 
8t~aight cylinder. We have found that ther e 111 a region inside 
the cathOde field lines where the densi ty . temperatur~' rtnd 
velocity decrease outwe~ds. Equilibrium. between the outward 
directed centrifugal and pressure gradient forces is provided 
by an induced azimuthal plasma current . Thus stabi lity can be 
obtained by compressional effects from rotation in the region 
inside the "cathode field lines" for this geometry where the 
flux tube ~olume irtcreases outwards. The conclusion is that a 
pressure di s tribution decreasing when q=,d l /B increases can be 
obtained for a Spherato~ confiRuration wi thout minimum­
-a~erage-B or shear stabilization . 

6~~~2~!~~g!~~D!! ' We thank Prof. Bo Lehnert and ths fusion re­
searc~ group of tha Royal Institute of Technology . One of the 
autho~s (JRD) was supported by a U. S. Nat.Sci. Foundation G~ant . 
This wo~k has be en suppo~ted by the European Communities under 
an association contract between Euratom and .Sweden. 
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B. 5i~~~;~~: T. Hellsten and R. Raggi , Phys. Scripta 2. 
T. Ilellsten and R. Raggi. Ilucl. Instrulllents and Methods, 
~, 11(915). 



28 TOKAMAKS - IMPURITIES 

VELOCITY SPACe SELECTION PROPERTIES OF 

MAGNETIC DIVERTOR CONFIGURATI ONS 

G. C.aati: E. LlIzzaro,t C. perini,· G. Realini,* . 
Universita de911 Studi d1 Mi111no - Italy. 

tLabor atorio d1 Fiaiea del Plasma, C. N.R . - Milan 

ic.C.R. EURATOM-lepra. 

Abstract: The efficiency of divertors with one and two stagna­

tion poin ts is evaluated and compared for the case of contain­

ment of a particles produced in fusion reactions. 

PUQion ori:ent.ed · tok ....... ka .fitted with magnetic divertor systeros 

have a complicated two dimensional IIUlgnetic atructure. The use 

of zero dimensional models in which only parti cle balance at 

the plaama edge ia coneidered. l or one dimensional transport 

codes. for the evaluation of part. icle a nd energy f luxes to the 

wall. require. when applied to divertqr echeme, a knowledge of 

divertor efficiency . In t.hie work . a syst.ematical analysis of 

single particle behavior in realistic axiaymmetric single and 

double null, diver tors is reported . which allOWS to define, 

evaluate. snd compare t.he efficiency 11 for energetic a particles 

which are gener ated by D-T r eactions in the bulk of the plaSl'la . 

well within 

energy2 Wo-a 

the separatrix, by a monoenerget.ic source, 

-"'.;;;.: '" w = [ ~ ("'" I)~ (.~''i'" 1: !l.. t+- ...... L "\oO.. e 

at an 

and which are slowed down to ion therma l speed on a time scale 

I r Ill. ] '" of the order "t::r \I .... ~ l -'if The population of 

o which h as energy larger than 3/2 Ti ha. a temperature 

Ta ': (2/3) (Woo/tn Wo-a) and diffuses across the separatrix with 

at1ux . 2['{~)"",Dd~o(~~~ Tor. dNo(, with the 
.... ~ d't. ~.Jl"'I'II".t'2. 

usual mesning of symbols. " 

The basic assumption of Ref. 2 , perfect containment of the 0, 

from which follOWS the iaotropy of the 0 distribut.ion function 

f~ does not hold in the region of the separatrix , since there 

are lo.s regions in velocity .pace, wher e f: must vanish. 

From the data of a prot.otype reactor (FI NTOR R - 10 rn, a - 2 m, 

B .. 50 kG , Tea25 keV, T
i

" 21keV,q-2 , n " 2,4' 1013c ",-3 ) it 

appears that near the sepsratrix l /aa« TO-~ « l/voe a nd 

eno/ap « 1 and Ta - 2.5 MeV where a is the a gyrofrequency, 

T_ O - 2 ( 'PI qR/Vo l the 0: flig h t ti1l'le parallel to B, voe the elec­

tron. 0 :ollision frequency , e,. the paloidal LarlllOr radius. 

Therefore we IIlsy apply dri ft orbit theory to the aupratherma 1 

a which are essentially co11i.ionl e.s. On the bounce line 

scale orbit.s are completely identified by the constants of 

motion t .. (m/2)(v~ +v!), 11" (1II/2)(V!/Bland P,,:::¥A'f-tw.I!.U"'f 
A. is the • cOlllponent of the magnetic vector potential cOlllputed 

numerically in axisymmetric 'geometry from t.he poloida1 fiel d 

eoila and p lasma data . Sin ce Bp/B « 1, the orbits may be con­

Veniently 1abeled by the approximat.e expres.ion. 

p! ::::-!..! IZ..Atl,::z.) + O'"'.r"[ 't (t.-'2.o~e.)J}-1. 
1 c: • I 

where a .. ~(~."I) } ~~ .... !lL.and conservation of t and II 
V' 

is used. The analysis of the divertor opera tion ia per formed 

throU9h .. careful examination of the typol ogy of single parti­

cle orbits and by performing a mapping on to velocity space, 

of the orbit.s whic h have epecial properties. Fixing t wo point. 

of an orbit nilll\ely an ini t ial point. '2. , Z. and a final point 

t Z ane! equati nq the corre.spondinq orbit. labels 
f, 1 
R (, ,,)~ P. (', " ) an equation of a locus in Vft , v .... 

,"( "',. If' " ~ 
space is obt.ained'-1T(6.,)=K (1..,2.,'lfl2,)/['l..I(.cJ>,~. I - (t .. (qf-'l.~'1:1J) ] 

where K(rf, ilt '%ozo l "Ze/c lro A.(:~'o:to) - rj AojI (l:jrjl I contains 

the. magnetic information. The cases considered refer to 

. initial point. re -.1. ~ ro < r. + tla :to" 0 where r. is the 

mean aeparatrix radius and 0. the scrape of thickness, and as 

fina l pointe, poi nts on the wall ch.amber and collector throat 

are selected . In velocity apace we thus obtain the boundaries 

of regions which map the classes of (1) passing particles con-

t.ained or lost., (2) coinjected (~ ~"O) t.rapped particles , 

contained , (3) counter inject.ed (~ ~ < 0) trapped part icles, 

lost , U) particlee COllected in t.he throat divert.or throat . 

In this way, f rom a knowledq6 of t he loes and capture r egions 

i n velocity space, of the magnet.ic divertor it. is poesible to 

eva luate the f r action 5, d!: I:[ol. .. ) 
J.I, ~ --'~~~=­r t~ ~: (\r:,~) 

sign'Ific ant property, and lis can be of part.ielee which have any 

taken as a measure of the configuration efficiency. Detailed 

descript.ion ie qiven in (3). Fig . 1 and 2 s how the two 

divertor configUrations studied, with s8Jllple orbits of counter­

injected part.icles, with approximate l y the 88J11e parameters. In 

the . single null divertor the particle hits t.he wall, andi. lost, 

in the double null divertor it is collected in the throat. This 

difference of behavior qualitative ly expl ains the differ ent 

efficiency . In Fig. 3, tlIe velocity space reg-ion for an 0 at 

ihitia 1 position r~ - 10 m, lIo - l1l'l in the single wall divertor 

i. shown, for multiplee of Ta - 2 . 5 HeV . Reqion 1: 0 circu­

l ating and contained, Region 2,8: circulating- and l ost, Region 

3 : trapped ana cont.ained, Reqion 4 : trapped and lost, Region 

5,6 : counterinjected particles, contained and lost., Region 7 : 

circulatinq parti~les collected in the throat. Figure 4 s hows 

t.he si t.uation for t.he double null divertor , with the a~e 

throat width (200 CIII). I n region c: particles are contained, 

region t : lost, Region d: diverted . The overall fractions of 

lost and d iverted particles are for the double null divertor 

110 0.162 lit - 0.034; for the single null divertor liD - 0 . 045 

lI1 0.056. In the single null divertor the largest contribu­

tion to losses is due to counterinject.ed part.ic1es which execut e 

larqe SSnana orbits opening on t he outer side of the plas1l'la. I n 

t.he double nul l divert.or the topoloqy of magnet.ic field prevente 

t.he occurence of these 1arqe b .. nana orbi ts . 

lR. Behrisch, B. B. KadomtBev, IAEA- CH33152 p. 229 (19 74 ). 

2p. Enqfllman, Nocentini, NUcl. Fus. 359 (1975). 

3e Cnat!, E I·anoro. C PerinL C.C.R. I5PI Rep. (1977) . 
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X-RAY SPECTRA AND IMPURITY CONCENTRATION IN THE T_10 

A.B. Berli~Dv . G,A. Dobrovekii, G.E. Notkin, V A.Rantaov_ 

Kartinov, K.A. Razumova, M.H. Stepenenko, D .•. Sbohogl.ov 

I.V. Kurchatov Inatltute of At o~lo Energy , Moacow, USSR 

In / 1 / the radial dl,tribution of Zeff hea been de­

termined in a IItationary etage. of the T_l.O dlllohargo 

from the analysis of the X-ray s pectra and Thomeon soat ­

tering. The X_ray deteotor (a gas proportional. oounter) 

regietrated radiation along the minor diameter and alo~ 

the ohorda 8; 16 and 24 om outwards. Typioal apeotra are 

shown in Fig.!. They are measured along the diameter in 

4 e uooeaaive time intervals. The va l ue of ZofC(O) wae 

equal to 1.3 for a 400 kA, )5 kOe regime. 

Fe 
~ 6 ! 

:: 1=lsl~ 
,)'IN 

" " ~7 6."6!1&66.7 
E, {teV) 

Fig. 1 Fig. 2 

JOhann a peotr omete~ waa also used in the T_l0 to 00_ 

ve~ ' simultaneously the ene~gy ~ange E
x

=5 ... 6.9 keY. 4 LiF 

o~yatal was out ro~ ~erlection r~om 2 0 0 planes , with a 

~adius or ourvature or )0 om. The s peotral ~ esolution 

Ex/Ex 01' the spectrolllete~ is equal app~oximately to 

' ).10-) ro~ Ex - 6 keV. Photographio ri lms we~e exposed by 

ae~ies or 80 sbots , most or them bein g aimilar to those 

deso~ibed in / 1/. A typioal s peo trum is shown in Fig. 2. 

One oan see X-~adiation r~om the opt ical and inner shell 

t~ansitions in highly ioni~ed Fe _ and Cr _ atoms. The spec­

t~um or F e is rather simila~ to that obtained in the ST 

Tokamak /2/ and to a oe~tain variant or oomputer speotra 

in /) , Fig. 9/. 

K_lines or Fe and C~ a~e ~egistrated by the p~opor_ 

tional oounte~, too (soe Fig. 1), but with a poo~ ene~gy 

~ esoluUon (AEx/Ex~ 0.17). The ~at io or the K_line inten_ 

sity to t he oont inuum intensity is s hown in Fig. l Co~ 

various oho~da. One oan see that line radiation is amit_ 

ted by a narrow oentral region. To e valuate Fe oonoontra_ 

tlou lu th~ cent er oC the pLas.a oo~umn we uSa abs olute 

intensity measureme nta oC Fe K, taking into aooount the 

ene~gy resolution oC tbo oounter. The res ults or /)/ con_ 

oe~ning tctal radiation ~ate oC Fe _impur ity atoma in the 

( l s - 2p) - speotral region were u s ed. The value oC 

npe (O) appeare d to be ~1.10100m-J. Tbon one oan evaluate 

tbe total oonoentration OC C~_ , Fe_ and Ni _ impurity pro _ 

oeeding C~om tbe obemioal oomposition oC tbe vacuum cbam-

be~ mate~ial and taking into account the spect~a in Fig. 1 

and Fig. 2. This oonoentration appea~ed to be in a good 

aooordance with the enhanoement Caotor measurements in 

the oentre oC the plasma oo lumn. 

We s hall charaoteri~e tho s l ope oC the thermal X-ray 

speotra by "temperature" Tx' This value oorrosponds to 

IMPURITIES 

Fig . ) Fig . 4 Fig. 5 

tho ' proCile oC Te ~easured by la$er, TeL(r), whe n ob.er_ 

ved along the dia~eter. The speot~a regil:ltrated alo.ns 

other ohords give higher va1ues oC Te in oo~parison ~ith 

TeL as one oan see in FiS. 4. The valuee oC Tx and the 

radlal proCile of TeL are given ~n this Figure. In the 

Cormer oase r means the distanoe from the oenter to the 

oho~d oC obs ervation. To deeoribe the disorepanoy we as-

eumed the eloctron ener gy distribu tion funoti on C
e 

to be 

himaxwelli an in the real plasma , the "oo ld" oomponent 

has Te= TeL , the hotter one has Te= T~. The T~ values 

shown in Fig. 4 were given by the slope oC speotra whioh 

were the diCrerenoe between the registrated speotra and 

the ones oaloulated ror the plasma with Te (r) = TeL(r)and 

Zecc~ 1.) i n o luding reoombination. The part oC the hotte~ 

component appeared to be _10~ oC ne in the oentral region 

oC t he oolumn (r 16 COl) and to increase to ..... lOJ' at r:24 

om under assumption proposed. 

Tho hot e l eotron oomponent is to increase markedly 

the eleotrical oond~otivity or the plal:lma co1~ even 

~ithout longitudinal anisotropy, In Fig. 5 radia1 proCi_ 

les oC the currents, whioh have to transport by both oom ­

ponents , a n d or the tota l ourrent I
t

= I L + I' are given. In 

this FigureI(r) meane the ourrent Clo~ ing inside tho ra_ 

dius r, The ourrent proCiles were oalculated under as-

sumption ZeCC{r)= const. In suoh a oase the conductivity 

proCile leads to the proCile oC the safe~y Cector , q(r) , 

represented in Fig. , a. "q~ =o- ourve . But the experime n_ 

tal data allow us to oonolude that the ourront prorile is 

more steep t han the one shown in Fig, 5. Those data arel 

a) the q value is equa l to 1 at r=8. , .1 2 om as existanoe 

oC the internal mode m,,J. shows; b ) Zecc(O)= 1. J Crom t he 

enhanoement Ca otor mca8urement~; o)q= 4 at the l imiter. A 

oertain variant oC q proCile whioh is in aooordanoe ~th 

these data is given in Fig. 5 as _q(r)n curve. Suoh a di _ 

atributian one can obtain only assuming Ze~f value in­

croase ~hen r is incraased. Possibly this eCCeot can be 

ex plained in part by the anomalous resistanc e. 
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IMPURXTY BEHAv:IOUR IN ntE T-4 TO!U.MAK 

V.A. Abra~ov , A.B. DerLizov, V.V.Buzankin, A.H. Vertiporokh , 

V.A. Vershkov, V;A. Krup~n, G.E. Nctkin 

I V. Kurchatov Institute of Atcmio Energy, Moacow, USSR 

The X_ray sp8ctrometer with a p1ane cryata1 / 1 / wae used 

to the ~nvest~gat~ons of the ~mpurity behavicur with soan­

ning of a p1aema c01umn shot by shot. Oas proporticnaL coun_ 

ter ueed as a deteotor provides seocndary monochromatization. 

The 1) ... 20i a pectrum obtained with KAP-crymta1 (2d:26.6)i) 

L. sbown in Fi6. 1. 

Tha 0+ 7 ion diffusicn was ~nvestigated by the ~ethod des_ 

~I 

lJ 

oribed in /2/ ,in 

a regime ~:)Ok~ 

I
p

:80kA.,T
e

(0) ~ 

O. ?keV,'l'fe"')' lOLl 

cm-) with the tun-

saten Lillliter 

(aL,,17clII). A dif_ 

fusive fLux J
7 

of 

0+7 ion waa deter_ 

~ined frolll a ba-

1anoe aquat~on 

ror this ~on. 

Fig. 1 

divi1-nHO(Hn~ .. - :;' - n 1 n.(Sl +0(1) + n611.. $" . 
+6 +7 ilere n6,n7'~ - the n~ber density of 0 ,0 ions and or nu_ 

o l ei , 56 ,5
7 

and ~7'N - rate coefrioients or ionization and re_ 

oombination , respectiveLy. The va1ue or (~'~N. ne) was esti_ 

mated from the balence equa ti on for nu01ei nUlllber de nsity 

under ) difrerent ass~ptlons: a) the Life_t~me of nuc1ei in 

a plasma 'N=Oi b) TN" .... i c) inward dU'fueion or nucLei in 

Pfirsoh_5ch1uter (PS ) reg~me . The terms in right hand part of 

the equat ion were determined from measured intensity profi1es 

of the 1ines or the 0+7ion (19.ai) and of the 0+6 icn (21.6X) 

(.ea Fig.2a). The knowledge of the spectrometer reLat~ve ef_ 

r~olsnoy _at above mentioned wave lengths appears to be enough 

tc deterllline tha sign of the flux J
7

. 

The efriciancy wae a~parimantaLLy maasured. The e1ectron 

temporatura profile was cbtained inside r=6cm by fOi1 absorp­

t~on teohnique. The Te value was evaLuated in the periphe ry 

frclII intene~ty prorile 
.4 . 

of C 1ine. The Te prcfile ~s shown 

in Fig.2b. One can see that tha outward difrus~on of 0+ 7 ions 

e~ists evan at TN:O wh~le the inward diffusion dapends on a'e _ 

m~ptions Dlade, 

The Ar ~ons in the lIIaxim~ ~onization stage were inve-

stigatsd in a T_4 regime which ia characterized by osoi llo_ 

gra~s shown in Fig. ). In the rogi~e w~th Te(O}~lkeV the 

Ar+ 16 ione SerVO as nuoLei (tho Ar+17 radiation at ~ .).7))i 

i. pra~t~ca11y abs e nt). The absolut e ly oa1ibrated X_ray 'p80 _ 

tromster with NaC1_crysta1 (2d=5,64i) wa. used. The Tholll.on 

scattering and i\ ,, 21D1D interferoGl.ter were used ror Te(O) and 

n e measurements. To study the dynalD~oe of impurity difrusion 

the pu1.s va1ve u.ually was opened for lam. in the .teady sta_ 

te of the disoharge. Tha tima dolay of Ar+16 radiation after 

the inJ.otion i. 7ms in the oontre, Thi. time de1ay enabl e U8 

to est~~a te ~ean velooity of inward diffu.ion of Ar ions 

;d ~ 2.10)c~.mmc-1. The tcta1 icn~~at~on t~ma for Ar icnm doem 

not e~ceed 4~s at Te=lkeV. The ti~e behaviour of Ar+1 radia_ 

tion both nea.r to the 1i~it er (point of injection) and on 

oppos ita si do is s hown in Fig,)e. The oonstanoy or the inten_ 

sity points to a reoyoling without appreoiable 10ss8 • . Tbe bo~ 

lometer regis trates the rad~ation pover Losae. whioh dc nct 

change 2~ arter the inJeotion up tc the end cf the disohar­

ge (the powar is by faotor L, 5 higher than the initiaL one), 

Beoauee thes. losse. ie to be due to a line radiat~on or high-

ly ionized Ar ato~a one can suppo.e the oonstant inf1ux of 

these in J.r +16 .. Hcwever one can see in Fig, )b the ra.t rise 

of J.r+16 ion de nsity in tha oenter (r~ 1,50111) i. ohanged by 

the s l ow one oaused lDainly by the sharpening or the intensity 

proriLe (see Fig. )i), The notioeab1e growth or Ar+
16 radia-

tion is absent n ear to tbe axis during 50ms if Ar atoms are 

inJeoted at the initia1 stage or .a die charge rather than at 

the eteady .tage. These resu1ts enabLe us to ocnoLude that 

there is cutward diffusion cl' Ar+16 iOns rrolD the area Dear to 

( .,,) 
the a~is witb the charaoteriatio time t;, Ar ~ )0~)5ms. One 

oan suppoee that J.r+16 ion density near to the ~i. ~s less 

than mean density cf Ar ion. vben taking into aocount the low 

dett4~ty of Ar+16 ione in the oentre , n~+16(O)=0"~e(0), and 

the ract that the fle inorease (see Fig,Jf) i. mainly to oOn­

neot with Ar ion appearanoe, The Ar+
16 

intensity is proporti_ 

onaL to the inJeotion leve1 While the time behaviour or the 

inteneity is the same and Te(O) does not ohange markedly, 

Thus ve beLi.ve that "ld(Ar+16 ) is a oha.raoteristio time for 

outward d~rfu.~on of the heavy impur~ty of a Fe_type from the 

oentre, 

f"i'~ o 
jrl ~··· ... "1 

" I 
°r'°2;=~~~-:'--~~;-'Q,"r~,. 

z;..p 

.~ 

Fig. ) 



TOKAMAKS 

IMPURITY OONTROL BY MEANS OF A CXIOL PLASMA SLANDT 

A.GibKln, JET De_iqn Gr<:Iup. Cu!h"", laboratory, Abill9don. O""n, U.K. 

M.L .WaUlna , tIXAEA, Culh_ Laboratory (Euratom/tn:ABA Fusion ..... 8OCiation). 

~: A method it! prllslInu d of contJooHing till! inf7..u:x; 01 llputterlld 

impurities into tokmmkB.A aoo~ plall"ll b1.4nk8t(C,P,B,)is fomwd <U'I7WId the 

hot oore of thB dUOIzalogB to prll1l6'nt eputwrlng of !oI7H nr:lwria.~ by both 

oluuogsd p:u'ti<:ltllll and DIzalogB-f/:r:ahangsd nsutmZlr. MuMrical BimukitWna shot.! 

that (a}t1!e C.P. B.can b8 88tabUeh"d I21Id lII:2intairnld b/l a Wtu flMI'(J1I neutral 

beam; (b)thll C.P. B. is effllotivfI in pl'BllllnUng impurity ocmt:all!inaticm and 

(a) the resulting olean pl.a1lllQ 0011 be heated by a high snsrflll !'ISutrot beam. 

l.Introd\lction . Present tokomal< .xper1Wln~ ... lth 111g11 ion tfllI:pera turea s how 

clear indications ot iDIourity production dua to the sputtering ot .. all matolr­

lal by enerqetic particlas tro .. the ph. ..... It is likely that thh proceu 

.. U1 <j"t. "fOr .... J.th s Ull tm:tllr pi' .. ' ........ IlJld it ho vitally impcJ<tant woe""lop 

IDOIthodol ot controlling the ilOpurity production. We propou an effective 

method of i"l'urity control bll8ed upon eatablbhing and .... intllining a COOL 

PLASMA 8l.ANKE1' (C . P.B.) which 11m11:11 ,pu.tterinq ot wall llllterhl by both 

charged particle, (by .... intaininq a a ... Uic1enUy IoIf pla811l1l . d<je teoperature) 

and charge-exchanged neutrall (by lOIIintll1ning the edqe region lIutfici.ntly 

hot to ionis. the incoming r ecycl.d n.utr.la before they can ch.rg •• xchang. 

with pla ..... ions that have en.rqi •• in exc .... of the s puttering thre.ho1d). 

Th. production of impuriUes by a p ... ttering is upecially .erioUll in 

inj . ction heated tokelllllka wher .. a growing impUrity barrier can b .. fonDltd at 

the p1a ..... . dge. "" a result of ion-ion ionis ing collieions (with a cr08l-

secUon which increue. with the effecU ..... ionic charg., Zeff) th" injected 

heaUnq beam can b . ioni •• d and c.pt=.d in th •• dq. r.gion. 
g'.. 0··')---_-_______ , ! //(----';;'--~-" ~" .. 
~ /"='=:.::"- .!!"./"/ 

j // 1a::::.!--
~ " " . .. ., 
: loo eoergy(Eltp.poinfa ) 

:100 tnp . (Curv,,) 
Fig.t Sputtering Yield (S) fol' 
Frons On J04 Staint83e Stall t. 

Eventually the injecUd beam i. no long.r ebla to per>etrate th" barrier, 

heating of the pha .... core cea ••• and the c.ntral temper .. ture coll.poI ••• 

This "ff"ot Can .. r1oUll1y 111111t th" useful inj.ction pul". length. E.b.bUeh­

ing a C.P.B . • ubatantially reduc"a th" il!lpurity innux.o that in our calcu­

lations no .iqn1f1cant 1q>ur1ty build Up OCcur. and the h ... Unq be ... 

pen .. trate. fr.lIly for tha dur .. tion (2.) of the simul .. tion. 

2. The Tranaport Hod.l. A 1-D tran.port ~e ICARUS is l1Sed to follow the 

dev.lopman t of the pl .. e"", . Feature .. .. re,el.ctron th&rmil.l end hydrogen n\lll.a 

are lOO p".I,Ido-cl .... ical' th. hydrogen thermal nux and illlPurity fl\lll88 are 

neo-claaaica1, recyci.d n . ... tr .. l . are tr.ated ... 10[1], impuriU •• are intro­

duced by . P_ ... ttering On.n Iron wllll (Fiq.1), radiation 10 ... (Pig.2) 111 

calculated frolll [2J. Pl ....... dillMln8iona .. pproxi .... te tho.e of JET (a-1.211l11, 

a - 2.93 ... . B-3T, I -3MA) . IniUal Conditiona arel n.-Sx101'.,-', n.- la 1 , ",_,, 

' _10l .v. 
I •••• . r. .~" ......... I ...... r. ........ ....... 

~---------

' 0 

---n,.---
Xi -~ ­
Zlif! .... 
Po;,m~ 
Pz,,,,,,,,­
'md--
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3.I ... ur1ty Barrier pormation. Piq.3 .how. a c .... limply h.atad by an EIO.keV 

n.utral b ..... Sputterinq by ch~qe-.xchanqed n.utral_ <:a\lll .. a build-up of 

impuritiea (input fll,l)( rz .... 3x10 171Q-1 . -I ) which by t_1.06. (wh. n teff ha. 

reached 5) ca"",e. the b . am to be attenuated in th. outer r.qion. and "xcluded 

fro .. th. interior, .0 that the central andllllen teq.eratur .. cou.p .. (Pig.S). 

.... The Cool Pl ...... Blank.t (C.P.B.). Pig.'" Ihowa a repeat of the e .... e in 

Fig.l, but thia time a low energy control b ..... (lHW, 1311:eV, perpendicular 

inj.ction) 11.al'Pll.dand,fonu a C. P . B. ""-r tbeouter 0.2111 the telllperaturea 

are 10ev<T< 2oev, that la hiqh enough to ionizoo inco1l.inq n.utra~ and low 

. nough for edge I putterinq to be inaign1f1cant. The l"t'urity influx la 

redtic.d to '\oSlClO' S",-2e
M

I ao th.t when Ib_ h . atinq be_ill awl tched On t e ff 11 

.Ull low .... 1.2 and th. b .... i . able to pen. trate fre.ly and h ... t the pla ...... . 

The C. P.B. hlllllinta.in"d for 2. andth. impurity influx re1llBi1\ll typically a 

f'ctor of a 100 leal than 1n the case without control beam. Fiq.S compar.a 

the teIFlporal develo~nt of th. c •••• with and without th. control b.&llI. 

.. alt •• ~ ..... ,.. ..... I . ..... r,., .... ~ ..... 

---~--------,,I 

.. .. 
RadiuI (11) Radiua (11) 

F'ig.4 Radial ProfUea of PUtem:% fulWll6t62'B at Tim6a O.?9a, Il1Id ~.6?e. 
A CCI1Itrol Beam 0fJMIfi~keV ia Applied ft'Cm 7'i>!!8. t-o.t:;a rI1Id a 
HtIO.ting Bfllam of ?!ItI/80keV ia AppUflld frotrr.1'Utt6. t-o.86 . '!'he 
Controt 86am changes W ~.JI6I/JOkeV at JO' frotrr '1'Ww t.na. 

S. Con"lualol\ll. Fig.S . how. that a C.P.I.can b ••• t.abH.hed and IllAintaln"d 

by low .nergy injecUon and th.t it 11 .xtr._ly .ff.ctive in reducinq the 

Iputtered influx a.o that th. incraas. in ZeU la prevented . Consequ.ntly 

the high energy neutral b.am conUnues to poIn . trate and heat the pl ......... 

.. 

.. 
th) ". 

t(.) 

.. 
'0> 

,-, , 
CTi~ .." 

(11- 3) -- (keV) 
/ 

i • I ... ~: .I leff 

, i '-. . 
t(a) t(a) 

Ng.s X6mpol"l2t ~tutiC/1l of CIIl"tain f'\:1nDIMIt4F1"8 With (-) rI1Id Without (-.-. -J 
the Low ~arw COrltl"Ol Baom (tha tiIN OMgUi fbl" 0086 -. -.ia displ<:zolld 
60 that ~aona aN IfIQ.(:/II from tJw tim8 Of switch on of th. hllGting 

~~~ E:rtfl/tlt of ths Coat PLlena:J Blankat o..fi.ned bll thB Radii.l"(m) at 
.mieh tits PUtem:% Temp<ll"I2tUNI. w..VcT<SO¥V. 

(b) Tha Spu.tta.,.d Inwul"i'/il Infl-u:t: r .(m-1a-'). 
(eJTh6 Abrlnlum Efflla tiva IenT-a CNnog6. 'i6ff aIdlll/lan "'P''''itll d6naitJI (n.> 
(d)Tha .IW:imum and /4aan P~ X!>I1>eratfUoola,Ti l & •. ) (JuV). 

·work carried out under BURA'tOM J!.1' o..iqn Contr.ct/JO-l ... :PUA-C. 
(1) Podeata and Engel!ll&nn, Proc.3rd.liyI!I.p.on Tor.Conf.Garch1nq (1973) £2.. 
[2] Brawn et a1 rontenay Roaport, !UR-aA-PC-822 (1976). 
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IMPURITY CONFINEHENT TIME FI.OH O:n.GEH 

CAS INJECTION EIPEKIHlNTS ON T.F.R. 

t.F.II.. Group (prul!lItad by C. DeKichdie) 

ASSOCIATION EURATOM·CEA SUR U FUSION 
Drp.."eIMII' de I'loy.i.,ue flu PI .. ,,,,,, el de / .. Fu.ion CotolrOl~ 

~"'n d'E,ude. IV""/;"';,,,. 
BoIu POlio/a It· 6. 92:60 FOIYTENAY· AUX -ROSES (FRANCE} 

~: o..Y,8n injection a t che current plateau of T.I". II.. p l ulII&I 

r u ult& In 8 decreu. of the molybdenulI density, due to • decreased m.alyb­

deIlUlll flux enhrina the plama. Prolll t he observed density dee~eDBI! i~ ia 

pall ible to declucl the impurity partic l e. confinement time 88 a function of 

radiuI. 

We describe here two injection experi .. entl in thl! ,[,'-F. R. ToUlllak. 

They eon.ilteci i n the i njection of cold ollYlen ga!! (e ither ... ahort puff 

o r continuo,,&ly) at the current p1. t e8u, "hell t he p taBtu i . i n a que.i-an­

tionary .tne. tn both e .. u the eondit[oDl at th~ injection time w~u 

l p - 160 \<A, If - SO kC, Te (0) - 1.8S keV , -na(0) ;:; 5 Z 10 1] ca- 3 , Zeft<O) 

between S.5 .nd 7, .nd both ne.nd Te 

'ppro"u.ately eOnltlnt in ti.e (the 

hi,h va l ue of Zeff in thue d i .ehartel 

I . due to the fact that , due to tbe 

iDj~tion . ... ra oX)',en i. pru~nt on 

the liner w.ll. befon ueh dilcharte, 

and il tlLe .... d in tba tint taw .illi-

s econd. of the pL ..... Lihtilu). At the 

i nj ection ne. inere. .... ialladi. t ety , 

.. bere •• Te ft! .... ln. eon.t.nt. 

Fisuu I Sivu t b •• volu tl0n of the re­

diance (ph e .. - 1 , -I .r- I ) of tbre. 

. peetro.copic lin .. f o r tha puff e.n , 

Ov! 10)2 1, HoXtV 374 1 end III>XlO(r 117 A 
(tbeae I .. t tllO Unea with tbe beek­

gr ound to be .ub,tnc:ted). The fiut two 

linll are both "hf,re"terilt[c: of tb. 

pta ... pe:r iphery ( r - 14-IS CIII) • • nd 

• U ow tl> •• ti .... t . t he. impurity flu" 

denaity r (ca- 2 .-1) ,,_Ina f r l>ll I>ut ­

aid. the pl .... li7 ; che.y .how thet 

tbe o]{}'g.n nil>< du.ity r 0" [nere. .. ea 

rapid l y due to the injection (tb. ri le­

ti,.e d ependin, on the inj...,tion lllethod),. 

""~ru. the .. Iybd"n .... flux d.n.ity!Ko 

decr •••• ' vith adeley of :< 10 II •• C. The 

KoXXXI 1171Line i',"On the otber ha nd, 

eharecurilth of th. cant rel hot ph .... 

and .hov l th.t c.ntul ".c;,.tybdenu .. den­

l ity de.c ........ v i th .. Ith. dela)' of 

~ 2S .... c. 80th ..., I)'bde_ r .diancII 

incr"'le .,ain .ftu tha end of tha 

incrnll of ro,,' SimU.r r llult ...... 

obt.ined ,,[th the continuou l oX)'I.n 

inj ec tion , but in tbi. c .. e t be ma l yb­

den"'l! r a dl .ncea do not incrulf! .,ain 

I.ter in ti ... , linee there h e c:onti­

nuou. oX)'Ien inf lu" , they tand to 

A TT' iv~ to a n.., (1 ....... ) c:onUAnt v .. 1u .... 

but the di.charge of t . n uhibit. I 

dhruptive end. 

Pilur .. 2 and 3 .hov the radial profil ... 

of t he radi.nt pover den.ity (ph c.-) 

. - I) "for OVI 10nl.nd M.;{XXI 117 1 

(obtained. after Abe l inv.n10n) for 

tbe continuoul O"Ylen injection c •••. 

Filura 2 .hove that .. the o",gen in­

c:rea.e. tbere 1. a ,Ulht invard mo­

v_ent of the. "'ZII1111", cor t elpoDdl"l 

tl> a .... 11 cooHna of tha p i ..... peri­

pbery. Ulura ) eonfi ..... t ba t, lince 

Ta( t) La c:on.t.nt in the clntral r egiol\ 

'., 

the .... il no variat i on of t he corona ,quilibrium exiatin, in the c:enter (linCG 

the ratio nMo3G+/nMo31+ la I pprn"i"'""tel), cOnS t .nt ; the di .erepancy .t 26o",sec 

i. due to the fac:t that .t this t l m" tb. measured radianc:el a re dovn to" I,vd 

juot .. bove th" b.ck,round 1101 .. . thu. int rnduc:int large i .... c:curncie. In the 
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data proc:e .. ina;). Thel"~fore tb" dec ..... e of the. central _Iybde ....... ion ra­

dience IlUst be due. t o • decre .. e of the. total central m l)'bdenuoa denaity. 

F .. om these CIIe .. urementa, witb t he belp of 10niut!on aqu il ibrilD 

Cllc:ul&tion'il7 , it i, pou ible to e,tl ... t e tha totat c.nt r al d~nlity of 

...,l),bdenum. From tbi. , a nd fr om the central value of Zeft (ealeul. t ed from 

tbe lIIu.u ... d Te ), ." ..... ina that the. only iIIIpuritiaa" prallnt .... o"'l.n.nd 

IIIOI),bd.rtI.IIII , it i l poll ible to c:aleullte tbe c:en t ... l d .nait)' of deueerOM 

.nd of oX)'len (comph.tel)' st r ipped). We obuin in thl l 11.)' , for tbe puff 

C:II. , th' results show in the Table (before and afte r injection). 

200 ms ,,, .. 
ne(O) (c .. - 3 (4.6 :!: 0.2) " 10 13 (5.4! 0.2) . 10 13 

Zeff(O) 7.2 :t L O 5. 4 ! 0.8 

"Mo (0) (C:1I-3) (1.0 :!: O. S) • lOll (3.5 ':!: 1. 7) Z 10 10 

"olt(O) (cm-3 ) (4.0 :!: 0.8) . 10 12 (4.1 :!: 0.3) Z 10 12 

nO+ (O) (c.- 3 ) ( I.~ :!: 0.5) Z 10 13 (2 .0 t 0.1) x 10 13 

Th, central o"'len d enlit,. do ... DOt Inc ...... . in ,piu of the Inc:ree" of 

t he peripberal oZ)'len {ha, prob.bl)' bec:au.e of ita Iar,e vatue befon in­

jaction. 

tn tbe follovioa ve .hall diecu .. th ... n.ult • . lefora injection . 

tha pllllllol il in . qua.i-lt. tionafJ' . t . t e.. The o")'g'n injection .... ult , in 

• dec:re ... of th<! periphera l .... Iybdenllll flu" ( ... boVlf'" by tbe MQXIV radi.nctl, 

prob.bl)' 11 • cnnlequence. of a alight cooling of tbe pi ..... paripber), (al­

n r natively , it i. kno_ t hat In the prelC! nc~ of ox)"en contlll inatod . urtlCel 

• l.rge .lDOunt of p.rtic:le. i, . puturad a, ionalP : tbe . putt .... d i one 

' re then p ... vented f r o .. ente .. ing the pI ...... by tbe ... s n.t!c field). Tbe 

IIIO l)'bd enum .0urelO being , .t leaBt pa .. ti.ll)', deerea .ed , ..., I)'bdenu .. h.vea 

t h, pI ..... witb a tilDe cons t a nt whic:h depend . on tbe i .. purity p.rtic:te con­

finement time. (being equal to it onl), if tbere i . no DIOre sour ce) . Fr om 

Pi,. I , ve see that this ti .. e c:o nnant la ~ SO lI.ec In the untra l re,ion, 

and _ 20 .. see . t r - 14 - IS c:m, and i. t herefor •• dee ..... i,.. funetio n 

of radiu • . 

Lt i . ""w ponible to verif), that bafon injection the in"ard 

peripber.1 olt)'len flux densit)' (eatiCllted from t he OVI 1032 i r .d i .nc:.) i • 

.qual tn the flux den . it), le.ving the u ntul region (c. l cul.ted fr_ the 

c:ent ral oXYle.n den.it)' and cnnfine .... nt ti_). Thi. ha. t he con .. quence that 

tba iapuri t y conf inemen t t i me v.ri .... pprod .. tal)' •• r.n(r). Moreover , vhen 

cont inuoual)' inje<:tictina; nZYlen , i t 

b .. bUD Ie.n (Fil'~) t hat the peri-

phera l oZ)'len nux densi t y (eatu...ted 

froll the on 10)2 1 radiance) inc: r .. -

.e. tvlc:e .. fac:t e. tbe. flux dene it)' 

a t r - 12 c:. (utill.tee! froll the OVIl 

16231 radianc:e). 

Tb ... e .. e • • ur .... en t . confirm 

th.t , .ch ....... tic. lly, the pl •• ma i. 

c:ompo •• d of two ugions . The clOntral 

hot r e,ion receives an i .. purity flu " 

IIhlch i •• pproximately alwa),. the . ame. 

indepe ndantl)' of the. conditions of the 

cold periphe.ral rellinn , ... hieb ha. a 

IIIOn or 1 ... import.nt iolpurity flu " 

d .. ,,~; t y .... f' .. ndi"8 DD Ch •• u p.ri •• ntal 

condition •. Tbe t ransition betveen 

the,. two relione se"",e to occu" in 

t he neighbourhood of tbe q _ 2 lur­

face. 
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Rl!.DUCTIOII OF POWER LOSS DUll ro HEAVY DlPUIlITlES IN DIVA 

S. Yama..oro , H.Maeda , Y. SllilllOllOUra, \COdajima, M.Nag •• l, H.lt1a.ora, S.Sengolw , 

• H.Ohuuu, ';'lied. , .... run.huhl. T.Matoba. H.Ta!teuehl. K. Takahuhl. S.ltu,,1, .. 
1.511118 , M.Shiho , T.J:a".q,ai , K.iC!.m.agai , T.Y .... u<:h1. T.Shoji, T .Tokutake , 

K.A.nno, T.Arat , T . Shlbata , H. Hltatauka , H.T.oalLa, V.T.tUI .... and S.Kunieda 

Japan Atoaie Enetgy b ••• rch tnatltute. Tob!, J apan 

• On leave frOll. IUuubiahi Atollic Power Industry. Ohally. , Salt ..... Japan .. 
On l eave frolll University of Tokyo, Tokyo , Japan 

~: The behavlor of huyy impurities 10 li&ht-iIIIpudty fne pLlIIIIII la 

atudied In DIVA. The dlvertor reduc ••• pI8 ..... _11 lntanction and thenfore 

nduc.a the r a diation power by • factor of 3 . The 1I01ybd.n .... Utile .... played 

to Intercept particle and h .... e flu,", to the hurul thUlber further reduce. 

rh . radiation lomm to lell than 30 :z of the ohmic dillipation (Palm)' 

Discharge condition. daacr ibe d hen are the .&IlIa 11 thole nported in 

IlI t.[1 . 21. A 20 kG exparllllent i e .cheduled to start on J ... ne. 1977. 

Pover BaanCl': bern 1011 lIec:hall1R11 trOll . pI.. ... are divided into two 

proca.ae • • One is a direct energy loa. to a ",all frOll the pI.. ... auch a. 

rood1.ation and charBe-exchang' hot ne .. trala. The other 1& tn.n.l cond .. ction 

and convection of the ph ... plrticle. . LiBht lIIpuritiea are DOt infl .. ential 

in • pover balance of the DIVA dilcharBe., beeauee of itl cl .. n "Ill.urface. 

Thia . it .... t1oo enablel u. to Itudy he.avy- lIIIpurity cootllOl1n.Uon and it l 

e ffect on t he power bllance with and without a divertor . 

Powr .pectr UII eIIIltte d froll the phna 1& ..eaa .. red with a IrUinlincidence 

vec ...... 0noc:hrOllleter cdibnted by • bnnchinl ratiO .etbod (20 A - 1300 A). 

The radiation power froll t he pI .... dua to heavy lIIp .. rUial concentnte. in 

the ",.velenlth 12011.-240 A (p.etldo-coadn ....... ). The ndi.doo pover ioc!uding 

tn. ne .. tral 1081 flux 1I1III"u1"ld with a pyroalectr1c detector. Po"er 1081 

by charle-exchanle neutnla i . calc ... lated by a Honte C.rlo cod. [41. In the 

calc ... l.tlon8 . t otal neutr al influx to the plasma i a a aaumed to ba aqual to 

the total Iou flux of cha1"led particl e. frOll the pla ... Tha re.ultl 

coincide with expera.ent. within • facto r of tvo. 

rove1" loa. to a . hell .nd protection platea (lillUI!'!") d ... e to then.l 

cond"':don and coavectioo 11 elt~ted by ioo .. t"ntion currentl. "aillg a 

hu t t1"an .... ias1on r ate experllllmtally obtained. Rut flux to • bu r ial chamber 

1. lIe"u1"ed_ ",lth thermoprob81 vith • reaol vl nl tille of 0.2 11'. T.ble I givu 

tha r elulta of the pO"a1" bllance in the ea"" A dlacloarge [21. Tha r alll itm 

.how that tha estimation for thermal conduction and convection 1. coneiat" nt 

vith r adiation and charl,,-exchanga 101."e . 

h.duct1on of Buvy u.p"rit1 .. : AppUc:ation of the divenor to tha d 1lcha1"ge" 

ofhre the red ... cUon of P_1" 10.' due to heavy illpuritie. by • hctor of 3 

and controlling the boundery pIe .... with g .. injection of ... 11 .,.aunt 1. 

.lao de.onatrated to r ad...: . the h .. vy-lIIpu1"ity cont_1nation in the caae-

with. diver t or [21. 5 ...... ri .. of the pnvi"". experillllntl a r e followins. 

TbI heavy-imp .. rity cootuin.tion la c ..... ed by ev. poration due to the h ..... t 

flux on copper rods aupporting tit.nium. vir"e and IIOv.bla Ihllh in t he 

burial cha.ber (Pig.!). A diatrib ... tion f ... nction of electron. In. 'cr&pe-off 

l ayer 11 nnt a .illple KaJ<WellLln, and ha •• high energy t.U. Tha hlSh energy 

cOllponent of electrona c."aea • r . letively large he. t trall_illlon to • 

floning pl. te. The lmall ..aunt of additional gal d"1"ing the diacharBe 

re . ... l u in dr .... tlc decrease in the high enersy cOllponant end con •• quently 

reducn the heavy-iIIpurity contallination. 

However. there rPl81n. cont.lllin.tion d ... e to he.vy iIIpuritiea In the Caae A 

dllcharg". Th" 1II01ybden .... tUlet 1. employed to intucapt partich and 

heat flux to the lover . 1de wlth re.pect to the lIedi.n plana in the burial 

c ..... b. r. 0u1" expert-ental H tup 11 aketched DO FiB.I. Heat chanct.rhU.,. 

of lIolybdenUlll are b"tte1" than tho.a of othe1" ""t"d ala . wh i ch &1"e " .ed in 

DIVA device (AlL, tu and .0 on). The target e!ect1"ic.lly inlulaud h set on 

the ... ridhn plane ac roa. the toroidd IUgneti c field. The cOllbin.t1on of 

tbl divanor and the 1I01ybdanUII tarlet f ... nher 1"educe. pOVfl;r lo.a d .... to 

heavy iIIIpurlUea to 60 % of that in the ca", A dllcharsa. In the Case without 

tha WIOlybdenUII tar ser, flo.Ung plates in the b .. rial challbar ara expoaed 

ev.porate materials . Theae r esulu . ulIl!Rt that .udace condiUonl .. well 

aa heat characterhUC8 l118y play an impor tant 1"oIe In the av.por.tlon [1. 21. 

AIIotblr po.dhle cau.e of the cont.,.inat10n h ep"ttering of .... ll ... t e rtela 

d .... to charg"·""'chanSe hot ne .. tral. or heavy ione . hoveve1" .... hava had no 

evidellce that theae lIechanl •• actually t.ke place in the dhcharse. 

Figura 2 sh ...... the reationahip betve.en the total radi.atioll paver 

• .. Iured with pyroelactdc det"cto1" (Ppy) and that .e ..... 1"ed with the VUV 

lIOOochro ... ter (P
vu

">' Cl oaed circles repr .. ent the relatlon.hip in the cau 

wlthllut the d1ve r t0 1" and trhnll • • in tha vadoun d1lcha1"ge condition. with 

the diver t or reported in Ref. [21. An open circle repreaentl that in t he 

Opt1mUII condition. th.t 11, in the cau v:Lth the divenor .nd tha 110 t.rget.. 

The reaulta ,00'" t hat radiation 1088 due to heavy aP\lrit1la la c_parabl. 

with po_r 10 .. due to charg.· ... change hot neutral. in the optllouao condltion. 

Concl ... aiool: DrYA tokallak dav1c. with an a:d.~et1"lc d1vertor perw.!ta .. . to 

atudy the behavi or of heavy lIIpur1ti .. in th" l1ght-iIIp .. rity free pa ..... 

V.rioul .. ethod. 1nc:l ... dinS the control of the plasme bo"nd.rie . ara Ulploy"d 

and d."..,natrated to reduce tha heavy-imp"rlty cont_i nation. In the opt ..... m 

condition with th" IIOlyhd"nWII tarlet i n the h ... r1a1 ch.mber. the radiat i on 

lOll due to heavy 1.IIpuritiu 11 r educed to lean than 30 % of the ohllic 

d1l&1patlO11, and the en"rgy conflnUlent t~ ha . been iIIproved by • f .ctor 

of 1.3 cOlOpared with the previoue val"e. [2 . 3 ) . In. t...tuu aria tolt.u.ak . 

the .cnp ..... ff layer ~ho"ld ba controlled to el1a1nate .erio ... lIIIpur1ty 

conUlOinadon frOll a ne ... tralillr plata (or lilliu.r) . nd v.c ............ ll • . 

T.ble I ~ Power !!alance in DIVA (ca. eA . t · lOIllI.C) 

""""""'" -~ Radiatial - Nwtral 

Sholl Limi"'" D1"""",, """"""" ..... tnl 

" [A[ 
"D 

, 
~ / / T .vI 15 " FY • q/IaTe , (.) • (.) g - 20 (') 

-., "", < " 
(0) • (d) : S.S (e) 

[kWl 25 , .. , 
< " 

(t) 

Total ""', 0.' P ohll < 0.' '0 .. 
NB (a): Experimental . (b): Raf.[2l. (c): He .... red with VUV .0nochrOlleter 

( .. pp. r .. t~tion) . (d): Calculated hy Honte carlo cod" . (a) : He .. ured with 

charle-uchallge .pectr ..... tar. (0: H ... "r.d "'ith p)'i'odecrric dauctor (uppet 

.atillation) 

Fig. 1. 

lI.ef.r.nca. 

• 
ooOiWith 

• 

Pvuv (arb. unite) 

Fig. 2. 

[1) Kaeda. H., "t .1., Froc. the Berchta.ga1"den ConL lAEA-CN-3SIA-18 (1916). 
[2) Kaada. H .• e t . 1. . Int. S)'tIp. on PI.. .... Wall Interac tion. JuU ch . (1916). 
(3) Sht.....ra. Y .• at al .• Phya. Plu.ide!! (1976) 1635 . 
[4 ) Azual, M., P1"ivata c.-..micationa. 
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TRANSPORT PROPERTIES AND STEADY STATES OF A TOKAMAK PLASMA 

WITH IMPURITIES IN THE COLLISION-DOMINATED REGI!otE 

F. Engelmann and A. Nocentlnl-' 

Association Euratom-FOH, FOM-Instituut voor Plasmafya lca, 

Rijnhuizen, Jutphaas, The Netherlands 

., Quest from University of TrieBte, TrieBte, Italy 

~: Having 1n mind applications to the cold plasma 

blanket problem, the transport properties and the steady states 

of an axlsymmetric toroidal plasma containing an arbitrary num­

her of impurity species are derived for the collision-dominated 

r egime, inc l uding heat transfer effects. 

The transport properties of ill. collision-dominated tokamak 

plasma with impurities have been discussed in a number of 
papers (see e.g. Ret. 1). In the cool, outer part of a tOkamak 

discharge heat transter not only between the ion apecies, but 

also between plasma ions and electrons, matters 2 ). For this 

case, we give here a n account of the particle transport proper­

ties and of the steady-state profiles following from them. The 

result is discussed in view of the formation and properties of 

a cold-plasms blanket. 

We consider a tokamak configuration, with magnetic surfaces 

having concentric, circular cross-sections, in the limit of 

small inverse aspect ratiO r /Ro < 1 (where rand Ro are the 

minor and major radiUS of the torua, respectively). The colli ­

sional regime is defined by 

D) 

where r Lj , wbj ' 

freguency6, the 

.• tot ", . 
total 

and nj are the Larmor radius, the -bounce 

collision frequency, and the cyclotron 

frequency of the species j, respectively. 

Conditions (1) allow us to use mscroscopic equations for 

each species . We neglect, as usual, viSCOSity and inertia, and 

ass\U1le 
(2) 

where e is the poloidal angle and Tj and Nj are the temperature 

and the number density of the species j. The details of the 

determination of the particle and heat fluxes will be given 

elsewhere . In most cases of practical interest, 

(eI/ei ) 3 ,. Il~ IIII/lIIi' and e I > e i .. -ee (3) 

ho~d, where Q~ , .. ejNj/ej , Nj' (we use) .. e ,i and I to indicate 

electrons , plasPLI ions, and impurities, respectively), and mj 

and e j are, respectively, mass and charge of the species j. In 

case (3), the heat balances for the impurities are dominated 

by heat t ransfer with the plasma ions l ), so that the tempera­

ture, including its small poloidal dependence, is the same for 

impurities and plasma ions. Moreover, for the plaama ions and 

the electrons , the heat balances that determine the a-depen­

dence of ~e and Ti are formally unaffected by the presence of 

impurities (whi ch enter only through their effect on the paral­

lel transport properties of t he plasma ions and electrons). The 

determination of the a- dependences of the temperatures and of 

the average fluxe s ot hellt and particles Ir j} across a magnetic 

surface can then be perforfl\ed by a st raightforward generaliza­

tion of the clean- plssma problem2 ). E.g., for the toroidal con­

tribution to the electron flux 

<ie , ([ el"e'] ,[dPe '.N, dP,) 
re "" _q2 tee ~ Cl (xe ) + C

3
lx

e
) XjoFe °e a:r - ejN

j 
ar +. 

5 C2 l xe ) [ dTe aie Ti dTi ] 
"'2 Xe C3lxe) Ne ar - H'le :r: Ni ar + (4) 

sIe C2 Ixe )C 2 (xi } ~ ~ r oI[dPi _ eiN i dPI )) 
- 1+s1e CJ (Xel Xi Te liar eINI dr 

is found, where q "" rB/RoBe is the safety factor, 

3£ T% i , 

Cl' C2 , and C3 are defined as in Ref. 3, and we have assumed 

mI ,. mi · The toroidal contribution to the ion flux, neglecting 

terms of relative order ( me/Mi' i. 

IMPURITIES 

. 
r Li 1 ([ 1 C~(Xi)] .[dPi eiNi dPI ) 

ri"" - q2 tu Tt C1(Xi)+ .l+'fe C3lxi) hOi err-eINI err + 

5 Xi C2 (xi ) dTi ) 
- "2 Hale cJ (Xi) Ni ar + 

([ 
Cl" )] [dP • N dP i ) 

Cl (xe ) + C
3

IX:) -F- - e;N: err + 

5 C2 (xe ) [N dTe sIe Tt N dTi )) 
"2 C3lxe) ear - 1+s1e ~ i err 

,S) 

- q' 

Note that the second term on the right-hand side of Eg. (5) 

(due. to collisions of plasma ion. on electrons) is not negli­

gible with respect to the first o ne (due to colli.ions of plas­

ma ions on impurities) only at very low illIpurity concentrations , 

1.e. for O~ ~ (m~/mi' The quantity sIe is a mellsure of the im­

portance ot the heat transfer between electrons and plasma ion,. 

It is interesting to note that , as far as electrons and 

ions are concerned, the presence of impurities can always be 

described via ~ effective impurity species with charge ze i 
and number density NZ (in general both r-dependent) defined by 

the following relations 

(6) 

This fact allows to readily general ize earlier results on 

steady-state density proflles 4J • ExpliCitly, Eqs . ( 4-6) yield 

for re "" r i "" 0 and Te .. Ti • TI • T when s~e ~ 1 

~ _ - {l _ Q.!& _ OG(O)} dT 
Nidr Hx 1+0. Tar 

d{ZNZ} -I' _ ,[Q.!& _ ~J} dT" 
ZNzdr - 1+x 1+0 Tai' 

where X "" xe - zeff' 0" Xi "" Z2NZ/ Ni , and 

G(x} • (HO. 52x) 1 (HO. 82x). In the highly- coll1sional regiJne 

sIe > 1 we tind instead 

dNi { 
~""-1 -

G(x) } dT 

l+Z(l+.!' Tdr • 

'7) 

,8) 

'9) 

ZG(X) } dT 
- I+Z(I+1) fdr 

• 
(l0) 

As far IlS the coll ision-dominated plasmll layers are con­

cern ed, the favourable findings on the appearllnce of a cool and 

dense plasma blanket as given in Ref. 4 can, hence be carried 

over to a plasma containing more than one impurity species, the 

impurities accumulating on the average close to the plasma edge 

(for a radially decreasing temperature the steady- state density 

profiles follOW to be as schemstlclllly shown in the figure). 

.Fmf 1 if. s~. 
-"t:"--+--"~, '--.' 

I ' 
I ' 
I ' 
I 
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HEAT TRANSPORT OFAXISYMMETRIC 'l'OROIDAL LOW- S PLASMAS 

IN THE COLLISION-DOMINATED REGIME 

F . Enge1mann and A. Nocentini-) 

Association Euratom-FOH, FOM-Instituut voor Plasmafysica, 

Rijnhuizen, Jutphll.!lS, The Netherlands 

.) Gue st frol'll University of Trleste, Trieste, Italy 

~: The transport theory of an aXisymmetric, toroldal, 
low-B plasma 1n the collision-dominated regime is reconsidered. 
Different 8ubregimes, which are relevant for the outer part of 

II tokamak discharge, are discussed, in particular with respect 

to their hest transport properties. 

It 1. well known t:h"t. studyin9 the transpOrt properties 

induced by Coulomb colllsion!ll in Cl tokarnak plasma, one 1s faced 

with the presence of different regimes, characterized by dif­

ferent expressions for the fluxes of particles and heat acrosa 

the magnetic surface s . This is the consequence of the fact that 

in different regi~ns of the parameter space different phenome na 

are 1lnportant. 

It is the scope of this paper to discuss a number of sub re­

qi.mlis of the · collision- dominated regime (defined aa that domain 

of the parameter space .... here " j/wbj ,. 1, Vj and wbj being the 

collision frequency and the bounce frequency of the species j). 

One of these subregimel is .... ell kno .... n since a 10n9" time. It ia 

char~cterized by an enhancement of the transport coefficients, 

.... ith respect to the cylindrical case, by a factor of the order 

of ql ( .... here q .. rB/R Be is the safety factor), the lo-called 

Pfirsch-SchlUter enha~cement factor 1). Hence we .... ill refer to 

it as the ulual Pfirsch-SchlUter regime (or subregime I, eee 

the figure) . This regillle, and the corresponding transport coef­

ficients, are normally assumed to apply to the whole outer part 

of a tokamak plasma ( .... here n - vi/wbi ,. 1). Actually, in typi­

cal cases, this is true only for a certain region adjacent to 

the ·plateau region·. Outside thie region, the tranl port prop­

erties change and, in particular, the ion heat conductivity 

decreases with respect to the usually accepted value (cf . also 

Ref . 2). Here .... e shall give an overvie .... of some of the other 

regimes appearing, focussing our attention on the heat trana­

port properties. As far as the particle transport is concerned, 

the order of magnitude does not change with respect to the 

simple Pfirsch-SchlUter result. 

Referring to the figure, the collision-dominated regime 

( .... here flUid equations can be used to describe the plasma) cor­

relponds to the region at the right of line CD, which separates 
the collision-dominated regime from the so-called ·plateau~ 

regime. We asaume concentric, eircular cross-sectiont for the 

magnetie surfacea, and look for Iteady states where the number 

density N, and the temperatures Te and Ti have (to lowest order 

in the inverte aspect ratiO , taken small) r adial gradients. 

Theee gradients produce diamagnetic partiele and heat flows on 

the magnetic surfaces (across the magnetic field lines) which 

are e-dependent ce being the poloidal angle), due to the 

e-dependence of the magnetic field !.. Hence, pol oidal varia­

tions of N, Te' and Ti .... ill appear , .... hich in turn lead to radi­

al components of the diamagnetic fluxes. These are just the 
"torOidal contributions~ to the radial fluxes. The a- gradients 

of N, Te' and Ti are, hence, the crucial physical quantities 
determinLng the transport propert1es ot a co l11&10n-domindteu 

toroidal plasma. The different subregil1les appear beeause these 

gradients depend on different physical effects in different 

domains of parameter space. 

As far as heat trans port is concerned, these effects are , 

apart froll1 poloidal de pendencel of the diamagnetic fluxea in­

duced by the e-dependence of the toroidal magnetic field , 

a) heat flow parallel to magne tie field lines, 

b) energy tranSfer between elec trons and ions, and 

c) po10ida l dependence s of the diamagnetic fluxe$ induced by 
the (self-consistent ) poloidal va riation of the plasma param­

eters (ineluding the ef fect of t he radial fluxes themselves). 

The subregimes ($ee the figure ) ean now be correlated to the 
effects which matter: 

region 

region 11 

.) 

a) and b) 

region Ill: a) and cJ 

regLon IV aJ, b) , and c ) 
region V bJ (c f . Ref. 2). 

The border lines between these ~egimes are characterized by 

eertain values of, or relations between, two parametera. the 

ratiO s2 of the heat transfer between electrons and ions and 

the heat conduction parallel to !!:' 

S2 _ 3u --.!!..y (~) 2 '" .tU n2 
Texl e 

(1) 

snd a parameter t measuring the relative importance of the po-

10idal variations of Ti ' .... ith respect to those imposed by B(e), 

in the usual Pfirsch-SchlUter regae, 

t _ S ~ {d(NTi ) _ NTe dTi }. ' , (lL)' 
J leB2 --ar Te+Ti err 111 Be (2) 

)I • 

where xi is the parallel heat conductivity of the iona, 

U - lIIe / l1Ii the maa, ratio, Te the electron colliaion time, B. 

and Be the toroidal and peloidal magnetie field, e the elec· 

tronic eharge, and r the amall the amall radius of the toroidal 

surface. From this is clear that the lines CD (1.e. a 2 -1) and 

G) (1.e. Itl-l) limit the usual Pf1rseh-Schlllter regime . As 

in the subr8gimes I, 11, and V the peloidal dependences of the 

plasma parameters are small (i.e., smaller than let order in 

the inverse aspect ratio), in these regimea the fluxes are 

linear in the radial gradients. This i s no longer the case When 

going acrosa the lines Q), CD, and @ . 
The r esults found for the f luxes (averaged over a magnetic 

surface) in t he different lubregillles are 

I-
, 

q, 
i dTi 

- -1.6q1 Xl Or 

H. 
, -(1)1.#) ,dT, I q, s Xl err , 

_Xi{dT+O ·8 1/ii elP} v. q, lar .q URQr 

llI.q;--[1+\6i)xi;t I 
IV. q~ _ - [1+ 1. 6!i1s2) xi ~ 

q' -, eflTe - 0 . BSq2Xi ar - dP} 0.28 NQr 

• 0.24q1 xf dP 
q, ilili' 

• , • { dTe .!=.ll dP} qr - -O.B Sq X1Y Y Or + -10-"N""ar 

dT -I 
where y .. (l+~-JJ 

where for the ion heat fluxes the simple cross-field diffusion 

term has been retained, it can contribute for q2 !: ,Imi/me . 

As a r esult, leaving the domain of validity of the usual 

Pfirsch-SchlUter formulae , the lI1ain effect is that the ion heat 

conductivity is decreased either by heat transfer ( in region 

lI, IV'. and vJ or by the additional terms appearing in the dia­

magnetic heat flux ( in region III and IV). In the limit of the 

lines ® and G) as .... ell as within reqion V, the toroidal con­

tribution to the i on heat conductivity beeomes, order-of- maqni­

tude-wise, equal to that of the electrons. In particular, in 

region V, the sum of the toroidal te~ in q; and q~ vanishea 
so that the total heat loss of the plasma across the magnetic 

surfaces in a torus is the same as in a cylinder . 

We have not considered here ·effects connected with viscosi­

ty, rotating fluxes of the ions, and external sources . In par­

ticular, the viscosity of the 10ns might lead to appreciable 

modiflcaticns of the results for larger Larmor radii (specifi­

cally in the uppermost part of region Ill). 

!:!3.:-l 
The Vi' r Li plane (as­
suming Bl /B~ _ 10 land 

U - me/mi - 1/1836), 
with r Li and 0i we in­
dicate Larroor radiUS 

and cyclotron f requen­

cy of the ions. 
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CONTROL OF IMPlJRI'!'IES BY THE DUE Bl./NDLE DIVERroR 
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Abllt ract: The dive rlor 18 aho ..... to reduce both the lOll and high Z 

iapW'it,. content o f the pla.llllla . Ho ...... er IIhen extra gM i ll fed in to 

.. aintllio tbe sMle dens it,. dW'ing diversion. then is an incN!ued desorp­

tion oC oxygen and no change in Zeff ' 

"nle bundle diYerlor iaprovea the purit,. oC. toltslMk diecharge, 

firs tly b,. reduciD,g the tlwt oC plae ... partiClell boCIIbar ding the lillliter 

and tOl'Ull .... all and thereby ",ducing the r elease of impurities, and 

IIIcondly by attenuating tbeir intlux into the centre of the discharge. 

""" _oosn.tie configuration i. oOloplo" and Lo di .. c ........ "d in d .. t .U .. 1 .. ,, _ 

IIhere (1J . It lOan be deeoribed approrl ... tely by aa.riD,g that tben in a 

central co", o f W1diverted plaSM .... hicb is sW'rounded by an annuler layer 

bet .... een tbe lIepll1'atrix radiu as .. 0 . 19 • and the torus .... all a .. 0.27 m, 

IIhieh 1.8 connected to the dhe r tor tll1'get and .... ill be referrt!d to ... the 

.. crape_off l..,.er. 

The .. ucce .... rul ope:r'lltion of the DITE bundle dive rtor a t a toroidal 

field ~ .. 1. 0 T lIith diecbarge currentll I-50 kA haa been reporte d 

predollllly ( Z,31. The preeent paper elttend8 the ell1'lier rt! .. ulta, and dia_ 

Cllllsea t heir inte rpretation in tenDl!l of three s peoific divertor eff ects 

IIllicll contribute to the overall improvelunt in pl"Bllla puri t,. . 

,n 'Ibe lI¥netic limiter eff ect of tbe bundle dhertor tranSfere the 

'p4sloa- l .illliter' i nteraction out oC tbe torus and onto tile dheM.or target. 

TIlis is dellOnstrated dinct1y by photogre pllic obseT1'aUon of tll' diver ted 

plaSllla .. trtkiD,g til e t arget , by meaeuring the r e duced temperature rise of 

the 1imiter and the lArg" temperature r i"" of the ta:rset IIhe n the dinrtor 

is operat"d. Tbe rt!duced interection of the pl-.- " ith the IIOI,.bdenu.. 

li.iter and etainlella- steel torua 11,,11 i .. IIh'''tn by e r e duced inflwt of 

hes..,. metal impurities at tile plaema edge.. A carbon probe poeit1oned 

clolle to tbe torus wall is eltPOsed to tile pla.ama and later anal,.sed uing 

Rutherford backllcatterins [~J . When results frooa dive rted discharges are 

OOIIIpel'ed lIith W1diverted ones, the combined influx of Fe , Cr, and Ni t a lls 

b:r a factor ~ and the Ho flux by a tactor 6 . Spectroscopic meuuremente 

in t he V. U. V. , deecribed later, .. ho .. that the divertor reduces t he 

"pectral line inten .. ity o f highly-ioni:;e d Ho (eg Ho XXII 28 . 9 A) to - 1(l!1: 

and of Fe (eg Fe XVII. 15. 01 A) to - 3O:IG. Thi ll confiru that tbe divertor 

lIublltantially r educes tile i nflux of heavy .. etal impuriti" .. Crom the limiter 

and to rll8 wall, and dellOn .. trate .. tb.a.t the backfl.cnl of mat e ri"l CZ'OI!I the 

DOlybde nUII ta:rset :Uo small . 

(Z) The divertor eldlallllt e Cfect re.oVeS plasma particles out of the 

torus and . results in " falling el ectron dene it,. and tile need for an 

incre ... ed feed oC iQ'drogen gu to _&intain • di ... erted discharge "t a con_ 

.tant deDll ity" . Fig . 1 sholle s denait,. SCan with" double LangIIIuir probe 

"croSa the lIid_plane oC the diver t e d plaua bundle . 'nlere is good e,gree­

,"ent be t .... een the line ave rage density meuured .... ith a ~ ...... icro .... sve inter_ 

teromete r in thl divertor and probe lIfIuurement .. of the deneity in the 

scrape-ofr UJoI:r' . The shape of the lHuured denait,. profile ri t s the co._ 

puted 8hepe of tile mllgMtio flux bundle. and the lIe&.!lured profiles of the 

pa .... ar depodte d On the tll1'ge t [5]. 

(3) '!be dhartor .. creening ecrect reduces the flux of illpurit1e.. into 

the centre o C the diecharge , by ionhi ng a large f r action oC theao .... ithin 

tbe scrape_or! 11Q'er and s .... eeping thelll out oC the torus. Fig . 2 s holla 

osoillogram" of seve r al spectral lines of oxygen and carbon ·ror a di .. charge 

llhen the divertor ............ itched- on half .... ..,. tllrough the curreot pl ateau end. 

the denaU,. allOlled to Call. The intenaity of linea from 0 II and C Ill, 

.... hich a", euUy burnt through in the scr"pe- ort la;yer, rt!pree"nts t he 

influx of ligllt impuritiea at the plume edse . Th"n lines and Ile nce t he 

inflw<es are reduced to - ~ by the sction of the di ... e rtor. 'nlere ill a 

• uch le.rge r change in the line intenait,. o f the IIOre highl,.-ionized .. tates, 

(eg 0 V ralls to - 25") .... h icb are burn t through i n progressi ... ely deepe r 

regions of t he pl8B1118 and r epresent impurity influxee iruoide tll ' separe­

trix . Thie clearl,. dellOnstrete " tbe scnening eftact, and an e"tima.t e 

bued on the ratio of the intenllities ot highly ionb"d to lIeakl,. ionized 

lines gives the .. creeniq e fUeienc:r 'l:s ... 0 . 5, wh ich ill in reasonebl,. good 

e,gree .. ent .... ith calculatione bnsed On " s1.onple "odel ot tbe ecr a pe_otf 

l..,.er [61. 

The concent ratioos or both light and heavy iepurities in the centre 

o C the dillcllll1'ge hav" been lIIe ... ured IIUh " grazing_incidence V. U. V. spectro­

graph . Using a abutte r .... h ich opene only during the current plateau, plates 

are e"P"eed for 10 _ 15 identical dillchargee and llflaeur ed with a den.sito-

.. ,ter. '8Ie "pectrogr"pb can be aCawled in a vertical plane to ... ie .... 

dHfert!nt chord8 of tbo lIinor crollll-ssction. and tbe resulte IIhen Abe1_ 

i n .. ""ted ghe radial deneit,. profllee of tbe .. ariou i&pW'U,. iona. 'l'be 

ana1:rsill oC tbese data le a t present incomplete, but tbe large change s iD 

typical line int .. " .it18s for Mo and Fe hluo been quoted ell1'lier . 'R"in le 

little change in the iDten.eit:r of tbe oxygen linell (eg 0 VIII 18 . 97 .h 
IIheo the p1aaaa density is IL'I..intained constant dW'iq dinnion . 

In order to maintain tile diverted dis chll1'ges at tbe .. ame density as 

the undiverted one" , the iQ'drogen gu f eed mut be i ncreSlled . Uofortunstely 

tbia increues t he plaema recycling and there ill e cOll8equent incree.ee in 

t he intlux of oxygen deaorbed [Z'OI!I the lIal1. Thill additional intlux ill 

8uf ticient to offaet the 5Q!I: ec",ening e ffect, .... ith the result that there ill 

no net reduction in t he oxygen leve l recorded by the V. U.V. spectrometer. 

Tbe increusd oxygen influx also _eane that there i .. little c~ in the 

'l'alue ot Z"ff calcu.;.ted trom the plaa- reeillti'lity and t h e lIe ... ured 

electron t emperature profile . '!be 50 kA undiv"rted diBcharSe al:read;r haa 

a 1011 value o f Zetr - 2 produced mainly by ox;ygen. and thill doell not change 

significantly when the di'l'ertor ill opersted. Ho ... e ver if additional olQ"len 

gM is a dded to the discharge, .. ithout tbe di'lertor, Zetr rise .. to 3 but 

rece.ins cloH to 2 lIith the divertor . The dellorption ot ox;ygen , resultiq 

from the gae teed, explaine the anomaly , reporled earlier [ 2J, that Zeff 

reaeina cOll8tant althou,gb t he di ... e r tor IIcreenll out both 1011 and high Z 

iepurit!e .. . 

Tbe reduce d coocentra tion ot hea",. metalll in the dive rted discharge 

caUlle~ the total r a di ated power losll to fell to " ~ (Fig . 2 ). The rsdi­

ation poller profile tor M undi"er t,d di .. charge (Fig . 3) is s trongly peaked 

00 axis and represents 50 -100% o f the ohmic po>Ier input . Tbi s lIubstMtial 

r adiation loss dllll to hen",. metal, is sharp1,. r educe d by tbe di'lertor, end 

tlle re ls a lllajor change in tile power balance ":ith radiation lo"oes account­

i ns for only .20 - ~ of the ohlllic poller input, and.ore than ~ beiD,g 

trenllf er red to tbe diqrlor target . 

ite lIish to a ckno .... ledse the asllistance ot the DITE operating and 

engineering te ..... . 

~ 
[1] Stott, P. E., Wil.aon, C.H. , and Gibson , A., to be published in Nuclear 

Fueion and CulhaIII Report No CUI_f'471t . 

( zJ Paul. J.W .M. , et al , Proc . of 6th ConCert!nce On PlaIIma Physics and 
Controlled Nuclee.r Fueion Resee.rch, Berchteegaden. (1976) Paper 
CH-35/ A17 . 
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[5J Goodell , D.H.J. S3'IIIpollium on Pluma-Wal1 Interactions, Julich, ( 1976) . 
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HIGH DEHSl'l'Y DlSCHAlIOES WITH GE'I'l'ERED 'roRUS WALLS nI DITE 

P .E. Stott, J . Hua11l , S.J . Fielding, a .M. McCracken , 
B. A. PIl ... ell and R. Prentice 

Cu.1lIA1II Le.boratoQ , Abingdon, Oxon, OX1" 3DB, UK 
(EuratOll/'tlXAEA Fusion MeDct .UolI) 

Ab.t ract : Tbe l iJIiting denllity and IInltl'C contaillllH!ot tu.e in DITE are 

iaproved h:r .. fMtor> 2 by 8l1thr1.ng tbll tOl'\Ul wa.ll with titanil.lll . Thi.ll 

101 u:plained b1 a "due.et innux of lOIf-Z impurities which nol"llllll3' "aWlII 

contraction of the current channel by cooling the pl.asila edfle. 

El&ctron denaitiea IIxceeding 10'0 II-a haVII bello r llached in lIeveral 

tokalli.ake, not"b17 Al cator [1] and Pulsator [7), by feeding h,y4rogen ga!! 

into the discharge . Thie leads to .. decreallll of ZeC! and IU1 inc~aell or 

the ener", con t ainlllent tiale TE ' In aiDIilar eXpe~imente 1n D~ the maximum 

IIIl1an eleotron deMit,. wbich ", had obtained .. an "e " 2.' )( 10 in 11 dill_ 

chars_ with I '" 180 leA, ~ • 2.7 T and'!. " 4 . 6 at the laiter .... d1u, 

• .0.2711 . The beat .alue for TE • 7.8 ilia vu obt .. ined .. t 1 .67 kA , 

B.r - 2 T, ii.
e

• 1 . 7 X 101& ._a ud q ... 9.J. We "''1'''' p""yent&d fro ....... ch_ 

1na higher dellBitiell by disnlpthe instabilitiell. We beli.v. that these 

dillnlptions are c .. .."ed by <:ontr.<:tion of the current <:hanne1 ... hen the 

pl ... ed,ge ill cooled by 11.11 influx of light impuritiell , chiefly olQ'gen , 

d.aorbed frolll the tOnlS ... all by the recycling plasm.. . A dllU.r innux of 

olQ'geo wall obBerved on PIlls.tor (7J . 

To hst thia bn>Dthellb t~t the density in limit. d by the infllJ][ of 

li8ht impurity "'I have ",",.pouted titanil.lO onto the tOnul wall . Gethr ing 

h4AI pl'<lvioWlly been shown to nd\lc. both the recycling and t he olQ'gen con­

centration (JJ . In DITE "'I \l8a • dngle Varian Ti-ball I!IOl1I'ce which 

gatten &011'1 JO - It<$ of the tOMllJ ... all. 'lb.e source ill fIY.pantad con-

tio ..... l1lIly bet .. een dincharges ( for 10 - 20 ain\ltes) IUld .. ithdr .. wn fro- the 

torus - JO s before 11 discharge. 'nIe .'fII.poration rste of 2 x 10-
a 

g/dis­

charge is lI\l tfichnt to PIllllP • quantity o f gsa several tilllea lerg. r than 

that introduce d . 

With the tOl'llS .... 11 gethnd and an increued f eed ot hydrogen gae, 

we ~ve extended the dendty limit dgniticantly and, for. discharge ... ith 

1.150 kA and B.r = 2 .7 T, .... ~ve obtained.ll. mean deneity n
e

-7 II 1eT-lI- oS
, 

central densi t y 0e{o) '" 1 . 1 X 10"" 11-'\ lip" 0 . 6 and T
E

" 25 aa. Taking 

date fro- .. good nUllber ot diIKharges at different currenta. the .xt.naion 

of the at .. bl.. operating region in • plot of I againllt ii.a be<:a.ea .pparent . 

'nI. at.bl. regions tor the unsett.J'fId torwo, .. ith BT • 0 .9, 2.0 [5J and 

2 . 7 T, coincide ... ith regio!! A i n Fig . 1 . Here , the axes hav. been 

nomal1ee d \l8ing the IICaling given by Hurakatl!i [2,6J, and the dendty limits 

lor Ormu ... ith and ... ithout gll.8 puffing II.l'e ehown a.a IQ, M1. Gettering the 

OITE torwo extends the operating region to th .. t IIhown 11.8 B in Fig. 1, 

Which, on the scaled lIXes, includea the hiSh de naity discharger obtained 

On Uoator [,] and Puls .. tor (71. 'nIe points lIIIll'ked 'B' to 'd' in Fig . 1 

rerer to t::rpical gettertld dbcharges for which ... e have lIe""l1I'ld telllper .. ture 

and denllity profilea gbing the parpeterll listed in t .. ble 1 . 

Table 1 - Par_e tan of T:rpica1 Gettered Oillcharsee 

Point 011 Figure 1 • , 
Discharge current (I) ItA "'" ,'" ,60 230 
Toroidal fi e ld (B.r) T 2.0 2 . 65 2. ' 2 . 65 

It at limiter 6.2 ,., , .2 ' .6 
Mean electron deneity 10 18 II-~ , .6 4.4 4., 4.2 
Central electron deneity ,., , .0 6.2 6. , 

x 101& ._a 
t
eU ' .6 ' .4 ' .2 '.2 

• pe (protilee) 0 . 28 0. 26 0 . 17 0 .12 

~p (di-.:netillll) Q.5 0.' 0.4 0.}5 

»Ie rgy cont .. inIIle nt t iJIe (T
E

) lIa " " ,6 " 
Qecillogr .... 1I of the current, loop volta (whi <:h gettering r.ducee.by 

• factor 2) and lIIean electron deneity are ahown in Fig. 2 tor the gettered 

diach .. rge l .. belled 'b' . Alao plotted ar.ll p and tE calculated trom the 

change in diamegne tic flux and t he lIIe .. aured curr ent and loop volta. 

Radial prof ilee of electron t emper .. tuJ'fl and density at t .. 150 ma .. re 

shown in Fig . 3. We bye obeerved that aiailar hollow tellper .. ture pro­

tU.s .re char .. cte r istic of low concentr .. tions of light i1apl1l'itiee [4J. 

Ma\llling Z.ff ie uniform .. croea the diacbarge, "'I calcul .. te the .. al ... s 

listed in table 1 . 

Although the h3drogen ga. influx ill constant between 0 and 180 illS , 

the density r ille is interrupted by one or lIIore paueee (Fig . 4) lesting 

10 - 3D II1II when there ill ine .... esed lII . h . d . activity and an increaee in 

illten'llll inductance . We interpret thelle sa m,,-jor r earrangemente of tbe 

diacharga . A. uniform density riae can ba .... i ntained through theee .. . h.d. 

periode by telllporarily increll.8ill8 t he saa influx and thia doea not aeelll 

to change the lII .h . d. activity. We also obee"e that neutral bey injection 

(200 kW) , which changes t he electron temper BtUr<l profile (91 I s upreeeea 

the m. h . d . • ctivity and .. llowII the deneity to rhe IIIIIOOtlily. 

Tbe ge tte ring redu<:ell but does not elillin .. te the olQ'gen intlllX which 

preewu.bly comell frml ungettered partll of the torwo. ~ an early IItage 

of the gethred dillcharge when the density la comparable to an unsatt. red 

diIKharga, the iZltensity of the 0 V line (2781 1) , ia down by 11 fagtor .. 9. 

'Ihere are burste ot iZl<:relll!led o~gen innllX during the density pallHa 

( Fig. 4) and we auppoae that with uns.ttered tgl'llS walla the.e would b. 

larg. r and would c .. l1lIe dlanlption .. t .. lower deMity li.it . rven in t he 

gettered tOl'llS, the highor denaity 11lllit ia atill lI et by dieruption pre_ 

ceded by • a~ rise i n oxygen flux . W.re thift elilllin .. ted by aollle lII eanll, 

tbere Beellla no re"aOO why t he dena1ty limit could not be improved t urther, 

. t leut until ioniaBtioll ot b;rdrogen , hydrogenic brerustrahluns , chars. 

exchange and conduction to the lillit.r produced. cooling erfe<:t Iq\livaleot 

to the radiation ,by light ilDpuriU.II . However, prellaina.r;J naulte with 

two getter eollrcea on oppo.ite s ides of tbe torl1ll do not indic .. te .. lIuh­

stanHal iaprov .... ent compared to the reeults obtained with .. aingle S.1:ter. 

In general Our reeultll are conaiatent with IDD deh of diaruptiGn in 

which ohmic heatiZlg ill 1ruIutt icient to prevent cooling ot the plasma edge 

with COl1l11lt""nt cOlltraction ot the eurrent channel lUl d lI .h. d. inatability(8J . 

A.cknowledt!elllent a : We.re indebted to the Dl'l'E operating and e ngineering 

teue tor oper .. tion of the lIIachine .... d thank R. J. Bickerton and J.W.H . P .. ul 

for valuable diecuaeionll. 
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RECYCLING DI Dl'l'E TOIWW( 

S.J . Fialding , G.M. McCracken, S.K . Erents, 
A. I"oapi.azczyk and P.E. Stott 

Culhe..oI Laboratory, Abingdon, Oxon, OX11f 3DB, UK 
CCllratolll/UKAEA Fu.!!ion Aaaociation) 

Ab'tnct: Recycling has been IItudied in DITE tokllmak by chru>t!:ill8 tbe work­
ing gaa rrom b,ydrog.n to de llteri\llll. Th. Haulta .. bo .. that the recycling 
gaa ia composed of approximately eql1lll fluxea of plamaa reflected fl'Oll tbe 
"oIall and gaa releaB.d from th ... all. 

'lbe prellent experianta ha ... e b.en carried out at plaama curreuta of 

50 kA aud100 ItA without the divertor or neutral injection . Tbe H/ll recycl ­

ing haa belln inveatigated with .. " canning Fabry-Perot inter ferQmeter to 

monitor t hll I\r and DO" linell [1], a ...... 11 apactrometer to OlllallUrll neutral gaB 

concantration and a carbon deaorption probe [2] to lIIeaaure the flux of 

particlea arri ... ing at the tOrwl .. all. 

Figure 1 aho .... tb. bebaviour of IQ'drogen and de\lterillll as obaernd 

by the Fabry- Perot, for the tirat two diecbargu in deuteriUlll fo llow1n,g 

lIany in b;Jdrogen. Also aOO"" are the currant, electron dell .. ity and the 

, deuteriUlll flux ratio D'/(Ib + D
Q

). Near the end of the discherg. DQ/{lIO'+DJ 

reacb.a an equilibri\llll value and at then t1=aa the fluxell of b,y"droglln 

and de".tllriUIII rep ... llallt the relative gas ccncentrationa 00 botb thll wall 

and in the plaama. FI8'-'" 2 sho .... that in a".cceaaiv. dischargea tba .quU­

ibriUID propor tion of deut.riUID alowly rillas and approachell II8J"IIptoHcal.l.y a 

value of - 0.65. Silllilar reaults a rll obtain.d froll tha carbon probe . 

Aftll r each dillcbarge the h;rdrogen and d.utllrium presauHa initially 

rille and then decrease alo .. ly with t ime, indicating g .... being re1ll .. a.d rrom 

the walla. 

Tb .... aulta of the Fabry-Perot aho .. 1I tbat de\lteriUID, .. hicb ia ionilled 

at the IItart of the diacharge, ill rapidl7 lost and replaced b7 b,y"drosen, 

indicating that "oIall recycling ie playing a lIIajor role du rill8 the diacbarge. 

W. "oIould expe<;t t wo principal procesaea to oCcur (1) reflection of a pro­

portion of the iIlcident particleB .. ith an en.rgy dependllnt reflllction 

coeffici.nt .e, (2) release of previou!!ly trapped atO!l8 .. itb e probabiHt7 

which dapenda on an . nerg)" dapendent croaa_aectton c and the conc.ntration 

of atOlla in the IIOUd. 

Equation (1) d.acribea the chang. in wall composition on thll basis 

of t ll.a. t"olO procesa.s, 

••• (1) 

where "w and Hp are th. total nUlllber of partioles in thll "oIall and plasOla 

pbaae reapactivel1, ,. is an a ... era,ge particla continlllllent tu.. and A la the 

area of the .. all taking p&rt in thll interaction. The tirat ta ... represeuts 

tba flux or incident particlea trapped in the .. all, the eecond t .... the 

flux of a t""", back into the pl ...... a. Equation (1) iaaediately leadB to tbe 

reault that if the plaama denllity r eOll"iIla oonatant and nO particl." are lost 

trolll thll overall aYlltelll during .. di .. charge th.n for the accepted value 

/I - 0 . 6 (3],the refl.ct.d C""'pllnent of the flux ill approximately aqual to 

the dellorbed c""'plln.nt. 

Ve can .. rite aiailar .quationa for a lI)'at •• containill8 two apactea , 

b,ydrog.n and deut"r1wa, and thl" gi ....... for the tint dillcharge in tb. deu­

teriUIII, the flux r atio Dt/(Ib + DO") = ~ at .ar17 times. Frolll thill and the 

r<la\llta of Fig. 1 "oIe obtain the value 11 - 0 . 6 whlch is in good a,greelllent 

with indapendent eaUmatell (3]. Howe ... er tb. time predicted to reach equil­

ibr lUIII La lIuch llborter tban that observlld exper iJllentall1 and ."., interpret 

tbia aa being dua to a partial los .. ot deuterh. in tbe .. all during t he 

diacharge . 

Over a lIeriaa of diacbargell the hydrogen in the ayate. decaya IIOre 

alo .. ly than expollenUally, Fig. 2 , indicating an additional aourc. Of 

b,ydrogen into the ayat... . lrIe interpret th1 .. aource aa baill8 due to b,ydrogell 

alowl)' diffusing from th. bulk of tbe .... 11 .... terial to the aurtace lay.r. 

In IIJI1 .:Iingle diachara' only tho .. e atOlllll within the range of tll. incident 

energtltic plaaaa particle ll (- "10 naa) .. ill be desorbed. However if t he 

.. alls bav. been aubject.d to particle boQbardlllent over a lona per iod of 

t1..e there "oI ill hav. been diffullion into t he bulk, rellulting in an appr eci_ 

able b,ydrogen concentration to .. ome depth in the metal. Wh.n b,ydrogen in 

th. eurface layer ia depleted by releesa during a dillcharge , b,ydrogen in 

the bulk can ditruee back to the aurr .. ce, For a diffusion coefficient of 

_ 10- U 
11

8 sec- I for h;rdrogen in austenitic atain.leas ateel and a t1ae 

interval between ehot. o f 6 lIIinutes thie ghee a cbaracteriatic ditfueion 

length of - 100 1UIl1I, auffici.nt to replenieh the aurf.ce lAJ'.r fro. thll 

bulk . 

On the basia of the .. bove model we have constructed a quantitative 

deacription of a lIe r iea of dillchargea following a change froll one filling 

gaB to another, .g IQ'drogeo to d.euterium. We aa111»O tlat III fiD d quantity 

of deute r iUII i ll pulll.d into tbe toruli at tbe etarl of eacb dacharge, .qual 

to a fraction f of the total quantity of gu in the 117I1t.m. At the .",d 

of a dit'charg. all tb. g&8 in tb. lIyat.1II goee to the .. all and during tba 

time befoH the next diacharg. lIoma of tb.ia ill dellorb. d and pumpad a"lI!!, 

and a fraction (1 _ ~) of the .. urhce lay.r i .. replaced by IQ'drogen dif­

fuaing from the bulk , .. here Sn ill a functioll of abot n\l,lllbflr n. W. then 

expect that after n dischargell, tbe equilibriUII ratio Tn • D,/('\, + DO') 

ill given by Tn. (1 - f ) Sn_ 1 Tn_ 1 + f . FT'OIII e:o:periJtental ... al\le .. of 

TII "oIe derive tlat ~ • 0 .73 [1 _ 0.8 exp( - 0 . 28 n)] ghi"6 the fit to th. 

exp.rimental data aho"" in Fig. 2 . Th. IDOde l pr.dicta t~t after a a.ri.a 

of dillcharg.a in d.uterium Tn will r iM auJlllptotically to tbe value 0.66, 

and that dllubli"6 tbe filling prellllure leada to an ..."..,pt otic TII of 0 . 8 . 

Further if ... increlllle tbe tUne b.t"olaen IllIota .. e would .xpect IIIOre IQ'drogen 

to diffuse fro. the bu.lk and replace dlluteriU:II on tha aurhCil. 'Ihia all 

agree" very well with the experimental data . 

Finally we note that the two recycling proceeaea reflection and 

p&rticle induced deaorptioll .. ill give rise to nuxee .. ith different ene rgy 

dilltrib\ltiolUl. At incident energiee lallll than 1 keV the raflected particl.a 

"oIill have enughll clolle to their incident ... aluell and .. ill ha ... e a high 

probabilit,. of pen.t r ating into the centre of the pla_, wherellll thll 

particlell releaalld from thll .. all would be lI:q>a<:ted to ha .... . nergi.s lellS 

than 10 IIV and "oIill undergo Chargll .xchang. or ionisation b the outer 

rllgiolUl of the plulIla . Theae re .. ult .. confirm thll earlillr [2] interpreta­

tion of the radial profile of the HO' ... 16llion aa re .. ulti"6 from approxi_ 

mately e qual intluxea of 10"01 and high en.rgr lIeutral atolllll . 

VII grat.ful.q ackDo .. ledc!e belpful diacuesiona "oIitb Dra J. HugUl 

and J .V.M. Paul and aallllistanca froll tb. DI'l'E o,peratina tau. 
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ORIGIN AND CONTH)L OF HQUO .... nHP'ERATI1RE PROFILES IN DITE 

J. Hu.gill, S.J. Fielding. R.D . Gill , H. Hobby, G.H. HcC racken, 
J . W. H. Paul, N.J . Pu.cDck, B.A. 1'0 ...... 11, R. Prentice Md P.E. Stott 

Culham Laboratory . Abingdon, Oxon , OX14 3DB, UX 
(EuratO!l/UKAEA F\J..eIion M8ociation) 

Abetraet : Bo11ol1 te.perature protilea uaociated wi th centrall,. pel\l<cd 

total radiation profil"" Md lIetallic ialpuritie" ha", .. been ob •• rved 

recenU,. in DI'l'E. Theee can -0. ..... aided by cooling the periphe..,. ot the 

discharge by .. arioWl ..,ana, 11.1 neutral injection heatin8 Or by Wllne; the 

DI'l'E dinnor. 

During th .. fi..,t 10 months of operation DC the DlTE tokamak the 

peak dectron t emperatun , Teo in a typical diechllrge with Ip - 200 kA, 

B.r - 2 .1 T Cell Crom - 1100 aV to 800 !IV. Machine para.metera and initial 

""ultl! are given 1.11 reference (1). ,., r ...... hWldr1>d dl .. "h&.l'S .... in hJ<ln>g~n 

with Ip - 20 kA, B.r - 0 .15 T were Wllld to condition the •• CllI& .. allo eacb 

.sq, and it lid thOll8ht tbt their cooditioo had atabUhad . 

A total radiation thenopil .... asuring the fraction of ohmio poIIer 

loat b,. radiation and charg • • • xcbal:lll. gll.'U Il1l .u..oat conetMt .,1I.1ull. betlle.n 

0.5 Il1ld 1 . 0 , the uncertainty being due to the then!Klpil. calibration factor . 

Pbotoapectrographic ".asunllenta of radiation betlleen 10 1 and 300 1 aholled 

the principal u..puritiea to b. Fe (- 0.004 n .. ), Cr (- 0 . 002 n.},Ho{- 0 .002 

nil.) Il1ld 0 (- 0 . 01 ne); lIi .. 11ar in compollition to the .... tal - dOlain.t .. d dill­

chargee in 8T-tokamalt (5). The .. etals account for - m of the radiated 

poIIer aDd - 76'; of the meM ion chuge &XCeall, Zeff _ 1 . 

Kore recentt,. perllliatent hollOll te"perature profUell lIith T.
o 

- 200 eV 

... been obllerved, occasionally at (1l"11t. then regularl,. and nproducibJ.: 

as IlhollD in Fig . 1 . 8t.ilar profilell have been ohaen.d in Ol'llak [3], 

Tha radiated POller ill •• lIured llith • themopile 1I0unted behind a 

colliaator with . apaUal resolution of 25 !lID IIhich can be acanned .croee 

the discharge di8JDflter. It ehawe 11. large centra l peak . nd lUtl. indi­

cation of the peripheral radiating layer t,.pical of oxygen dominated die_ 

chargee in TFH [2) . Indeed, in the centre of the diecharge, the r adiated 

powar e"ceedoll the ohmic input, cslculated from the temper.tur. profilea 

.aaaUlling j - 'l'e i, by 7fYj., .ltholl8b the thermopile calibration allOlla an 

uncertaint,. of - 2Cf1, + ~ i. ... the values of ra diated power gben· in the 

Ciguns. This e"ceaa of radi.ted poIIer, ..... inlJ' line r /ldi.tion ff'Oll higb.lJ' 

ioni z.ed .etallic impurities, u;plaioa wb,:r tbeae hoUow profiles pe r sist. 

but it ebould be noted that. peaked profile with the a8JDfl illpurity content 

would alllO penliat bec.un. the ohmiC input increllll.f18 ..are r.pidl,. with 'l'e 

(e"P"nent - 1.5) than th. r.di.tion 1011.11. (e"P"nent _ 1 to + 0 . 5). A profile 

with an intermediate '1'.0 ahould be unatable (4) and tr8.lUl1aot. 'nIe Wlat.ble 

o.tun of this thermal equilibrium , poaaibly aUS"'ented by r.dial diffunion 

of impuritiee produced b,. the etrong temperature gr.dienta •• :r;plaina wb,:r 

relsthelJ' alight chan,gea in p~ conditiona can replace the hollow b)' 

a t .. per.ture peak. IlII. discunlled below . 

It ia weU knollO that ox;:rgen, deUberetet,. introduc.d or IlII. • COn_ 

taminll1lt, reduces the concontraUon of _tal.lic iJopurities [5.6J . In DITE, 

atter elCpOlling the ".cu .... walla to air for a ahort ti .... Teo r laea to 

- 1100 eV for a few dqa. Wltil the 10w_Z impuritiee ha ve been relloved. 

A similar etfect i ll. produced by .dding • emal.l amount of neon . Fig . 2 

IIhowe a plot of T
IIO 

against n.on concentration in t he initi.l gll.ll f1~ling . 

About 2'1- ia sufficient to reia. Teo to - 1500 eV . t.r ger amcWltll tend to 

ceua. dieruptive inat.bilitiea due to &xceaaive cooling of the discharge 

periphery [7) . However • • IIIIIal.lor cooling of the edge b,. 10w_Z impuritiee 

....,. pre.,ent the fOl'll8.tion of hollow profilea by keeping the current-channel 

cOOlpreaeed in II.dd1tion to reducing the metal. concentration. 

The chuacterietica of dillcbarBee IIHI!. e hollow profllo, w1th .ir 

cont ... ination and with 2'1- of n.on are coapared in Table 1. Fig . ' sbows ' 

tho radial dependencee . for these dischargea . of the ohmic power input and 

the pow.r r adiated in e.cb 10 ... thick annular ehell (the arelUl under theee 

curvea heing tbe total powor i nput aDd radiata d). 'nIe excua of radieted 

power in the periphery ot dieohargea 2 and 3 . .. e in 'I.'FlI (2) , mUllt be eup­

ported by conduction froll the centre reaulting in atup gradienta of Te . 

'nIe th .. naa1 instability is limited by outw.rd conduction or flattening of 

tbe "entral. peak dsoci.t .. d with IQID acti.,it,. near the q • 1 surface . 

8~ilar t"p"rature grad10ntll, but in the opposite direetioll; arise in 

the central region of discharg. 1 to aupport the nceell radiation loas 

there. and it is the oMic power profile, rather thall the radiation pro­

file. which changee moet. Fig. 4 ehowe the power r a diated per .lectron, 

indicating. very .ppro:I<i ..... hly. the radial distribution of the etrongly 

r . diating hlpuritia a . There is no e"idence for 11. !lerk,d central peak of 

impurity concentretion i n any of these diachargee but the reaolution ot 

the ecanning thermopile ill. ooly 25 .... 

Shlilar effecte to inj.cting low_Z impurities can b. produc.od b,. 

inaerting 11. probe · limit ... ' · into the discharge periphery [1]. It 10 

uncertain wbethe r t h ia acta by raducing metallic iIJIpuritiell, b,. aimplJ' 

cooling the periphery b)' conduction . or both . 

ill the methodoll of .voiding hollow profiles deacrib.d .bo ... tand to 

produco diaruption b,. cooling tho .dae of the diachargo, and rellult in high 

Zeff - 6 . Kore satiafactory . and equally aucceellful . ie to COOlpellaate the 

pow.r ~bale.nce at the cant .... b,. .dditional n.utral heM! he.ting [8] or 

to USe the DlTE dinrtor to IIcre.n out .. et.llic iIIpuritiea [9]. 

Acknowled!sements lie are indebted to the DIn: operating and , ngineoring 

hUll for reliable operation of the macbine and to our "ol1e",uea in the 

physics t.am for atimulating diacuaeiona . 
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ON TIlE ORIGIN Of' METAL IMPURITIES IN 1'H! DI'rE TOIWIAK 

GM Mc:C:rac:k.n, G Dearnal.y, S If Pielding, D 8 J Goodllll, 
J 8uql1l, J W M P.ul, P I! Stott, J r Turn.r and J Vine •• 

UD.EWEUr.~ AII.oe . , CIIlhaIII Laboratory, l\binqdon, OXU 3OB, Enqland. 

AlISTRAC't', '!'tI .... tal nu into the pI ... Ma b .. n _.ured u.inq • tlCD. 

r&lolved . urf.e. technique and optical a""ctro.copy. On the ba.ia .,., our 

r .... lt . . ... propoa. th.t .rcil'l9 i. the principal lIIech.niam for .. et.l impurity 

pz04ucUon. 

Th. pro.,. .. whereby ... tal 1IIIpuriti ••• nter tokamak di.charqea ia DOt ... 11 

undaretood. Poa. i bl .... chanilllU ar •• putteril'l9, evapor.tion and arcinq. 

IIoInov.r, two 9.n.ral U'q\IIII&nta ._ to nl. out aputteril'l9. On. 1 . the 

appeuanc. of lII.tal. very early in the diach~. I'" 5 m.) .. hen the ion 

teaparatur. 1. low . Th. leeond i. that tl1e metal impurity concentratl<ln l a 

vary a1Jlilar in hydrc:qen and heli_ diachllrQ •• (1) .. hen the .putterinq 

co.fficienta of the two apeci.a u. about an ord.r of maqn;tud. different. 

!:vaporatlon due to th.ralll conduction from the ph ..... appearl v.ry unlikely 

... "eehaniSlll in norm.l IUl>dianptiv.) diacharo;r.a on tb. buia of meaSUre­

m.nte of tb •• urfece t .. par.tur. or the liJllitar. (2) In order to inv&ltiq.ta 

the po .. ibl. proe ••••• involvtld ... MV ... ad. 1II ... uralll.nt. of the flux or 

... tall into and out of the DIT'E tokuu. In .ddiUon ... have inaartold 

poliahed ... lyb/l.num .peciJIIlnl into thl diacharv. and obtained dIrect 

evld.nce of areinq. 

It 11 cl.ar frOll an ullllination ot the opticd .. indowa on the torua th.t 

lII.tal ia r....,ved frca the .. all and th.n redepollted in a thin lay.r over the 

whol. ~ . .. all. Th. thlcknaa. of the d.podt vul •• Iq)' only. tactor <If 

2 to 1 .lonq the 1enqth of 0.<115 .... indow. , and .. in&wlo in different 

.zimuthal poaltion. and ov. r dift.rent periodB or operation of the tokamu 

have qiYen relUlt .. whIch are conailtent. Th. typical ~litioo at th ••• 

filma i. r. 1.8 x 1017 , NI 2.9 x 1016 , er 1.8 x 1016 , Mo 2 .0 x 1016 .toII.II 

.. - 2 d1&charv.- l Thux tll. total IIDDUnt of llI.tal tlllllovood trcc the w.ll each 

diacharo;r. ia ~ 1 x 1018 atca.. On the bali. at the Ivera;e d.nsity .nd 

conUn .... nt tlCD. the .tf.ctiv. r&IDoval reta per incident pla_ ion 1. 0.04 

.taI./ion C<lII~red .. ith the •• tim.ted aputt.r1nq coeffident tor 200 eV B+ 

ion. on .tainle.1 .t",l ... 10-4 .tc:aa/ion. The ca.poliUon of the Ula il 

... inly .Uinlell .teal ItrOCll tbe wa111) with aboul: 10' trOll the ... lyt:d"num 

11a1itsr . The compoaition ot the auinle.1 .t.el h dift.rent from the bulk 

lI.terhl .nd frca that ot evaporated atainl.ls at_l. 

To 1nv • • Uqate !;h. materhl rlllllov.d trOll the .. all in a ... re d.tailed .. ay .... 

ha ... expoaed to the pl....,.. carbon probea .. hich .ra aub .. qu.ntly analysed 

uxinq authflrtord Baekacatl:erlnq ot 1.5 M.vl~+ i ona, .so.. r .sultl .re .hovn 

in Piq\lre 1 of the radial dlltribuUon ot the .tcm.II oolllCl:ed on the probe . 

W. interpr.t the eurtac. conc.ntr.Uon ... .... &lure ot the concentr.tion ot 

iapuril:y iona in the ple_ .t thll r ediul, Th. concentr.tion inct ••••• 

with radiu • • • impUrity atOOlI .ntarinq the pla8CII. fro .. the .. all beeome 

ioni.ed and tollow field lin •• until th.y inter ... ct the probe . Tb. con­

centr.tion d."r ••••• on chanqinq the pl&8111.1 curr.nl: trOll 100 kA to SO kA 

and th.n d.cr •••••• till turth.r when the d1vertor Il) 11 operated . 

Th. tiall depend.nc. or the lI.tal nux entarinq the ple •• haa been ... a.ured 

uainq the .u. an.lytic.l techniqu. but. now u.tnq .a • collac:tor a carbon 

dll" whi ch rot.tel onc. durinq a dhchuq.. A .. indow at lOo •• ctor in tront 

ot the di.c .11_ .. ua. r •• olution ot • la.... Th. diac: ia l"POaed tor 

ti .... 1ml1.r dhchlrg ••• t a radiu. of 0.26 11. Th. r.ault. are ahewn in 

riq\lr. 2 tor. 90 ItA diac:harv.. It ia tound thal: the _tal nux incra • • ". 

rOlJ9hly in proportion .. ith pl ..... current and d.nlil:y . 5111ilar re . ult. 

h.ve ba.n obtained at Ip • 1<1110 kA .nd. 180 kA. The resulta .ra .q.in 

ineon.1&tent .. ith either Ivaporation or sputterlnq. In both cnn the 

hiqh •• 1: _tal nux would be expected .t the baqinntnq and end. ot the [!Ut._ 

wtI.n th" patticle nux .nd the . n.rgy flux to the ... 11 .. Ul b. larg.r than 

duril'l9 tha ecm.tant current pha,. , Th. relulf .. are .lao inconal . t.nt .. ith 

i .. "",rlti.a bainq produced by nn .... y .lectron ha ..... , line. than ha ..... re.ch 

th" ... 11 IIII1nly .t the end ot the dl.charq., w. beli.v. how.ver th.t the 

r .sulte are con.ht.nt with evapoJ".Uon due to the type or unipolar .rcing 

ObHrvad In pinch.a 1<11) linc., the proll.u:.Uity ot such arca occurri"'iJ 

incr • • ae ... ith both .l.ctron d"naity .nd .l.ctron t."P"ratur • • 

Th. pia •• d.n.tty n •• r the ... 11 h .. bean chanqad In • number at w.y •• nd 

th" qu.lit.Uv. eft.ct on the iron .tea flux into tha diac:h.rq ........ itored 

ob •• rvil'l9 F. n (259.9 tun) .pectro.coplcaUy. Th. reault. of chanqing the 

pI ..... poaiUon are ahewn in Fiquu 1. By chanqinq the ... ,or radius trOll 

R· 1.13 11 to R· 1.17 .. the pI ..... i. aoved .... y frOll the ... 11 and. the 

F. II nux 1& redu"*' by • tact.<>r 1. Thl. h .. been dellClnltratad both in 

suc"."iv. di.charv •• and by _inq tlIe pl ........ dutinq • dhcharq., A 

.imilu reduction in the Pe II tiux can b. obtained by tuninq on the 

divertor and by introducing e Mo probe into the pl ..... e to e redlua of O,lalll . 

Th .... tal tiux into. diacharq. can .lao ha controlled by qe. "pUfnnq" , 

Th. inbc04uction ot nydroq.n, vi •• f .. t q .. val_ c!uri.nq • diaeharv. 

r .... lts in an ~iats reduction in the nux of iron. Siailar .tt.eta 

h.v. b-n ob ....... ad. .. itll hydroqen in PULSATOiI(S) and. .. itll oxyg.n in ST
(6

) 

and 'lTRF) Alt.ho\lf;lh". h.ava not ~-.t D&C!. any diraet .xpe.rt-antal ..... u.r.­
menta it 11 .un •• ted tll.t the int:ro4uction of cold 9" at the ad.q. of tll. 

diacharq. lower- tll •• l.etron r.-par.tura and h.n.,. raofuc •• areing. Tb. 

tact that the 1II.tal nux i l radu,,*, by intr04ueing oq'9.n -..It.a it 

ilDprobabla that li9ht iCDpurity aputtuinq i a r.apona1bla for h •• vy 

t-puriU.a. 

The direct obl.rveUon ot arcl on tlIe bmJ ... all ha. provad difticult 

bac:au." the arc. tr.ck. are .all .M only r.adily ob.arvec1 on cu.tuUy 

polllhad. aurtac ••• Arc. hev. t...n directly ob •• rved . hOlltlv.r, on poli.hed 

aolybd.n{,. probe. " .. hich h.v. b-n placed .t radli f.-- 0.27 to 0.18. and 

lub.aquently ... &II1nad I n the opUcal aicro.copa and the .eanning .lectron 

lIieroaeopa. S1ailer erea h.v. aho been obHrved at the div.rt.or tazv.t 

pl.t. in DlTE. Th.y u. ot two principal type. bIIt both track. rwI pr.­

dollinantly .t riqht-angha to the B. field lin.a . On. 11 tarn lik., 

.i.Il1 l u in structure to th ..... Hn in Zeta, 1<11) .. ith a total hnqth up to 

10 IICIII. Th. othu con.iaU of treek. typically 20 IDII .. id. and'" 10 CID long . 

Th. tracka conallt ot a .. riea ot .. elted blo." .... 10 Ill" dbm.tar . 

It i . COCIIDOI"Ily .rqued that arcinq cannot occur in tok.ua baceue. the 

croa. ti.ld dittudon l.adl to the pl ... potenti.l bd.nq ....... tiv. wltb 

relP;lC't to the .. all. BOIItIv.r, auc:h • condiUon doe. not obtain in the 

raqion tn the Ihadow of the Haiter or .t div.rror tarqet.. ~. direct 

oba.rvaUon of such arc. and the oth .... evld.nce put torwan! indicate th.t 

arcil'l9 "",.t be conlid .. rad •• a pot.ntially a,.rioua torm ot w.ll erodon 

both in cont ... porary tok_ak. and in rlactora. 

AOQfOWLI!IlGEKEtn'I We are ind.ebted to the DITS oparatlnq and. .nqinaarinq 

taalll tor the oper ation of the ... "hina, in particular to G W R.id and 

B C Sandere. 
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TOKAMAKS 

VERTICAL PLASMA STABILITY IN THE T_1.2 FINGER_RING TOKAMAK 

WIn! TVO POLOlDAL DIVERTORS 

A.V . Bortnikov , N.N. BroVDov, S .N. Gara8i~ov. 

V.G, Zhukovs kii, V.I. Pergament, L.N . Khimobenko 

I.V. Kurobatov Insti tute of Atomio Ener!y. Mosoow, USSR 

T_12 was oreated for the study of the axial 8~metrio po_ 

l.oidal. diVertor in the pl.asma ool.umn witb the parame t er s DO= 

).lOl.)om-', Te~)OO e V, the disoharge ourrent Ip= 40 kA end 

B
T
= a kG . The divertor geometry of the magnetio field is orea­

ted by the s uperpositioD of the plasma ourrent magnetio fi e ld, 

external quadrupolo and dipo le fie1de providing equil.ibrium 

along the major radiu s and a1.so by tho shell ourrents. The 

shape of t he copper ehel.l was oheosen aooording to the shape 

of the equil.ibrium magnetio surfaoe. 

I. Stabl.e Regimes. The vaOUUM quadrupo~e f'ie l d has e zero 

p oint in the oentre of' the oha~ber f' or the currents corre s pon_ 

ding to F i g . 1 . The ourrent Io is s wito h ed on si~u1taneous1y 

with the disoharge ourrent (Fig . 2a). The ooordinates of' the 

separatrix points Zs and z; were d e termined by means or Br and 

B
z 

o omponsnts of' the poloidal magnetio rield measured by mag_ 

netio probes (here and on letters with a prime corr eepond to 

the l ower part of' the disoharge). The position or "Z8" with 

time i8 given at Fig. 2b. The separatr ix point moves toward 

the oha~ber oentre during the rir8t part or the disoharge and 

pene trates i nto the 8he1l by the 3-d m8; the coordinat e Zs is 

praotioally oonstant arter the 5-th ms to tbe end of' the d i s _ 

oharge. Theoretioal behaviOur of z! witb time is shOwn in 

Fig. 2b, too: it was r eceive d from the oalou1ation of the 

equilibrium conf iguration of t he discharge in abs enoe of the 

oo pper s hell acoording to the behaviour of Ip(tl/lo( t ). There 

i s a s trong divergence in behavi our of' Zs and z; tha t point e 

to the es sen tial influonce of the copper s he ll during the for _ 

mation and maintenanoe of' the divert Or configuration. So , there 

is a s table magnetic oonf'igura t ion with po l o ida l di vert ore at 

t) 5 me (Fig . 1). Ve observed t he plasma in divertors ohannels 

by means of an i nt erferome t er (nod ), bolometer ( p) and Langmuir 

probe (I
LP

) after t he divertor oon f'iguration ha d been formed 

(Fig . 2c ); the pla s ma parameter s were : ne~(O , 5 ';'1 ).1012cm- 3 , 

Te= 10 cV, the divertor layer thickness d=(O , 5 :-1)cm. Simultane ­

ous l y we see tha t the formation of the poloida l diver tor oOn -

f'iguration has a strong influenoe on the oharaoter of' the dis -

charge (Fig. 3). Thu s , the durntion of discharge current in-

croased, there were changes in the behaviour and magnitude of' 

the plaslllB. density , and pl asma radiation near t he limiter de -

oreased. Such an improVlllent of the disohar ge charaoteris tios 

may be oonneote d with di vertor operation or with magnetio l imi _ 

ter formation . So theae experimental results i l l ustrate the 

format ion of a stable a 10ngated (K=2) pias~a oolumn wit h two 

magnetio po l oidal diver tor s in the T_12 installation. 

II. Unstab1e Regimes. Oesi des the stab1e regimes of th e dischar-

ge desoribed above it was possib1e to create those whioh ab_ 

ruptly vanished due to fast mot10n of plasma oolumn as a whole 

in the vert ical direotion (vertica1 i nstab i1ity) (2 , 3). I t oc_ 

ours in T _1.2 when the ~agnltude of c urrent in the quadrupo l e 

oo ils exceeds some def'in i te va1ue whioh is in ",atohing with the 

poloidal configuration. The osoillogra",s for the s table (1) and 

uns t ab1e ( 2) regimes are given together with the quadrup01e 
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ourrents and ~agnetic probe signa1 in Figa . 4a,4b,40. The mo_ 

ment the separatrix pOint passes through the probe oorre sponds 

to the zero magnitude of the signal at t h e probe. The magnitu_ 

de of the vacuum magnetio fie1 d is given at Figs . 40,4d by 

dotted curves. A de tectable weak plasma oolumn displace~ent 

(lIz) begins (1 .;.2) ms before the disruption (Fig. 4e); the d i _ 

rect ion of the displacement is determined by the direotion8 of 

t h e scattered magnetio toroidal fiel d and p1aoma ourrent. Un_ 

stable disoharges are oharaoterized by t he deoreasing er the 

di~tance between t h e separatrix points up to a oertain bounded 

value zs-z~= 25 om (Fig.4r) orter whioh a perturbation mOde 

m=1, n:.O develo,ps. The foroe influenoing the pla s ma ourrent 

from the quadrupole f'ie 1ds probab1y exoeeds the stab ilising 

s hell foroe i n this case. The instability deve 10pment oharao_ 

teristio t ime is suffioie ntly 1arge (~l ms) os it follews from 

Figs . 4e,4f; the latter f a ot is probably oonneoted wi t h the 

stabiliz ing feat ures of the oopper ohe11. A fee d baok e leotro -

niB system is ahle to stabi1ize suoh a velooity of' the plasma 

oo1umn displaoement. 
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Equilibrium, .t.bllity end eonNn ... ent e f dUpt1~ 

c:ro ••• " • .,Uo"ed tokaAak pIa_a. 

A. J . Wo"tton .,UI. D.C. i!obl nacD 

Cult..a "'borator)', Abingdan, Oxon (t\l r atoaV\J . I( .A. E.A. fudon .lanoet.Uon) 

Aba trac:t' 'the production and "'1uilibri ... o f both ..... Uc.Uy and horhontal17 

elonphd toka.wc pt_filM" is delDOnllt rated. Axill)'UIat r ic in"tabilit,. lillit" 

permi t O. 75.:$'b; • .s 1. 5 . It ill concluded that the ob.,. ,.vad haring modflll are 

UllaUected b:r the shaping. Balanced toroidal nu loop llealJUJ'",,,ntll are inhr-

prated. to show I.ncre.""d Br with vertically elongahd erollll II..:: U ona . 

Introduction A ..... U lI\Il.tipole tokalllllk, TOSCA (R. 30 •• .:5 100;.1( 1] is IInclto 

atudy non cin:ula .. pIa_B. R" ..... lt" are presented f or plll&!llll.8 with elliptic 

c r DIIII ""eticlla. Equilibrh, atability "nd confinement lire dillcuesed. 

!!!!.!s.! A conducting va"uUII ""Nel. r., • 10 ell , 1a surrounded b:r 16 equaUy 

a,.ced 111ngl. turn coU • • Tbey induce the pIA_ current "nd provide the 

llhaping fi eld . Equiltbrium ill mllintatned by a /lepanh verticlll fi eld .... i oding. 

Typiclll pa r lllHter a of 11 di.charge, dur.Uon -2Jla, .re pl ....... curnnt Ip ""15kA 

line of lIi to ."enge den.1 t y -1 x 10" cm ~J, puk central telllpereture -200 e" 

Fil,l Flux Contoun Fil.2 flux con t oun 

(from lallU light OICllttel"inS lIIellllUre .. ento), IInd el ~ 0.5. 

E9uilibrium An initially d r culllr pho .... io producd by th" v,rticd f hld Ilnd 

priqr:J winding • • A quadrupoh fiel d l" th .. n .. ppl1 .. d to obtain "n .. llip.", . 

FiS'" 1 and 2 IIho .... nux contour.. , cOlllputed for .. free boundar:J "quilibriUIII,[1] 

u.,ing m"nllur"d .... indinS current... A nux independent t oroidal current distri-

button 10 uMd. The pl._ ahape 10 TIIrHied b:J CQ;JIpllr inS .e"eured .nd COllpu~ 

pl._ current IlUltipole lIOr.entll( 2) . Tb .. equilibriu .. fieldll .. re cheracteriud 

by the dec .. y index n .. - (RIB .. ) . (aB.,laR). An " ver .. ge,;; ,, /ndS/"dll,l)' le 

deduc ed {rOIl ,"'''lUr ed .... inding current. , including induced CUrlnta: thie 111 

related t o t h .. ee-i axi. r .. Uo b/a 11II10g the f re .. bollndary calcula tioo . Curve. 

are ohe .... n in figu.r e 5 , r or fl ll t and pealed current di.trihutione. 

AxillxDi-"tr ic .tability For;;.{· 0, ; ;1: 1 . 5 arl~.tric IIOd811 " bich terlllin.h 

th" pIlUS_ current are iden t ified .(1] The growth ti ..... are plotted in figurell 

, and ~ ... . function o f ;; (marked .... ithGu t control). An Mdytic ,"odel( ']h uoad 

t o prBli:l: the critical values o f ii to be 0 Md 1. 5 . a" found experillent"ll:J ' 

Th. analytic VO .... th U .. 111 .,h""" i n fisure J all a SOlid lin". The vertical 

aootien 111 .. en reprnent e d. A pe .. iy. fu.dback con trol .y.t.m a110115 -4 < ii ( 2 

b.fore the Mdl. are ob.arv.d. The arOllth till" ar. ah""" in Fiaun. 3 and 

(,.rked .. ith control ): tbe critical vlllu." of ii, ral.ted to 'o/a • • r l pr.diehd 

" 
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Pia. 3 bil)'1lDlltric modi arcvth d.... r ill. 4 b i 'y_tric mode arowth dill" 
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by a ril id I hift ctlculuion which includu th" "ffact of induc .. d current., 

For .tability with 110 control 0.8.5 < b l .... LOS . \lith cOllerol , 

O. lS < 'ola < 1.5 be f ore II1I<I15 ue ob .... nd in the .qlerilllelltd dlllu c ale . 

Tu rin, mod. Itability. Coib u. ulld to id. ntify helicd lU.anetic I truc.t-

ur .. {MirDovolIC.illati~During th" current d •• , old llation. are observ.d 

if q lillitu ;JJ "'1. , with m and I. the pGl oidal and toroidal mod. numb.n. A 

.... gne ti c probe in,erted into the pla lllll edae . hOll •• Br dlnal Which dGU 

not ch l nae liln at the .inaular .... thee . Both ... ureo:leD u indicate a 

ruildue IIOde . Utina q • • a
2
1.(1 +b

2
, .

2
) 1( ].IolpRp>' end I"""nl 

q - Ill/ I. , with I , b (8. S cm, 'o/a cen '01 deducld.t the mod. on_et ti .. ,.(4), . 

The re l .. lu . plotted ". 10/. _"in.t ';, ar" .'0 ...... for m · 4 , 1 ·1 in PiS'S , 

t oaether .. 1th the pndiction. of thl aquilibriUII calculation • . The "aree-

M nt indicat .. th l t the modes are not affected by ahl pinl, 

Confina_nt. Balanced toroidal flux 100pI In und to de t .mne tbe plan.a 

pr ... .. n. FiI.61howl the chanl" in SI' durinl the rind ... of the . hap ina 

fi e ld (- 300 ].1 1 ) , pletted laeinet ii I t peak I hapina . Tbe r .. ulu are intet­

pr. ted ... ...una IIR « I, bll _ 1. Correcti .... 1 fe r the pl .. 1OI .hape(2) 

reduca S~ JS~ by .bout ISI U both'; _ 4 and - 2: it h concl .. ded thlt 

Fig. S S.lIIi axi" ratio ,., 
Flol 

ii frOll .od" en. lydl 

(poinu) and equilibdUIII 

c.lculationa (Iolid 

lines) with two pi ..... 

current dia tdbutionl . 

o 

" P11 . 6. n .. 

0 
1" 

a incn .. " in ~ 

durinl the 

period ef .h. p-- ioa .. " functien 

" of the d"c'y .. 
index ;; 

., 0 "-
I III rtlcal Ilonlation incn .... S1' Pouibl .. explanation. ara chanl '" in 

current d .. naic:J Or w.ll cont ect . 

I Concl .. aion. . U.in. p."iYe f eedback central , elliptic croll-nctioned 

pl .. 1III1 Cln be producad with 0 . 75 < ble < 1.3, With no control 

0 .15 < 'Of." 1.05 . Tb .... Haiti .n pndicn d b:J ri,id , hift calcul.tionl. 

Confi rlllltion of t h .. Iblpe pradicted by eq .. Uibdum calc .. latioDf i . 

ob tained fro .. field pe rurba tion l produced by c.lrin, IIIOd... Tb .. impli .. 

that the IIOd .. are uneft.cud b:J the lhapil1l other then by chillS'" in tha 

.de ty f .ctor. 

Initial ",!).IuremenU ul inl balanced t oroida l n .. x loop. indic.te 

incra .... in St .. han tha pi ..... il elonseced ulrtically, 

~ 
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TWO STAGES OP DISRUPTIVE INSTABILITY IN A TOKAMAK 
AND PEEDBACK STABILIZATIOR OP IT 

V.V.UnniD 

I.V.XurcbatoT Institute or Atomic Energy . Moscow, USSR 

ABSTRACT In preeent-de.1 tokBlllake peaked current profiles witb 

q(O»l. q(a);2 can be realIzed, which are utahle against rapId MHO­

modes (o! the surface-wave type). Theee modes responsible for a dis­
ruption deyelop only in cees when B slow "foraplke" iostabl1ity CBU­
eee flattening of tbe current profile. The observed rapid MHD-mode 
growth rete (<<11,,) can be explained by taking into account the dyna­

mica of the passing the instabIlIty threshold while the ourrent in­
creases . The d18s1petlv8 tearing-mOde eeemB to be roepoDaible for 
the "foreplke" . On tbe whole ODe can 811~nate the disruption by 
the feedback s tabilization of the tearing mode. 

1. A strong disruptive instability with helical p&rturbations 
aB I I exp (im9- 1n'l') 18 observed in a tokamak at q(a):::: rm;tiTR:' 2, where 

• is a minor radius. Tbeoretically, the most rapid HHD-inat ability 

is an ine tability of an ideally conducting plesma with a 

dary (of the surface-wne type); its grolVth rate .... 12.1. 

f ia the den.ity. Bowever , in spite of the fact that the 

free boun­
Bg (a) 

htrjSi "' 
condi tion 

q(a)_2 agraee with such an instability criterion for observed m.2 , 

0.1 perturbationB, the growth r~te values found experimentally are 

a few ordere of magDitude lower thanJ1.1' Detailed experimente have 

shown III thst proceeses on different time-scales occur during the 

spike. Two etages have been distinctively revealed. 

tirst a elow m_2, n. l instability is exoited ~Y-10-3J2A)' Da­

ta trom variouB tokamaks \the growth rate value, the obeervation ot 

the phase jump in ~ radisl displacement 12/) causs one to think that 

this ia a dissipativa tearing instsbility. A rapid MHO instability 

does not ariae eviden;ly becauae the current protile Is of the pea­

ked character . And q value in the cantsr is slightly more than 

unity at q(aP2. 

'rbe "fore.pike" instability causss " according to / 1 / t he m.l , 

n_l mode 1n the column cen;er . This mode development reeulte in 

flattening .the protile ot temperature and may be at current denllity. 

.urther tollows the disruptive atege - the proper spike . It is 

natural to connect it with the rapid YBD inu t ebllity ot the new 

tl~t current dist ribution •• 8 shall ehow that in epite ot the tact 

that the grow;h rate observed in this stage is«f2A, ths spike can 

be interpreted in this WBY. In fact, the maximum growth rate -12, 
correeponds to the middls ot the instability intsrval over q (Pi g.1} 

In the experiment the dropping of q 

ocours gredually and due t o the in-

stability disruptive character this 

value i. not aohieved : the spike oc­

curs near the q(a)- 2 i Dstabillty thre­

ehold. To tind tbe perturbation evolu­

tiOD near the thresbold one sbould take Pig. 1 

iDtO account the time-dependenoe 

ximation ot the ,r2(q) dependenoe 

dieplacement equation: 

ot q(a ) . Realizing linear appr o-

near the thres hold we get tbe 

~ 2 t-t 
, .... n. ---+-f. (1) 

where al. .... 1 , t o is an instant ot the threshold passing, 

,-, • _ L ~I . 
qat : t-to 

The solution ot (l) is the tollowing: 

'I. f· c, ('_'0)'/2 J' /J[,[r<,-,o)] 31'} + C,('-'o)'/' '1/,I,[r(l- t,)) '}, 

L n i '/J wben r. (g- ---y-) J cODstant. Cl' C2 are determiDed !'rom 

initial conditioDs in the inatant tl < to' 

At t < t o tbe solution is ot tbe oacillating character, at 

t > to f~exp [ r(t-to ) ] J/2. Thus tbe characteristio growth time ot 

the perturbation is ,-r -1_{~1 il'/). For T-4 e:tperilnenta meDtion­

ed above /1/11-107 a-l , T .. 1/&"'0.1 e (lis tbe total current) 

our estimate gives ,-10 ps which 18 in good agreement with obser­

vations. Further, tbe value '2:-10 f1. eohould be generally tbe cha­

raoteristic value tor present - day t okamaks because the expression 

tor r includes tbe 1/3 power and parameter diapersion tor contempo­

rary tOkamaks is not large. And th1s is so in ract. 

2. Thua, the disruptive spike can be explained by the "olassio" 

MED instability ot the eurrace wave type which has been prsdicted 

aince 10Dg. But tbe spike occur a not in sll casts. In tbe present -

day tokamaks (o f T-4 type) peaked current distributioDS can be res­

lized stable against this mode . The apike occura it the "torspike M 

result. in tlattening tbe curreDt protile. ~ be , t he epike will 

Dot occur it the slow torepike instability i. suppressed. As was 

mentioned sarlier the tearing instabili ty seems most li~Y to be 

responsible ror tbe "torspike". We shall sbow f urt her that it can 

be euppreseed by a feedback syetem oontrolling the magnetio tield 

perturbations outsids ths plasma. 

Tear1ng instsbility Decessary condition is 131 

~B I ';lB I .6,-1 r 1 r ">0 • !; ~ r~rs+O - !; ~ r -rs- O ' (,) 

~here Br is the radial component ot the perturbation magnetic rield, 

r - r s is the surtace inside the plasma at whiob q{r)am!D. Radial pro­

tilea ot Br and displacements fr are shown in Fig. 2 . It i s clear 

tbat 4 decreases wlth approaobi ng to the plasma ot t he shell. The 

idea at feedback stabilization conaiats in tbe tact that tbs cur­

rent] .... ] exp(1m8 - in If) propor­

tional to the displacement and ex-

ceeding t hB image c urrent in tbe 

sbell achould be excited betweeD 

the plasma and tbe ahell. Then due 

t o a steep fal l of Br outeide the 

plasma tbe val ue A. (0 can be achieved. Fig. 2 

It is eaey to pertorm analytic calculations tor e stepped cur­

rent distribution: j _const tor r <ro<a, a i s the pla8IDa radius, 

j.O tor r>ro' Let the surface density ot the atabil1zing current 

be : J .. +W~{ro) ' 
wbere I Is the total current in the column. Then 

• 'm 
A • _ ,_,'rmto}'m + _...,._',m,--c:--,-:~",,=[ r o 2m -sw-1

-( ) (~~}!m . (r) -11 s m 
s m-1';'nq(r~) . " l'e s 1'::() 

wbere b is the sbell radius. Por sto.billty (0<0) it is sutticieDt 

din9 

.1t d-sf s tor 

... I -!-. For s 

1_ (rS/b)2m 

1_(d/b )2m 
(6) 

small • the total current i n e etabilizing win­

device ot T-4 dimensions at !... .... , 0- 2 the stabi­• 
lizins current should be ot tbe order of 1 kA . 
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INTERNAL MODES AND DISRUPTIONS WITH INCREASlOO 

ELECTRON DENSITY IN THE PULSATOR TOKAMAK 

S.Sesnic, W.Engelhardt, J .Gernhardt. O.KIUber and D.Meieel 

Max-planck-Ins titut fUr Plssmaphysik 

0-8046 Garching. Fed . Rep . of Germany 

Abstract, The paper presents the experimental data on internal 

modes and disruptions at high densities. The internal disrup­

tion at high densities seems to be only a minor energy loss 

mechanism. 

lntermll modes ilnd d!aruptions. ~i.st reported on th .. ST 

Toksmak /1/. have been observed on almost all other tokamak •. 

We report 80me new aspect"" of these phenomena that are partly 

associated with the high densities attained in Pulsator /2/. 

Most of the data on internal modes and disruptions described 

here Bre obtained under one set of discharge conditions I 

'. - ... .. -~ 
• •• 

Fig.l :Dependence of 

electron temperature 

and internal mode and 

disruption parameters 

on density. 

B'f- 27 kG, Ipmax'" 65 kA, aL -11 em, 

Ro -70 cm, QC';:,) - 3.5. A f ast gas in­

put at 40 ms increased the peak elec­

tron density from 2 . 0:XI013 to 

l.a x 1014cm -3. For these meauurements 

a set of ten Si surface barrier diodes 

sensitive to soft X-rays was used. The 

raw data are summarized in Fig.l. The 

amplitude mo~lation of the internal 

disruPtion~. the relaxation time 

of the saw tooth ~, the amplitude 

modulation of the m - 1 mode AAl and 
A 

the radius of the q _ l surface 11.1 all increal'le with the density; 

The inerease of -r:; is faster than linear . The frequency of the 

m-l mode at low densities is about 22 ldIz, but with increased 

density it quickly drops to about 16 kHz and stays constant. 

The growth rate of this mode at low densities is 1- 2 x 104s -1 

and at high densitiss 4 -10 x 104
15-

1 • The a zymuthal rotation of 

the mode is in the direction of the electron dial!lilgnetic drift, 

and the frequency evaluated from thia drift is only slightly 

s~ller than the measured frequency. As expected, the toroidal 

mode nuJl'ber i. found to be 1'1 _ 1. 

The electron temperature variation can be evaluated from the 

sawtooth oscillation signal. Typical eleetron temperature pro­

files immediately before (tl ) and after the dill~ption (t2), 

Obtained from the Si diodes signals, together with the median 

profile, Obtained by Thomson scattering. are shown, in Fig.2 for 

th. high_d.n.ity ea .... Soon aft.r th'" int.,,:na1 disruption the 

profile is flatt ened beyond the q-l surface up to a minor 

.-, 

'. 
Fig . 2.Electron tem­

perature profile for 

radius of 4 em. One can Observe during 

the sawtooth three periods i n m" 1 ac­

tivitYI a stationary phase, where neither 

the amplitude nor the frequency of the 

ma l mode varies, a growing phase just 

before the internal dis~ption, where the 

frequency is decreased, and, finally, a 

decaying phase after the internal disrup­

tion. The radial position of the maximum 

three characteristic modulation of this mode, r l • shown in 

times during the saw- Fig . 3, could be interpreted as the posi­
tooth per iod. 
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¥ -'<.,",---c, .••• ---c,,---."~"',--j •• 
Fig.3: Radial position r l of 

the maximum modulation of the 

m" 1 mode during its etatio­

nary phase (I) and the flowing 

phase (x) in the eawt:ooth. 

tion of the q" 1 surface. tD 

is the time in the sawtooth 

measured from the moment of the 

internal diSl;'Uption. During the 

stationary phase the radius r 1 

does not vary. In the growing 

phase one observes a steady in­

crease in rli this could be in­

terpreted as an outward motion 

of the q - 1 surface caused by 

electron temperature peaking and accompanying current shrink-

age. 

The energy balance inside the q '" 1 surface can be evaluated 

frOIl! the electron temperature and density fluctuation in the 

sawtooth. The absolute and relative values of the electron tem-

perature flUctuation strongly increa se with increasing e lectron 

density. The relative density fluctuation is a factor of at 

least four smaller than the corresponding relative temperature 

fluctuation so that the density fluctuation is not importa nt in 

the energy b a l a nce. Neglecting the profile factors, the elec­

tron energy loss during the internal disruption is given by 

Eal ~ ~ ne~kTe • Val , where 6Te i!! the temperature drop during 

the internal disruption and V al is the volume inside the q= 1 

surface. This should be compared with the ohmic heating energy 

accumulated inside the q " 1 surface during one sawtooth period : 

Eql .. uL la1~ ' where UL i!! the loop voltage and 111.1 is the cur­

rent inside the q"l surface. As an example, one finds at the 

highest densities EalZ 30 .J and Eall':; 120 to 150 .J. This mean!! 

that only one-fourth or one-fifth of the ohmic heating energy 

inside the q'" 1 surface, supplied during one sawtooth period,. 

is lost through the internal disruption, the rest being lost 

through other loss mechanisms: e.g. energy transfer from elec­

trons to ions and subsequent ion heat conduction loss, statio-

nary electron heat conduction :bss etc. 

The power balance can also be described in terms of the 

energy replacement time. In Table I we compare for increasing 

densities the global electron energy repla cement time 'tEe as 

obtained from the Thomson scattering measurement with a char-
'l:'"rLl (nkTe) 

acteristic time ~"Ee (nkTe) of the internal disruption. 

Table I 

ne cm-J 2 . 5xl01J 6 . 5xl013 lOxl013 14xl013 17xl0
1J 

'r'Be ms 2.2 3.6 5.1 5 5 .2 

t'E .. ms 4.6 6.5 B. 9 14.3 17.0 

This characteristic tima describes the electron energy re-

plllcement time inside the q" 1 surface as given by the electron 

temperature drop during the internal disruption. At lower den­

sities the J::.Te value can be strongly in error so that ~'Ee 

might be overestimated. At high densities the'l:'''Ee values arc 

quite accurate, so that the conclusion is again that, at l east 

at high densities, the internal disruptions play only a minor 

role in the energy .~ ?! l"'nce. 

References : 

/1/ S.von Goeler et a!., Phys.Rev .Letters]1, 1201 (1974) . 

/2/ O.KIUber et a!., NUcl.Fus. l2., 1194 (1975) 



TOKAMAKS 

THE H:::J. ItELI.CAL HODE BEHAVIOUR DURING THE DISRUPTION 

INSTABILITY IN A TOK.tJ.IAK 

S,V . Hirnov, I.B. SomeDov 

I.V. Kurobatov Atomio Energy Institute , Moscow, USSR 

£X per!monta were porC orme d for furthe r studioa of the 

di s ruptive i n sta bili ty i n the T_4 Tokamak. 

It woe .toted oarlier / 1 / that one IQBy distinauish four 

following etegea at this i n s tability develo pmontl 

1. S low ( durin g tho times exceeding the ski n ones) o urre nt 

ohanne l narr owing due t o helioal perturbation develo~ent 

Or radia.tio n OOO.I.1.n g 01' the per1phery. The reauJ.t la the 

drop of B safety factor q {r) up t ~ 1. in tbe c antor Bnd 2 

at t h o poriphory. 

2. Pro _di s ruptio n la helioal. perturbation (t"'500 ~oo ) devo_ 

lo~ent w1th 111:::2 azimuth numb or. The f ormati on and destruo_ 
tion of the magnetio ialonds /2/. The prooess s~ight~y tou_ 

ohing the oente r but appearLng outside as charaoteristio 

n egative ~oo p vo~tage spikes V(t)(0.5_~0 V). 

). Hixt~ing is ts~persture and current (q{r ), consequently) 

profile flattenLng after the pre_disrupti on. It oan be des ­

oribed as m:O, n:O perturbations. 

4. Disruption itself is a n onlLnear external helioa~ m:2 mode 

de ve l o pme nt f ollowing the mixturing process , oentrel plas _ 

ma regio n t~bulization, the broadening of the plasma co_ 

l~ with mode m:2 passing into m:) and m:4 /J/ , a large 

negative voltage v(t) ( up to 500 v) spike gen eration. 

Deve lopment of the ins tability oan be stopped itself at 

Bny of thes o stages oonsidered. 

Two phonomena are prinoipally important: oentral mixtur-

ing and turbu~ization. As it WBs observed / 1 / mixturing i s 

fOllowed b~ an internal . per turbation with uneven m ( m:l is ths 

most probable ) . It was assumed that the mixture is the develo~ 

ment of m:l, n:l /4/. Tbis process is initi ated by 111:2 at the 

stage of prespike. It WB S assumed also that after the mist~­

ing m:2 per turbation s pr eads all over the plasma column and 

causes turbuliz ation. T o o heck suoh a lIIodel the measurements 

of the soft X_rays were undertaken in the T_4 aooording to the 

sohe me iD P·ig. la. Ul"UI- UI I and U2:UIII-UrV were oaloulated , 

t h e sum dlff eren oe u)s«Ur+UII) - (ULII+Urv»/2 and the sum U4: 

(UI+UII+UIII+Urv)/4. Ul and U2 valueo are proportional to the 

A 

'v 
Fig. 1 

m=l mode, U
J 

to m=2 and U
4 

Oharaote_ 

rizes m=O. The result is giv en in 

Fig .lb (pro. pike). The 111=1 mode i s the 

dominant perturbation Dear the oentor 

of the plas ma co l umn at tho etage of 

t h e pres pike. This i s a wave propaga-

ting along the ~ angle in the eame di­

reo tion a s m:2 periphery mode. 8 0th 

perturbations oaD probably be involved 

in joint toroidal motion as it was sus-

gested In /5/. 

Behaviour o f internal perturbati-

ons in the s tages of pre dis ruptions and 

disruption io give in Fig. 2. The dot -

ted f ie ld, g iven in Fig. 2 io ourve , 

n ormalisa t ed to value U
4

. The oomparison sho ws that the d i ffe­

renoe is in t h e internal p erturbation ampli tude the external 

ones (H" V, A-A oross _s eotion) are s~ill equal (do tted line 

pre _disruption). Joint development of the m=O snd m=l modes i s 

due the deve l o pment of the m=l h e lioal perturbati on. As it was 

s tat e d above /1/ , the next rioe of 111=2 perturbati on and appoa-
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.t'ig. 2 

Fig. 

renOe of the large negative voltage 

s pike V(t) (an arrow pointing down i n 

Fig. 2 happened )0_100 ~seo lat e r the 

set up of mixturing. In Our model it 

is assUllled that the perturbation rea_ 

ohes the plasmn oolumn center at the 

seme time. Tho time variation of the 

follOwing va~uee for o n e disruption i s 

give n in Fig . ): U
4

(m=0 ) , U2 (1II::1), 

- son);"S U2 (m=1)/U4 (m;O) , U)(m;2), U
J

(III=2) / U4 

( m;O) . One oan see , that during mix­

turing (drOp of V(t» ~; 2 perturbation 

really reaohes the oenter. 1I0wever, 

the aoouraoy of this method ie l o w at 

~ow U
4

. Thue we oan e peek of only the 

qualitative sgreement with the mOdel. 

An example of the streng oonneo_ 

tion of the m;2 peri phory mode and m;l 

oentral on e i a given in P i g. 4a ( the 

l e ve l of 111 : 2 ie low in tho oenter) . A 

oorrelation of both rrequonoies i a 

ueuolly o b served in this oase. The exam ple of ano the r kind is 

given in Fig. 4b (a pr e _dis rupti on). Tho m22 and m:l perturba_ 

tiona a re obviously oonneoted i n the initial stage, but at the 

nox t moment this strong oonneotion ie broken. In partioular, 

the oquality of frequenoies ia not o bserved (Fig. ), Or 111=1 

perturbation exists i ndependen tly i neide the plasma oolumn at 

a l ow amplitude of t he m=2 pe rturbatio n at t h e pere fery. So , 

it should bO noticed that the oonneotion of the external 111;2 

and internal m;1 pe rturbations 

A 
ia mo r e oomplioated than a imple 

toroidal suporpooition of modes 

(~~~ 
(""}I~ 

in the d ove loped disruption 

stage. 

tt!!l~-t Pinally it i s n o t o l ear , 
IDDOJi$ whether the disruption model sug_ 

6 

Fig. 4 

gea t e d ia the real one. Is the 

des ruption possible at m; 2 in the 

oentre and mz) at the periphery? 

Roa11y, when the m~) peri phery 

modo exiats tho phenomena obser -

ved are similar to pro _disrupti on . 

Poesib1y they ar e oaused by the 

fo rmation and destruotio n er megnetio i.lands at the periphe ry. 

But the transformation of euoh pr e _disruptions to disruptions 

was not Observed . 
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FEEDBACK STABILrZATlON OFAXrSVMMETR1C MHO INSTABILITIES IN TOKAMAKS 

E. hbhon 

Irlllilvl fOr n,eore,I,ch. Physlk, Unlverdltlt DUsserdcri 

A. Selal 

MClx-Planck-lnllirut fOr PlosmophYlik, 8046 Goro;hing beoi MlkIeh.., 

Fed.tol Republic: of G.mKroy 

Ab$troo;i: Th. possibility of Ilobilizing axi1y ...... trlc: Inllabilities In vertleolly 

elongated tokornok ploUl'lOI by currenll in !oraldol loops b inveltiggled. 

In , ........... 1... without malerial Hmlt ... , _1;';011)' .Ion""," cr.os •••• dl"". o. de. lrlld 

for Cldlloving high« B '1011 ..... ld>ibit dangtlfOUl oll;ilynvnolric inll<lbW'io" Theo-

roticol!y, th.,o in$lobililio. mG)' bot Itabilil.ltci by Cl luperc:ondueting wall wr-

roundlnQ the plostnll 01 loma clillon(;o . Howevltl', · In prodice there I. 11Itl. 

d!gnce of having !hll wall 01 dose ClI needed. 

Th •• rf.et of dobilizing wall. would be du, to cu,,..n'" induced in the wall, 

who.e magnetic: field i~deJ the plolmO motion. Since these Induced c ..... renh 

are nol uni formly dillrilNl.d, lom. portl of Ih. wall or. more .mci.nt thon 

oth'l"I. Thus, il il lempllng 10 study 1I0biliz:otlon by wall "1iJ"I.nh or 1I11l11. 

toroldol conciuCl<:WI, both of th ... having bett.r c:honces of tecl!nicol reollz:allon. 

AI on IcIeoliz:olion, in thi, paper .... e conlidlllr Inflnll.ly thin toroidol loopl. 

Furth.lmor., .... e do nol analyz;e the time dep.ndent cwr.nl inducl lon md d.coy 

in ponlv. conduclors nor Ih. detailed proCllln of current reaulolion In 0 feedback 

c:orotrol lY't.",. Depending on the number N cnd the posilion of the IOOPI, ..... 

d.tennin. whether COI'T'f'let. Itobiliz:a lion of 011 u.utobl. pttl'turbatiml h pouibl., 

wbot 01'41 the n.ceuory loop currenll, and what pCIIIltlonl or. optimum. 

In praclice, feedbock mu,l gotn ... ally be lupporlecl by palliv. Ilablllzolion owing 10 

the fait MHO growth li .... l. Conv_ly, Ilnc. polliv. Itabiliz:ot ion con m ly re-

duc. the grO'Wth ral .. ·[ 1 J ' 11 "'Ult be IUPport.d by feec/bgck, at 1lII0I1 for long-

lim. canfln.ment. 

AI fot the th.or.licol m.thod, _ hav. only conllderecl linear liability and 01-

lumecl 0 IIn_ depend.nc. between the ItQbillz:ing c ..... rentl In and the omplilude 

of .n. pl_ perturballon 1. On .n.se OIIumpllc:.,. 0 variational princlpl. _I 

alved: 

..... y = .! . (6!!. - 6!v 
0

), .! '" paloldol tQn9"'lt v.c:tor, 

wh .... 6l W cond 6!v 0 or., reiplllClively, .n. ulvol plouna energy .xpr"llon ond 

plllrlurbollonol YOCUU!n field 01 obtained .... ithout exlernol Itobiliz;alion, whil. 6 !!. 
c:orrlll'Pondo to , tablUzat lon wl.n un1l "urr..,t.. U.lng the methods d.eo"rlbe<l In 

[2,3J, .nil vorlolionol principle _ numlllrlcally evolvot.d fot th. lul'foce 

"wrenl mod.1 (SCM), onc! for 0 r • conI! model .... Ith .lIIplicol c;rou·"cllon. 01 

oiplllCt ratio A"' '' . 11 can be shown thal in .Iongolecl plalmOl the Ilobll1z:ing 

c:ur ... nll mUlt flow in loop pal ....... Ith ontbyrrvnetrlc current di.lrilNlim 01 Indlcal.d 

If 62W hol only one n-aoUv •• i"",value, a, _, gotnerolly fo .. md for the SCM, 0 

Ilngl. pair of 10Clp$ properly positioned may luffiee fot full Itobilizotion. For the 

SCM, Figs. 1· 3 .... ow elliptical, triongulor ond r.ctangulor plolma crOlI-SIIIctlonl 

CA • 3, Bp" 1, plosmo r.glon dotled, IOOVI oxl, to· tb. I.ft). The Itoblllz:otlon 

by 0 Ilngl. pair of IOOPI, depending on ih pOlltion on SIIIveral c:orocentrlc wrfac .. 

(d · Af"'wrfoc.)' il showr\: in the shaded reglonl ltablliz:otion iJ Impoulbl.; 
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outside il il poslibl. for luffici.ntly largot c .. -

r.ntl. The shaded regionl inc;reo ...... ith the 

plo"",, elongation e until they flll the whol . 

vacuum region (above Ill:::' 8 for .!lipslIII). On 

eoch lurfoce orrOWl indic:ate the optimum loop 

position: Ih .... , among 011 unllobl. perturbo-

lionl, th. largelt curr.nt needed far slobillz:a-

tion il lowed (I • m<J)I 1{1) '" Imin). Far 

ellipse., Fig. 4 shOWI Vl
min 

os a function of 

the polaidol OI1gle u, ond Fig. 5 shows t min 

(normalized .... ith th. product Iplasma x DfIlIli­

tude of i in 1/(5. A) unitl) 01 0 function of d. 

For Ih. I" COl1lt model Ih. results or. quall-

talively limllor If • il nol too lorg.. For 

e ~ 4.5 th .... ore more negaliv. eigenvolu .. 

of 62W, and far each of them ot leoll one 

poir of currentl Is nlllllld.d. Th. poir{l) far 

.ach .Igenvalue mUll be capable of r.-

acting independenlly of th. pair(l) for the 

oth.rs . 
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TOKAMAKS 

LOW FREQUENCY ItESlSttVE AXISYliMETRIC N'JDES OF A TOlWWt PlASMA 

T. H. Jenu_D and W. B. Thow.PIlOO* 

General Atoaie eo-..pany 
San OhiO, california , USA 

Abltrlct: A fona.111 ... 11 ducrlbed for calcula ting the propert1 .. of low 

fra"""ncy &.11),lIIIlII8t1'l" .,d .. of • r edatlve pla_ in a tokamak of arbitrary 

c ro .. . . ction. 

1 . INTRODUCTION 

Genenlly fo r rh_ cDntinUlent ot " tokamak pI ........ Bcability la required 

&,alnat IIOtions on ella .. gnuobydrodyuamlc (KIill) t.\.me I"ale 11nee faedblck 

• .,abllh.tion of luch IIOd .. 1a difficult. The properties of ,,,ch tan .Gd .. 

.... y ha c&lcu1a"ed ."UIII1nl cllac r ... 1ativity vantsh .. a . EquUlbria atabl. 

a,ainet rh ... IIOde. uy ye t be Illlatable asaioBt "", re IIlowly . row1na ..,d .. 

if f1nit. p1al1l& or ... U I_dsc.nee. i.oI aUowed. One .pa clal cl ... of 

reaiative -od&. l'rovina on a t~ Bcale between the HI:ID and the r ... 1atlve 

acaloo ha, been dncrlbed by futch, Kllleen, and R08enhluth [lJ. In th. 

pr ... rr.t pap.r .. d.a vith the still lover resistive tme acale .re COD-

sidered. The.a ere harda r to .t.bill",e, but becau.e of thair slow Irovth 

rata thay .re .u.ceptibll to hedb.ck control. 

2. FORMALISM 

We liVe here. sketch of th. idea. 10volved in the formall •• "hlch hal bun 

de.cr!bed in IIIOre detail .h""h.re [21 .nd for s1.llpUcity r utrict our 

• rlu:aents to atr.llht seometry. 

rh. unp.rturbed l'Iu ll1brlum la described by the usual KIlD equilibrium 

a'luation 
(l) 

"hara '0 11 the flux "function, jo ia the z-component of the pl • • 1IIIl currant, 

.nd the IJ'!IIIIetry al3z - 0 is I llumed . The perturb.doo of the flux funetien 

.nd tha z-eO!llPonant of the pl • ..-a current .re denoted '1 Ind J l' rsepec­

tlvaly. lIec.use of th. 10" fr.'1tJency. In"rtlal forc .... r . neSlecrad. 10 

th.t th. p.rturbed .y. re. 11 allO in KID ,,'1ullibrl .... : th"rdor . ve have 

(2) 

Ilstsinina only fint o rde r t.rw.s . Eq. (2) provides. ral.tlonahip b.cvaan 

the perturbll4 quantitlu 

jl - J~"l + J(,o) ()) 

Her. ' da""t •• differentiation "lth respect to '0 .nd J(l/to) la .n un. pec!­

U.d function of '0 only. 71ut o rd llr p"nurbstion of the z-component of 

OIuQ'. 1 .... 

.rr.d the ... waption 0' • v - O. "hich h .ppropriate for tokalll.ll-q "lth • 

attonl .xial .. ,neUe f1ald • • llov deu-rminstion of J(,o) 

J{,t1' __ j,<, '_W'l-J <'1' . 
'I f... ' 1 , 

llara, th. :1_ f netion avc" .. s" ia de H ... d tha ueU41 ... y 

", 'f 1:::/ f 1'::1 
.mere tha intasull are ... rforw.ed .lottg equllibri_ flux IUrfacll , 

''l 

'" 

(6) 

1111 _ alat,.nd 1'10 is the Iqullibri ... pla8ll1& reaiat1vity .ssumed • function 

of,
o 

only . F"OII Haxvall'. Iquation.nd ['11 . (l) Ind (4) .,., set: 

~V21/tl + j~("l - <1'1') - "" 1'10-
1 

<'*'1> + J u - 0 , (7) 

"h.ra J
ax 

raprllerr.t . perturb.tion current. other than th •. pe~turbatlon of 

the pl.atlll cur~ant: jex .. y therefore includl • aou~ce perturbinl th. 

pl •• lla . luch .1 currants frOll a feedback aystem o~ currenta irr.duced in 

IXtarrr.al conductor.. If ths pial'" is aurroundld by s material ... 11 of 
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zs~o reaistivity. induced currenta in th.t "all .n .... t 11.IIply takell into 

account aa a boundary colldition ....... ly that .1 v.nhh .t the .. all. 

Consider all eigenvalue equation cloll1y u..,clated "ith Eq. (7) 

(8) 

WI IIIU ..... for I",alllple. that th. pI ...... i . lu~round.d by I VIII of ",ero 

ruistivity, and oorresPondirr.gly ths boundary condition for E'I. (8) il that 

.\1 be zero at .that .. aU. Tbe terlll illvolvins 1'1 .. ' vhich h all arbitrary 

function of x and y, IlLimica the efhct ofax1l)'llllletr1c t ealative IIUIter1al 

vithin the psrhctly conduct ins bound.ry aa . fo r IB.X8IIIpl., a vacu ... chamber 

WIll. One can readily ahov that the a!Senfunctlonl of E'I. (8) Mve the 

fortunate property 

(9) 

""are the inteltal ia extended ovsr th •• r e • • A. Inlide the conductittg ".11. 

This IUSleau that the eigellfunc:tion. ara Orthasonal. When lIrr.ly natural 

IIIOde •• r e con.1de red, 1.e., ,\ - O. on. c ... ah<»i that III .... . t be purely 

1Joallroary , 10 that in this cua .11 qu.nt1tiel of E'I. (8) .U ~.al. Thus, 

thl equilibrium is unatabls .. ith the Irovth rat. Cl (: :11.11 ' 0) it then 

ul.U .n ellenvalue luch thlt ),\1(01) - O. S~lIce"" can . h<»i that 

dl,fdll ~ O. it is lugge.tive that the exiltance of .ny nelative e i senvalue 

for n _ 0 means that the e'lu111bri ... 11 urr.seabl. . Tbl. ha. been formally 

proved by TUBO [3] Ind this reault is very 11III11ar to th.t of the "[nergy 

l'rlncipla" 14) for all id ... l KI!D plas1lll . 

Por doublets, it has been found by Chu and Miller (.s] that ideal sx1syanlt-

ric IIOdes e r e un i .. port.nt 1n the lenll that under condition • • 1Imilar to 

tho.1 of experiAentn, 110 unstlbl. 1IIOde. uht. U. lrr.S tha Ibove-lllent loned 

fOrlll8UslI .. hieh allo .... f or I finite pI . .... na!ltlvity, calculationa (6) 

.ho" th.t under conditino •• J.a11.r to t ho .. of Doublet IrA (71, unatsble 

.:d')'IIIIIetric lIOde . .. y ulat. Under th. conditiona s urveyed, lt .... f oulld 

that the .... t daDlerou. IIIOde 11 ona vith t\.o node. p ... iIlS through the 

Illiptic axe. . Tb" ... echtl!<! defotlUtion of th. pl . ... cornspond. either 

to .n elonl.tlon o r to cOllllprea. ion of the pI .... in th. vertic.l dlrllct10rr.. 
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THREE DII4ENTIONAL CCDE F<R STUDYING OP MIlD MOTIOn 
OP TCKA.MAK PLA.5MA. 

A.l.Dan11ov, D.P.Kostomarov, A./.!.Popov 
Moscow State University 

Yu.U.Dneatrovakil 
I. V.Kurcbatov Institute of Atomic Energy, Moscow, USSR 

Experimental studies of the disruption 1nBtabl1ity in tokame..k:s 

showed tbat the ln1tist1n8 role ot the diaruptlon falls to B belical 

perturbat10n with m",2 (precuralon). and then in the fina l stage of 

process the interaotion between modes mal, n~1 and ~2. n~l could 

pI!!.y an essential role /1/. Tbe study of m,.1 mode development con­

sidering Unite conducUV1.ty (internal disruption), together witb 

the fOl'lllatlon and evolution of ma~netlc islands during m,,2 mode 

exitatlons wss investigated in /2~3/. M*2 mode instability wes al­

BO disoussed in 14-5/. The study of m001, n .. 1 and 111=2, 11=1 mode 

interaction should be done both in oylindrical and toroidal geo~t_ 

ry baaing on a thre'J-dimentional KHD systeM. First results of 8i­

Ddlar studies were reported in /6/. This paper oonoerns ~ith the 

development of these simulations. 

The system ot l!IBgneto-hydrodyn.am1os equations lnolud1I1& :fini­

te oonductivity and visoosity was written in the follOlJirlg form 

~ td;. (~ii). 0 , c:,f -.,.q;; ~l . V ~ it 

?~+?(if?}i7.-':'!:"- [~.",{n~+76~, t"Ff 
~he units of measurement are s1lnilar to those in /6/ _ they are 

a lt'venous relating to the poloidal field. It is essu:ned :that 

plasma reaches the oonductiIl& shell, ths letter baviDg a square 

orOBS - seotion. i'he boundary oonditione are ..vI " 0, HI ~ ijl 
r r r,t·o 

i'he oomputations were mede in the oylindrioal and toroidal 
~ 

geometry. Equilibrium P and Y values were obtained by a numerical 

solution of the equilibrium e quation for the poloidel tield poten_ 

tial t . The exitation of plasma osoillations ~as determined by the 

initial velooity distribution. 

It 1s obeerved during the experimente that the 111=02 mode osoi­

llations (preoursion) oause 111=01 mode development at 801llll definite 

oonditions when q (8),,2.5 - 3, and q(O) := 1, which, in its turn, 

:flattens j ,(r) ourrent pro:file. In this paper tb-: model of such pro­

cess is held by means of the system of equations given above. ~be 

initial equilibrium state of magnetio field was taken when 

q\ -2.9 and. q(O) .. 1.02: This IItate oorresponded to the solution ot 
r 2 . 

the equilibrium equation ~he~ j (f) N t . The profiles q (x) and 

jz(%,O,L/2) are given in !'ig.1 tor thie equilibrium state. 'there 

is 8 resonant surfaoe tor tbe .. 2, 0-1 mode. The traoe of this 

surfaoe on the x-axis is equal to xs ,,0.7. There ie no resonant 

eurfaoe for the III'>1, n",1 mode 10 the region ot plasma. The equi­

librium IItate wall initiated by a mi%ture of two modeel m-1, ~1 

with .., .. 01 0.11 0.2 amplitudell and n.2, n.1 with J.2,,0.1 amplitude. 

It was suggested tbat Y .. 5.10-4- In the oomputatiollll. 

The main rellult i. the tOU01I'lngl the statiOnary motion of 

the large amplitude mode m-2. n .. 1 (in our case when HiioJ. = 8 and 

%8 .. 0.7 the m-2 mode plaoell near the marginal etabllit, level W",O) 

leads to the formation ot ourrent layers, and the ourrent dell.it, 

great11 inoreaees in tha vicinity of the center. The ourrent 

growth and locelization lead to a resonant surfaoe appearanoe 

at % .. "0.3 for the 1IID1, /1 .. 1 mode. Then the _1 mode 1natabilit1 de­

velope leadlDg to the ourrent :flatteniDg. The dilltribution of the 

longitud1ne.1 ourrent jz (J:,O,IJ2) is given in Fig.2 tor diffennt 

time moments. The equilibrium curren1; ditltribution (t-O) is given 

in a dotted line, ourve 11 oorreeponds to a pUl'e 111"'2, n. 1 mode 

exitation with A2,,0.1 amplitude at t.8, ourve III corresponds to 

a lII1J:ture ot modes wi th amplitudes "-1 ",0. 1, "'2,,0.1 at t.8. 

H" L In Pig.3 one may see the magnetio field profile (J:)"By(J:,o,~)~ 

k~I'l(J:,O,L12) which characterists the ill"1 mode at t . O (dotted 

line) and at t . 4-. The J:s points where H* (J:s).O correspond to the 

1DoI1,. JlII1 mode reeonant surface. 
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RIUXATION OSCILLA.TIONS IN KHD-UBSTA-IIL!. PLASKAS 

,fSSOCIATIO,Y EURATU.w·CEA SUR L,j ~'US/OY 

CUp"'~-"' d~ p~.~"'l"~ ,," "l~ ..... ~, ,l~ /" ~' .. _,; .... ( ..... ,,,"01" 
c.",,~ J"E,.flr. N .. n .... ; ... ' 

8ol,c P~,a~ ." 6. 92260 FO,\TI:IVAY- ,tUX ·/lOSES (FH-l "Cl:) 

~ : W. conlidar • pI ..... which 11 ,overned by H!ID equation. with 

Hnit. "'hcolit)' and thenaal conductivity, and Which h driven unnable 

by an Ippll.ed heat .ourc". It i. ,hD"" that the s}lltn IDly "xhibit pedo­

die uta .. "io.' of thl telllparltl,lre profile. 

In • pncedill3 papel Ll7 it 11 .. been s\lo"" tha t in • veakly un. 

,tabl" pl .. ma govern~ by KIlD "'1" , tiODS including vi_co , ity and "hlnal 

conductivity , lution.rr nat •• of t. r l ....... e.le. c.onv .. cti ... e lIIodon may ... itt , 

.. Heh In chlract,dled by Itro"llly llIOIIIIlloul trlo 'port. Thl lava.ti,ltion 

of ut. I ... d bun .,aLYated by the. di.cove.r)' of ,1>OIll.tOU' hut tun.port 

in the center of Tokl .. k d;'char, ... III "hen the. • • hty factor 1 du r .. u. 
be.tov unity. Later elIperi.ent. lj , ~7 revealed that tbi •• """"'1 ..... be.t 

tran.port occurt In tile. fono of periodic rd.utions of the .hctron d it­

tributioo. Altllou,h it is probable that ;0 the experu.e.ntt (uL3 , ~) tb. 

in.Ubility Includ •• th. fOnaltion of "g"" tic i sland. , .. e " h h to punue. 

lI.re the ori,Inal idee of ..et. I .od .how that •• ;.ple curv.cure-driven 

in.tabllity ift •• h .. rl ... _.fte. tic field configur.tion IIIIY aiv. ti .. to 

ul."'t!on otdll.tion • . 

W. cOnfider. cylindrical ph ........ lay"r bounde.d by turhc .. E " O,L 

.nd r .. ro ! d/2 (witll d «ro ), tnd placed in t curved IIIIgnlltlc field 

11 .. 8.'29' We define. ch.ncterlltlc tilO.u .od velocitiu in te .... 1 of th. pn­

pendiculer vitco.ity ~) and tha hut cnnductivity ~ by puttina 'rvitc" 

d2 110 1O.i11'J. ' vvi.c .. d/rvi .c , v~ .. It/(nod). We th"n nOnlllllize. at folio ... 

t/-r.,.;... - t, "1. "'1, '(.r - 1. I V(..~c ... -; I TIr. ...... T I l/bo _ ! I 

" V4,/Vv:..c. I r=v:~/L~,V"'K) I f:n.T./a: 
W ........ " tlutt .ll .. u.ntitlu art independent of 8, .nd Vi .. O. A"~;, 1\8 .110 

con.tlnt dln.ity, n/"o .. I, 11. UII the folln .. i .. e .. "'tio ... : 

(;t.p.)V' • -r['T' ~;'V~J -V.1f I'1 

11'b\t~:.VJT -= V1 T + SIT) ..... lf~ S(T)'" S,.S,T (1) 

-'P~ ,. ,..~.V(~, (3) ~,v. 0 lit) 
A"ulIIll\8 .ll .. untiti .. to be p"r iodic f .. nctioo. of E, .n arbitury 

..... ntity X .. y be writteo .. X" <x.> • X .. ith (I)" (I/L)LLXdE . W •••• 1.l1li1 

<;f> .. o. Avu.gi ....... (2) .. e obt.in 

!f!.(p tt~t{"<TI',.») =_)~,.~~.T) + 5.+5,(1) (S) 
We d.riv, two intelul nlation. for T.Dd. v . FrDlll e ... (2) ... obtlin 

.. tit.! ..... \1 ).v., ~~'I'J. 

I fit J 41' "\Tt
) t 1lllr rVv,.) Wl = JIlr1'(fv'f} + -\)Ilr ,.(f'> 

.. -1(:1 fe-M, .. ,-~ 'iO ..... 
Fr"", . ... (1) .. e find, ne, lecting ter ... of nrdar lIra, 

(I) 

0;"11. .",~ ..... \fl 

JdrV!P') :: -~ JA,.(v .. f}' + f~,.<.-;.V\ .v.v\) 
.... h. H 1' • .... V. ....-V. 11) 

In the l .. t t ..... (vi.codty t em) .. e have. used the "''''''ption that to it 

hrle enouah '0 that f,/r~!:f'" 

The bound.ry condition. for T .t" I " It .. conlt. for r .. ro - 1/2, 

)1/),. .. 0 for r .. r o + 1/2, Tb. he. t enurce then c. u.et th. tmper.t .. re 

gr.dient to incee. ••• fro .. uro unt i l the condition for onllt of in.ubility 

h eathfied. Tbi. condition, "h;ch it derived by lioeedEill8 .ql. (I) - (4) 

li .. uf. 1;, re. .... ir .. that th. "by.ei.ah. n .... ber"?l .. (2 r fro) IdT / drl .. 

",",cud. e criticel value. R criC< /<IT/drl. it e s .. itable .. un vet ... of dT/drl. 

Udn, the boundlrY condition. vr .. o . ~V7./)r .. 0 .t r .. ro ~ 1/2, On' find • 

• "r,inal .. de of tbe for. ( ....... in, IS.,I"'rI'.~· ), 

.. ,,~Av(~II"(r·"'.' li .. kl I v.·-!.1v ""-{l'-l'.)m/cz (8) 

T- - _j'i1AI"'ujt , 
- Tit"t AT·-srr~.l'.) Snlki, • 

.. heu.t th. "r,intl point AT ......... conlt. We 110" "'u",e tbat for1t>R.crlt 

th. e .... (8) .re. .till v.lid if .. e replace "' ......... (t). "r~Ar (t). lntrod .. -

clns tlli. in e ... (7) ... ob t.in 

~ : {II".l' )(AT-A .. ) 

Du. th. llrs' hc tor (112 • k2) >'> I, .n 'pprn"i ... ce. .nl .. tion i. 

"'11) ~ Arlt} 
Udoa (8) .nd ( 9,,) in eq , (6) "e obtain 

('1 

I la I 

h.nc. A • A I"lJ~lj) , " (10) 

} (ll) 

v.ritbIt yet) rather tMn G( t) ... ohuin 

~ z: 
.. hare Ill' 

- AA: f.'t of' 0( ~ 
" 

1:: L"'+""_~~ A l ' CH .".1.(S _!i) 
·l7~J zYfi,' J1"3 

Let to be the H .... at .. hich th. t ... p .... t .. re a~.dient r .. ch .. for the 

time tho. cdti~1 1 VI I" .. fo .. o ... . t of iOlubi.ll.ty, that i" , (J.~/H)t." 

Glt.) - I = 0 . TII .. time behavi o .. ~ of the 'Y',t ... it governed by the 

eolution yet) of e'l' (12). A H ... t intta ... 1 of (12) h 

Hl?)' + VI,) • tU), wil' V'l)·-L·}'M!(.'-I), llfh,llit)'1t 
Int • .,puti na dy/dt It a VIlOclty, V (Y) It • pot.nti.Il , "Ht) a. tOUl :nugy. 

...... thlt for «to thu. a re two typ .. of .o l .. tion l 

1.1('$0 , ' l{tJ d.cre .. es .. otil ·dy/dt .. 0, that il, until" st.t ionary con­

".ctlva .t.t. it reached (Pi,. Ib). 

2. 8(.,.0, 'Elf} ioe ..... '" .. ith tl .... Tbe .oludoo o'cillltlt, .. ith the , .. o:eui­

' y •• ,,,,illll of A,! i""'re.ui~ in ti •• "nd the .ucc ... t". .. in;,.. d.cre~eing (Pig. lc). 

Tb •• econd type of lolutioo do .. not cor ... ctly dltcdba tho. pllysical 

. r •• llty b.c ...... t ... cce .. ive pa ... g •• tbro .. , h th ... rsin. l "dtuation 

(dy/dt .. G(t) - I .. 0), y heco .. " o.l'" .nd IIOre n ••• tive 10 CMC "to cak ... 

indefhittly decreu ing val ..... Physic.lly, rh. 1Oi!';IOUIII of th. pert .. rbation 

"'pUtud. i. determined by the l.vel of Chltlllll fluctl.O.tlonJ. Tbit f .... e .. re 

is ont cont.ined in our e. .. uatioos, but it can be i ncorportted in the pll .. e 

dha ..... of I'ig. la by obnNina th.t the fint cycl l of the p.th ducribn 

the physica l sit ... tio" cornctly .. pto tbe point ' .. hltl y • O. At this poi.nt 

th. path of the. physical ty.tem follo ... th . (dy/dt) - ."is until tbe odsin 

ie reacll", .. here the· cycle be,io. a •• io. this phy.iColll p~th it shown by • 

full liot io Pig. le. Tb. foral of G(t) And At(t) e<>n uponding to thi . f .. ll 

lio. 'u I hown in Pig . 2, fr<>lll .. h;cll it App ..... tb.t GCt) (.nd thus d(T)/dr) 

be. tile fnIll of periodic ula"'tion o.dU.tion •. 
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so TOKAMAKS 

MHO STABILITY FOR A CLASS OF TOKAHAK EQUILIBRIA WITH FIXED BOUNMRY 

W. Kerner 

Max-Pla"ck-IlIStitut filr Pl u " . phy. ik, 8046 Garehin8 b IO i HUnchen 

Federal Republic of Ge .... any 

~ The I tability limit with respect to internal IIIOdu 11 computed 

far a cl . .. of tok&mal< equilibria with lIon"ir<:ul&" croa s- u ctionl and usen-

H a lly fht current profile. . It i, found that the He reie r criterion it 

ne" .. nary and sufficient for stability . 

Introduction: to this paper we present ruulu obtained with .. compute r 

code which lolves for the complete , pectrUIII of nQrmal ID(Idu in the ideal 

MHO model. The method cnn l iatl in e xtremidng the Lagrangian of the ayl te", 

connected with linearbed perturbationa around an equilibrium H a ce . The 

di s pl acement vector is expanded in tlllrlU of global J'ouriU'-Belld 

function • . 

The d ... of tokamak equilibri a "Doddered h de fined by che £11,1]( bnction 

and i . d .... cribed in detail in Re£. [I], [2J Nur the ~netic a](i . the 

flux lurfacu a re e Uip.u with I hllf-axil ratio 

(2) e - 0/(1_6)112, becoming Dee- sh'ped further outwards. The conlUnt 6 , 

which labeh the poloidd current. i . reltricted to values 6 < 1-2t, where 

& i l the invene aspect ratio. 

The fiut .pplicltion of the code , Re£. et] hu aiven the r esult thar 

toroidal eff. cr , are detubUi:dna with respect to extarnal kink.. In thia 

paper we dbcu .. rhe IUbllity beh.vior for fixed bounda~ (interna l) 

model . The connection of groll model with the ' rability limit of a necn-

IIry criterion (Hercier) i . uamined. It h .lao diacullld whether MHD-

MHD EOUILlBRIA 

H 11 an import.nt '1un tion "hether ~ddition. t insubilitiu occur for a 

SlII&l1 u pect retio. It turn. out th . t the toroididty i"'Prove. the s tabi-

Hty behlVior. All the previou. re l ulCl eonce rnina the n - I "",de are .lao 

v. lid for .0 . spect r . tio t-
I _ 3 Or . ... lle r. No ba11ooni", type "",de . 

found. Therefore, the Me reier crite rion i a s ufficient for . t ability of 

internal "",del for thi . entire clall of equilibri • • Then MHD-ttlble, hiah-

be tl equilibri a (B
T 

> 10%) nilt. A diamagnetic current profile 

1-2c > 6 > 0 i. favorabh, .110 • l>ee-shlped cr on-section . 

In Fig. I the growth rltn of un. t.ble n - 1 "",du . normalized to the 

poloidal Alfvim ve locity, ate plotted veral,ll the ' Ifety factor for. JET­

like confiauration, t-
I 

.. ~ .nd e - 2, with two diffe rent valnu of Bp' 

The phi"" deuity il kept cOnltant . The two cases with 6 .. 0 Ind 6 - 0.4 

dif!er in the .t.bility bound. ry of the necell . ry criterion, '1
cr 

.. 1.36 for 

6 .. 0 Ind qcr .. 1.18 for 6 .. O.~. The di ..... anetic current dhtribution 

C6 .. O.~) .tabiliul the n • 1 I nd 10 .. 4 IDOdn. But the 1
0

• 3,2 Ind I 

IDOdu .re unlt.ble Ind . tronaly couple d in both ell ... . 

~ 
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"This work WII performed I,Inde r Che tltIQ of the aareement on ,"oci.tion 

be twe.n the Mlx-Planck-In.titl,lt fUr PIII""phy . ik . nd EURATOM", 

. t.ble hlah-bet. equilibril exist. ·OlxlO 

Rell,llu Ind 01lcullion: In Re£. [3J •• i"'Ple form of che n,ceas. ry cri-

terion for our eql,lilibriwa i, derived which h v.lid for •• ",,11 invene 

IIpeet rado t • . The value of the 'Ifet}' f.ctor It the axil, which 11 nec ... -

sary for . tability , i. livan by 

(3) 1/'1(0) : < 6/(I+e'-) - ~/e(e+l) + QG/e(e+l) - :[] , 

where Q _ - 61(1+,,:_6). 

We beain the et.b iUty analy.h for configl,lration. with. lar ga IIpeet ratio 

0;-1 .. 10. 

The fiut intarelrina r esult la that for. circular cron - nction, 

e ~ 0/(1-6) 1/2"1 , no I,In.table "",de with I toroidal w.va ~uailotr n - I exht • . 

The .t.bility Ulllit qCO) - I frolll e'lu . Cl) iI appro.ched by "",du with a 

toroid.t w.ve nuail . r n ... .. . nd • domin.nt Pourie r component 10 in the 

poloidal direction to ~ n - 1. In. ubilitiel then ed.t for 

'1(0) _ loIn. (n - 1)/n. We ere .ble to find . uch un. table "",del for 

2 l. n s; 14 . 

Next wc k. cp n _ I I nd '1CO) - I HJlcd and v . ry th. olona_do .. o . The 1IIIr-

ainal pointl obtained froll1 the code lare. better than 2% with th .... rlinl! 

pointl f r olll the nece .. ary criterion. The corrupondina eiaenfunctionl .re 

global. In t.bh 1 w. have li.t.d the COlllpuced critical elonsltion for 

""rginal . tability toaether with the corrupondina critic.l uhty factor 

from equ. Cl) . The two IIlIrainal point. e
cr 

define In incervl! in e with 

It. bility with rupect to the n • I mode. If for In un. table "",de the 

elo",.tion a Ippro.ch .. the v alue ecr ' the: interval in '1(0) for which in­

It.biliri .. exht . hrink. to ooe point '1(0) - loIn, Por n • I Ind 10 - I 

chi. point la '1CO) - I, which h IUrainlUy .table Iccordina to !'tIrcier 

[4]. Th. conc1ulion is th.t the Merder criterion i • • lao , ufficient for 

. tlbility. Thil re .... tt la confil1lll!d for ""ny different valu .. of n .nd 

'1(0) whare thl p.r ...... ter. " and 6 .ra vlri.d. 

2.0 

.2 " 0.' 

Fig. I Growlh RoilS VltSUI Sollly Foelor 

£.1. 4 . 1 . 2. n . l 

.. 'D ,0' 

nHldon<.y of tb. IIorcin criterion 

e- I .. 10, .... I, q(O). 1.0 

O.~O 1.0: -, 
I.OIS 1.008 

o.n 1.011 -, 
1.01' 1.(0) 

0.91 1. 00' 

I. 10 1. 008 

0.987 1.001 .., 
1.66 1.003 

O.98S ),02 
O.H 

2.60 1.02 
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NuM;ricd Study of ch. Effect of CurrllDC p .. kinR on the 
HIll) SUbili Cl of • 5 ... 11 Al pee t b eia Toll ... 

D. Sarlet", R. Grub . .. , F. Troyoo 

Ca nerl! d. Reche-rcbu an Phy.iq". dill Phsus 
Ecole I'olytechnique UdErale 

CH-lOOr S"itnrland 

~ w. invutts_CI! IIU1D11ricaUy the eff.ct of pu1dnl the turnnt di l­

tributioll of .... 11 .. peet ratio Tot ....... .,[th .. n-ahaped cro .. _et-eion or\ 

the KIID ItabiUty of the 0- 1 lIIO:>du. The avaluation of rha lIOn ullaublot 1IOd. 

h foUowed .11 11 functioll of q at the 1'1 ....... s urface, for 11 Hud value of q 

Oil axia. Two dif!ennt I hApe5 and three values of 81' an aXllminl!d . 

Introduction: Tbe lov-n KHD It.b ility o f flat turrent, ...... 11 .. peer ratio 

toroid.lequi Libria h •• b .. "n i nvu tiaated "ith s pectral tod .. 11 , 2}. The. .... in 

reault. are cha s ufficiency of Mercia r ' , c rite r ion for intarnallllOdu (at la .. t 

for "l' <1) and the peueD". of IIxt . mal kink. for .11 vdu". of the , afe ty hctor 

q . l1!. , . tuilht circularsynell J.llu.on{J}h ... hown thstcurnnt peakinl 

dilllill.lte.l th" exurnd I<ink , teavinl prl.uar.abty the inumel I<ink end the HfIr-

cier ..,d"s a. the lIO. t dange r ous lIIOdl,. We inveotiglCI numericdly the ..... 

pr ob l elll for I cla .. nf tnrniddequilibria , uaing th l ERATO {4} . pec tral cnde. 

Equilibrium: An equilibril.lll i , characterized by the . hsp" nf t he pI .. "", 'ur-

hce and by thl d.riva tive. nf thl pn .. ure pCt) and nf thl t nr ni dal flUll T( t). 

Thl s urhcI it given by the equldon 

~r': + (rZ_RP Z _ R~o/9 • 

" 4 

where Ra i . a lenlth which corrupond. tn the radiu . of the ""'8Iletic axi. 

when the currlnt i. fl .t , ,n<!. E i , thl dongatinn. It cgrr .. ponds tg an a. -

pect ratio o f 3. Por p'(t) and T'Ct) WI take 

p ' Ct ) Pg (up C- ".l ) - I) 

I'Ct) - RJ(I/8 p-l) p'Ct)/ICt ) 

wh er e \I chaucteriul the width of the current diltribution Ind Bp i, the pn­

lnldal beta. The flu. + i. nOnl.lized .uch that it van i . hn It the l urfacI. Pn 

it a free par_ter. An equilibriUII II compl etel y charectlriled by the alflty 

hctot On ui. Clg , iu va lue on tha . urfacl 'I. " Bp aod E. 

Subility: 11. Itudy the influence of '" r u pecrivel y 'I. " nn the .ubility, kup­

ing the nther parlmeter. E, Bp and Rn cgn. t ant. The equilibriulII for .ach ca •• i a cor 

p ... ted with tblORJIL code a od in t roduced in the ttability Codl. WI only 1001< for the 

n-I .od"" a .. ulllin, thl)' will bl the lalt on .. tobe ttabilind j ult .. in the . tral&ht 

clle. 

E - I, Bp _ 1 : The reul t. for thl . ca ... are . hOlm in Pig •. t. Th. squa re nf the 

g r .... thrate , r 2 nf thelDO.t uns ubl. mod. it pl ntted venu. the .afety f ac tor It 

the aurhce Cl . , fg r two vel ...... gf <10. The nnnaalhing fnClUenC)' "'ri. given by 

"i - 12 ( +0) /R~o' The .gUd lilla. Ira r .. ult. obtained with an infinite .. acuUII 

r e gion s urrnundina th. plaBIIIA. Tha duhed linl!l .n nbteinld with a conducting 

. hell t i ght .glinlt the plaslle . urhce . For q. < 2.5 thellode it ' 1'1 e:ltern.l 

kink. E.ch '"Inetic Bur fece liv ... negative contributign tg the. potelltie l e.ner-

Il' . AI th . peaUnl i ncr e .... the..ode change, it. character, beco.ing ptOlr .. -

. ivlly internal. E:ltrapohtina the .harp drop ill gr""'threte nf the kinJr. (dotted 

line) we can d. fine thl point where it cut. the Cl •• xi. a. th •• t .bil ity limit 

fgr the kink. I t cgrrespondl tn CI. /Clo:t 2.8'1.0' In the Itnight c.1I it i. '1. , /'1.0 • 

2.0 {J}. Por larger value. of q. th.1IIOde atruc tunt depand. on '1. 0 ' Pnr l a rle va-

lu ... of '1.0 the kinl< lim t i , the .ubi l i t y limit. AI '1.0 dun .... tav.rd. 1, the 

.tabili tyU.itIlOV .. up from the kinl< Umit.ndfnr Cln <1 thein.tabiti t y re-

.. ina fnr all q,. ;/hen '1. 0 '1 . nd q, ~ 2.8'1.0 thelllOd .... r e c. ll ed b al looning 

bec.use t hey cgrr .. pond to Clo l .rl. r than Hercier ' , limit (q"itll. The nel.tiv. Cgn-

tributign to the potential eneraY "",inly cOlM. frail th. ugl"" i n. ide the CI-2 . ... r­, 
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face . Fnrq < 1 t he rea id ... el lICJode ia definitely en internel kink with mo.t 

nf the destabiliz i nl contdb ... tinn coming from the regl"" illJlide the ,urhce 

q - 1. It ia interest inl and lurpri . i ng tn nnte th.t peeking de&tebilize. 

the inre rnd modu (dllshlld line.) . Pnt each CUll characterized by a fi.ed velue of 

Cln , thlltebility limit inCl,COtrespondl tg IlIIM<i .... llvelue fgr i. Fnr eKampte , 

for Cln-Lt , theurginel point at q~.2Iives an averale llli.it of i .. x :t 1. U:. 

B-limitatign : Becau .. nf thl c_puting effnrt required (l point-l high reanlution 

e.CluilibriUIII) w. have ~n t yet bu n able tnvl ry continugu.ly the pa rameten Bp I nd E 

but ..... do hive 1 ""," result . whlch . howdefiniu t nnda. Increes ing Bp l eeda to 1 

wider un.tabl. region tnr the b. lloon1ngmod .. and a ahUt tn high",.-q, vC lh .. wl>u l " 

curv. , rh .... puti.lty ofhenlnl rhe expec t ed lain in SUI<' tncreetina the elnna-

a tinn frOlll to 2 do ... nnt ch , nl' t hl' tebility Hmt for thlk ink but dutebilh ... 

the inte rnal mod ... . The ra. ul t. f or i nbuined in thlle runs are ah""'" in Fiaure 2. 

They . hnw thl "",. i lll\llll velue of i which can be r e eched fgr a liven val" e of Cia by opti-

midnl thl currant profile. We u" th.t increll inl the llgng.tinll and tbe poloidat 

beU i ncre .. ", i, but IIOte work I., needed befnre .... can IIc.rtain the dependence nf 

BlJII]l on rh ... paumeten. 

lie thank the steff of the Computln8 Cent e r fnr their help end undera t . nding . Thi . 

wnrk i . ,uppnrted inp.rt by the Swi ll Netional Scienc" Poundation. 
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Numeriui HIID Stab i li t y Calculation. of • D-Sh'ped 
Elongated. Small A.o pect Ratio Tokamak 

D. SerBer, L.C. Bemard , R. CIVbar, F. TlOYOO 

Centre de R"charch .. eo Physique des PIu ..... 
Ecol. Polyu,ehniqll' Fidlnh 

Cb-lOO7 Lalllanne , Sviturlaod 

Ab . trac t , Wa taport hen 011 a nU!!IIIrieal .tudy of the MIlD . tability of. s pecific 

equi libriulII MC in the duian of . variable conUluration Tok ..... k (TCV)ch.-r.c-

cached by Bp' O.S, an donl.tion of 2 , an .. peet ratio o f J . nd vtlicb 

.ppean t o b. ttabh. liP' t o • i of the order of 21:. 

1. lnt .. <>ducdon , On. of "h. _in objecti.v"l of the prc",c:ot Tok __ E"l ion 

progr .. ia t o .hOll th .. pOllib i tity of ioer .. _ina the _d_ IS value . The 

FCT concept HI nU ... on I n iDcnl"" in lip hoping that th l ubility Lillit 

will not chlUll" Ano ther pOllibi lity conlhu in chanlinl th ' ah.pe of th . 

pI..... bdudna the .. p"ct retio and ill~re .. ifl' the eloo.nioo are .eflenl-

l y believed tll ifI~re .. e tha lllUi1lWll 8. 

Z. EguilibriUII : Figure 1 . hOW'I tha u rfac ... of con. tant .... nedc flux in the uppe r 

balf pl .... a of luch a TCY equilibriulI .. ith an .. ""c t retio of) nd an elongation of 

2. The pla .... h . urrouoded by a ractangular It.iter and held by 6 outer and 8 inper' 

pol oidal field coil • . The valu ... b ... idea the co i ll depote tha currapu pOrllali:r.ed 

to the total cur rant in the pi ..... . 111e equilibriulllhal been calculatad by th l DRIlL 

aquilibriUII Codl (3). The two arbitnry functionl pCt) and TCt)- r Btor ue givell by 

pCt ) • Po + Pi t + P1t2 + Plt L+land y-2Ct) - T~i.1II + 8 R~n/8p-l) pCt). 111e pan-

metera Po' PI' P2' P3 ' L .nd Bp are chosen luch that the pru. ura p, it. da­

d va tive .. ith r up.ac t to t, p', .od tha t or oidal currant danli t y j., ue uro 

on thepla ... boundary . The ha lf .. idth of the current profila i.O.S : 

). Axi ' )'DKtt"ic IOOd ... : uling our general purpose apectral eode ERATO D), 

.. a find that the duedbed aquilibriUGI i. IInlub la to n-<l perturbation. when no 

conducting .hall . urround. the pi...... 111e . rowthretu a re typical of extarnal 

kink. , too faat to be held directly by a feadb ack .yst..... noa .. IIIOdu can ba IU-

bili~ed by. conductifl& .. 111. A .ha n .t. conIC.nt distance. of (Rext-l) tilDeI 

tha pi ...... radiu. i.DelVed fr_ .. to Re"t -l. S . noa ar_thrau 'quared h plottad 

in rig. 2 ... lunedon of Rut IDd 'b"" • • at~bili ..... tionof the n-<l lIOde f or 

Ilext • 1.6. Thil .... n. th.t th . ... IIIIOdea c.n i~ prineiple ba . tabilil<;d by a had­

b.ck . y.tem .. hichonly . arv .. tO CDIIIPenaaca tha Dhmic 10 .... of the ... 11. 

4. Low n-1iOd .. : In Fia. 3, t tie .rOW'thraU of thl. .... t "".table n-l IIIDde la 

plott.d varau ' qo ' the lif er,- factor on axil.tor thl clle thare la a .. infillite 

VleuUII rellion ar ound th .. pla.u. An uncl.rtainty relll8ina .. to chI. preeise l oc.-

don of the ulllina! poi .. t du. to ehe Dumber of IInh poinel u .. d CIo8x21o) in tha .. 

cOIIIpueltiOll', hlPCI the . t ability limit eould ba I ti.h tly lower . .u qo decre .... , 

the ma de initia lly l oeaced naar tha axil becom.lmare extl.ndl.d and, fo r mch 1~ 

er qo valuOl, wUl eve .. tua lly beeOllf. an I.xtarnal kiDk. Nelr tha U r lli .. al POlPt., 

ehe IOOde aeUUl to loealhe ita.lf Itound tha q-l . urhce. Tha .tability HlI l t 

for D-l i . eround qo-<l.8S which corrn pond. to • i - 2.)%. The n-2. ... dea , h ....... 

.var, are found not to be unlt.bla in cha ranga qo ~ O. S. For n-) the l .r.e 

nUllber of .iD,uler . urhe .... ithiD the pl .. 1II8 (1) for qo 1; 1) precl"d .. any 

reli.ble conelu.ion. vith our pr .. ent re.olutiofl. 

5. HiF .. ...,d .. : For l a r g. valuu of n, Herde r'a cri t erion providea a pa­

e .... ry .tabitity condi tion .. hich la in our c .. e IOOre . trinlent than t b. I ....... " 

ltabUity require.nt . TIIi, had be ... ob .. rved already for the Solovf.V I.qui-

libri .... vith a rigid boundary {~}, but there 10/11 no re llon to beUev. it WII 

..... ral. Herd_ r' l e ritarlon h loeal and it el .. be te lted It all radii . no l. 

n.ion where it la violled i l .hown in ri •. ~ II I function ot qo ' ror q ~ 1 
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it i . IId, fied everywhe re. ror qo ( 1 the r a il an un.t.ble ragion bl.e .. een 

the centre, .. hi r e q - qo ' and a l urhce chlracteriud by q - q.t. . Since q at 

the . utface i. of the order of 4 dma. qo' .... UI. tha t eh",e IIOCI .. are IIOt 

important. Even a t high n, Herdar' . CriteriOIl h noe .uftietent al the r e 

may bl. ballooning lII0<I11 . No information i •• vail lb l l. on theu "",du , which 

.re u:pected to be illportant only .t higher valulI of 8p ' 

! . Conclus i on.: ror. Bp - O.S and 811 e longatio" of 2 the ,cabitity limit 

for n ~ 0 i, of ordar of qo - 1 , just as in the circular cue. Wieh increll-

in. currePt, the firet liOdu to become unlc.ble Ire l oca li~ed Keretl.r IDOdu 

or hiah 11 b. lloollin. lIIodu lIear the ax i . , .. hera .. 11 - 1 i l .table up CD 

qo • O.&S, corralpondillg t o i - 2.J:t. n.e 11-<1 IOOdu h.ve t o be Itabllhed by 

• feedhaek system eombined .. ith • , he ll. 

Thh .... rk hll p.rtly been supported by chI. s .. i ll N.tional Seie .. ca found'tiofl. 

Il) J . r. Clsrke , O.J . Siglllllr, Phy •. Rev.Lett. 1! (1971) 70 

(2 ) J.D. CIllen, !I..A. Dory, PhYI.fluid. II (1972) 152) 

{J} D. Berger, R. Cruber, r. Troyon, 20d [urop . Con!. 00 C .... p. Phy • . , 

Garchina (1976J. Paper Cl 

(4) D. Ber.et, L.C. gemard, R. Cruber , F. Troyon, Proc . 6th Int. Conf. 

PIal1la rhy •. , IIa r thte.gaden (1976) Paper Bll-4 
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Figure 1. EquilibriWl configuration 
.h""ing the coil • • nd the mall netlc 
. urlacu. TIl. curunt flowin ll in .. eh 
coil , normaH:r.ad to the tot.l currl.nt, 
la shown nUt to thl. eoi1. 
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Fiaure 2. The gr ""thrate of the 
n-o Iiod ... , funtt i o~ ~f Rext ' 
. h .... i .. g the .. all at.blluauo .. 
effect. 
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Figun ). GrOllthrate r of the 
tastut IIrowinll n"l lIIOdl. .. 
funttion of tha ,.hey f .etor 
00 ax i . qo' 

Yisun 6. Hartier ' . cdudon. TIle 
uns~.bla ta.ion, limited by qo and 
ql lS p locud Vl.tau. qo' Tbe pll1-
DB ext.nd, frOll qo to ~qo' 
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LASER THERMONUCLEAR mSTALLATION "DELFDl''' 

N.G . llalloT, O.N.Krokhin, Yu. A.J.l1khailov, 
G. v. Sk1iekoT and S.I. Pedotov 

P. N.Ltlbedev Phyeical Inetitute of Academy of Sciencee 
of the USSR. Lenineky proapeot 53. Moecow, USSR 

An uamination of dU'ferent echell1elJ of LCTR reaultll in 

the neceellity of construotion of laeere 1I'1th pulee energy at 

leallt 10. J and pulee duration or 0. 1-1 0 ne. Moreover, laeere 

mullt comply 1I'1th a number of demande, such as bigh degree or 

radiation contraet 107+- 108 , small divergenoe 10-4 .. 10-3 1,2 

lligh temp.orileyncbronization or optical beams, a great number 

of output belllllll and a poeeibility of pulse ehapi1l8. 

Theee requiramente have been taken into acoount in the 

creation of 12-cha.nnel Nd-gl ase laller installation "DELPm" 

deeoribed. Thie i nstallation is intended for a IIpherical 

heatiD8 of a thermonuclear target and theee inveetigations 

.hould enableu.e to opt1m1 ze the oonditions or the heating and 

to reacb eurriciently high thermonuclear yield. 

The inetallation "DELPm" has been oonatruchd (Pig. l ) 

2 

on the ball ill of auooeellivll-parellal diepoeition or ampl1tiers. 

A general view or the optical ball 1I'1th laller sYlltem, vacuum 

chamber and diagnolJtio arrangtllllent 111 llholfIl in Pig.2. 

A subnanosecond pulses sra fo:nned by Hd-gl ass master-oll­

cillator operstiD8 in the periodic pulse Q-llWitching regime. 

A nanolleoond pullles are genarated by the aingle-mode Rd-glalls 

Q-ewitching 0llc1l1ator and high-lIpeed pulee formation syetem. 

In the inetllllation "DELPm" we have cllOllen the following 

eplitting coetricienta from stage to stage:n=2;2;3;2:3:3(pig4). 

pig. 1 . A block-diagnm of the inatal­

lation "DELPm". 1 - target 

pig. 2. Ceneral view or 

tha optioal hall . 

cbambar; 2,3 - nanosecond and 

eubnanollecond master ollcil-

latora; 4 - etagell LPSA ; 5t7-

IItagell PSA 1 .. 11 and PPSA 1+111; 

8 - beama epli tting arrange­

ments: 9 - etsgell OSA. 

Pig.). General view or 

poweful etagall of 

amplification. 

A g~n~ral view or power1'ul stages ot 8lIlplU'ication ia aho"lWt in 

Fig.J. Each output etage of amplification represents a module 

1I'1th overall dimensions 72 x 96 x 135 cm) containing 18 laser 

heads with active rods 0 45 l11li1. There ara 12 such modules in 

the Whole "DELPnt" providing 216 lase r beams wi th equal energy 

in each beam. The basic lssar parametere of the inatallation 

"DELPIR" are given in Table 1. 

JroeER OP BUIS , 
2 .x, ,.) , .. .. ,. 

4%54. 

LPS.l 

PI!.l-I 
PS!-Il 

Pig.4. Opt i cal lIobeme of beam 

multiplication. 

Prom each or '2 ou tput mo-

dulee OSA 18 beamll con Terge to 

the mu1 ti-priam "mirro 

fo:nnll one big oompolli t 

with aperture 285 IIID. . 

At prellent two-le 

tivee are ueed to focu 

lIite beam. The diamete 

fecal spet ia JOO}llD. 

r" , whioh 

e beam 

DS obJeo-

11 compo-

r '" • 

.the prin-

he:nnonucle-

In agreament with 

oi ple goalll of laeer-t 

ar plal!JDl& diagnoaticll 3.4 th. 

8U1'emilnt ot 

cor onal 

plannad invelltigationa at "DBLPIJi" 1nIIItalla tion are mea 

light energy convereion into the thermal i en energy in 

araa (ne-' 1021 cm-~, a etudy of cemulat10n procelleee in 

cor e ( ne>1022 om-J ), and the inTelltigation of the:nnollU 

tbe target 

ol ear 

burniDg eonditiolUll. 

Table . 1 

ghtnellll, 

2 IIter 

Divlr gence, Bri 
Number of be8lllll Energy,J Stage 

rod '/~ 

LPSA 30 '.5 1016 

PSAI 2 70 -"- "-
PSAIl 4 '.0 -"- "-
}'PSAI 3 '20 -"- "-
}'PSAIl • 320 2.8 1016 

PPSA:III 'B 880 -" -
OSA Jx18 2500 5, 10-4 4' , 0" 
OUTPUT t2 10 000 -"- 3' , 0" 

The pla8llla d i agnostic techniqua at the "DELPINn can b. 

divided into the rollowing grOUpll: 

1. optical diagnolltiell in tha wavelenght raD8e O. J5 +1.06]UDi 

2. IIpectreecepy in tha region of VUV and lIat X-ray 

A:=l+10J t 
3 . energy dilltribution of hard X-ra;Y1l 

4. cOrpllacular d i agnoeticlI . 

o 
:\<1 A; 

At prellent the preliminary IItart or the tirllt part of the 

inetallati en "DELPIN" (J compeeed baama - 54 beams ~ 45 mm) 

have been carried out . The lIummary laller radiation anergy in 3 

cOlllpoaed bell.lD.ll ia .... 650 J, and light pullle duration illl Nll0-911 . 

The pumping energy val ua il ...;. 21 kJ per 1 rod active elemant 

with 111 45 mm and pumped part lenght N 560 mm. The averaged value 

or light divergence ill not more than 10-3 rad. The contrallt 

r a tie ie net leall than 105• 
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S4 DENSE PLASMAS 

KULTlllLOJOULE CO
2 

LASDl HEATING OF POLY'I'IIDlE PWErS initial . pike (Fig.4). 

A.C. V"lker, M.V. McGeoch, T . Sh .... taki., S . V .... d, B.L. Villi" 
... d I.J. Spaldina: 

Euratoa-UKA£.t. Fusion UlIOciation, Culh .. Laboratory. 
Ablngdon , OX l 4 3DB, United );ingdo • • 

~: A ... 1tlkllojo .. le CO
2 

IUer ('TROJA.'P) h .... been used to heat i_I _ 

polyethylene c .. be" at incident InteMiti.,.':: 4 lI: ·1012vc.-2 , in preU.innr y 

as.e ..... nt. tor. l aser plas ..... tellnr.tor. tllllng e:qH!r laent. Me""ur .... ent. 

ot trll. .... lulon thro .. gh the ree .. lting t .. er_pt ...... , Il1Id ot reCrll.cUon and back_ 

reflection, Imllcate onergy lo •• e. Of:=: I, 10 and ~ respectively. TheMe and 

other ....... ure.ent ... U l be dl.c .... ed . 

I . t~'l1IOJlUCnON 

Ohaoic_he.t1ns typlc.lly ,enerate. a pt ..... having an energ), content of 

_ JODJ In CLUI Stel1 ..... tor~t) Thi.a p.per eulline. the etridency "'th which 

. ul tiki l ojoul. CO2 l ... er. _)' be us.d tn c .. eat.. laser_pl .... .a.a , .... an . lter _ 

n.tive _an. of U ll lq CLlD and other toroidal t .. apa~2) EarUer lIO .. ure .. nt. 

of reflection Cr ... plane carbon tarseta(3) h.ve Indlc.ted that b.ck_reflectlon 

can be ... U, .Ince abolo"ption i . a lplticanU)' strollSe .. than t hat .n .. lootable 

to inve .. lh_br_trehlW\l: uone!" , :5) the pre.ent IIOrk ertend6 such Obaervatlona 

b)' InveaUs"U n, t .. enaal .. lon ... d ... traction Inllllea wh"n tinite tarKets are 

Irradiated . It ,. hoped to u.a~ free _tu ling C>")'OKenic de .. terl .. hrseta(6) Cor 

t h l a cooperati .. £ ...... to. procr_ , but for thue prel1. inar)' .... ee ..... nte the 

t .... K.ta lie ... (.\Il!Ipended) polythene cubQ . 

2 . OOfRDIE1fT.u. 'tECHNIQUE 

Th. exper l .. mtal arrana._nt I. I l lustr ated in Fi, . I . The e l ectrical 

charact ... latica of the . l ectron beaa p r . l onir.ed 1 11.8101' ( ' mOJAN ' ) heve been 

de. crlb.d prevloua ly ~ i5) For the pre ... nt oxper i lH!nta the ayat ...... _ flLlod 

.. Ith gas . t one .tand .... d .t.o.phere, with a He:N2 :co2 ratio of 0: 1: 2; it" 

active vo l "",e w"'" _ 180 Cm lI: 20 e. x 2.i5 COl . An .. nst abl e conCoc. l optical 

re"o nator Il.ving • IIIIlgniti catlon of 2.8 .... U8ed to " n"u.:.e l o .. _order tranli vor .. e 

IIOde , g"'n ..... nchad, outp ut pulaea . Tbo I nitiel sp i ke typically had. poak 

po ... r ot ~ 30 GV and elthlbtted .ode beaUn,; ite envelope had a duretlon of 

:5O .M (nllM) and a tell lutin, ..... 2 11A . The ene r gy contal nod i n tllis t . U 

coul d be convententt)' controlled by . dju.aUnC t be dura tion of the eloctron_ 

~ pul.e ; Fig.2 l11uatr.t •• t)'pica! pul •• s hape. generated tor the pr esent 

" "P0d_ nt •• The inclden~ po_r ana .nergy ".1''' .oni t..or .. d by the photon_dreS 

(pt) and large ...... pyro.lectrlc (&1) detectore Uh18tre ted in Fig. l; ala..!_ 

tarl), P2 and £2 _ ....... ed the po_r .nd enera back_ .. e! locted f r o. t he t .... get. 

The ett.cU .... (11 lI: 20 c.2 ) er .... · •• etion ot tb. l aeer beaa ...... foc\ll!led by • 

4.lIa foca! lencth IIpberlcal mlrror Oil to the t .... 'et; the focal epot alze, 

dtltor.lned by. VaUne technlque~1) ...... 1:50 11.11. (nnrM). n e pol)"then. tar,. t . 

Wflre h .... d c .. t froll .heet , · ... d . t uck vi th • Ilin t_ of epolCy re.ln to 10 ~m 

dl .... ter Si ... Cibre. aupport.d .n a .icr oaanlp .. l etor .. ithin t h .. t .... ' et chaaber 

at • vecu .... p r .a.ure ot 10- 4_ 10-:5 torr . 

3 . F.XPDUMI'm"J.L RmULTS 

Enere b.lanc ..... ur •• ent. h.ve been .. de in which 0.6 _ 1 . :5 kJ I ... er 

p .. lse .. , of· dur"tion :50 na to 2 I-'a reepectival)' (et FiS.2) , h.ve been focUlied 

central l y on to hoth 1 .. and i l1li poly t hen. cube.. 1'holle hav. ,Ivon rapr o_ 

d .. ci ble r,.. ul t •• ho .. lng , f o r a ll c ..... " , h l , h coupli llg of t he 111810 .. lO ne r ,), I n to 

t he p .. llet p i u ... . 

Det.ctor E2, .aapli n&: lJgh t direct.d ba ck t hroush the focus!ns optics "'th 

an ettecU". .pertur. ot t/11, indleat.d ~:5IJ' direct ener,y' refl .ction . A 

con. calorl.te .. , E3, plae.d b.hind the t arget and _ t ched i n .il<e to the beall 

di .... t .. r ,ave • re. ponee typical l y < "" ot thet recorded vith no pelle t I n 

poalUon . Such a dedce . hOWflver,.conelderahlr und"r e"t i_tflo tbe _1"'1 ...... 1 .. 

01 high e nere (un.ttenuat.d) pul "ea, bec . .... of pIas ... fo ...... t!"on .t H . 

entrance eperture. To !n'le.tl,ate further, calibrated film ..... placed hehind 

tb. pelle t to live •• patial .... ure of the enera de .... ity of both trana.ltt.d 

~ .. efr.cted CO
2 

I ... er radl.tion . (Tbe calibration ..... obteined by directing 

vario .... known Inte neHlea .t 10 1-'. radl . tion On to the fila, in ..... cu ... , and 

obaerdns the eolo ...... t the re.ultlnS burn . ) Fig . 3 il l \ll!ltr.tell t)'pJcal 

. nera deMit)' contour., derived in tbis va)" for CO2 .. adiatlon tr ...... ltt.d and 

retr .cted through the 1'1_. It indlcatell that the direct transa..! .... lon la 

< 1" of the Incld.n t .neru, but that refraction, confined to 11. con. of (full) 

anale oS GO" , contr lbut •• tbe _jo .. ener &:)' lo.e, .ot oS I O!II. FIl. placed .t 

oth.r poalUo ..... Uhin the tar,,,t ch""er ,ave no detec tebl. r."ponse exc.pt 

""en ciolle to the l .. er be ... direction , Indicatin, that additional ~_ 

"utterOd l1",ht not reachlns tll. toc ... i", opU cs ...... unted to no ... re than 

I" of t he i nddent energy . 

Detect or P2 , "nllplln, the r.f1ect .d i n tensity , s ho_d enhanced baCk_ 

r eflecUon of the Ions 1-'. taU !It t he pulea , relaUve t o the inte"'" ( :50 M) 

4 . ~ 

Th •• e enersy batanc .......... eM'nta d ........ tr.t. that .... 11, ... ballll_t .... 

(Cf2)n tar",et. can be ettldenti), heated .... illS (relath.ly .10") kJlojoule CO
2 

I ... r pul.e". He .. ureM'nta of total ch-.rS., usillS Ion prob •• , etc., are I n 

hand t o .. tabU.h ""etber pr e_pulllea ot the typ. dl.c ..... d in _ lOOJ Nd llI.8er 

heating expe .. i .... nt.a(6,S)will be nece •• -.r), to eneure lull Ionization In t he 

pre.ent higher enerc, .icrosecond d ..... Uon e"Pert_nU. (.t. lI i,hly . Implified 

aodlll "us,ellt. th.t tbl" practicd co .. pllcation lIIIy be .vOlded!:5) or per haps 

reatrlcted to the use or onI r a 10 .6 101" prepul ... !9» 
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EXPERIMENTS ON NEODYMIUM LASER PULSE INTERACTiON 

WITH SLAB TARGETS IN THE PICOSECONO REGIME 

J.A. Zimmermann, J.E. Balmer, T.P. Donaldson , P . W:igli 

Institute of Applied Physics, University of Berne, 

CH-J012-Bern~/Switzerland 

~ Experiments are described on the interaction with 

solid targets of a short neodymium laser pulse at intensltles 

up to 10
15 

watts cm-
2

. The dependence of reflectivity and elec­

tron temperature on laser intensity was determined and the ef­

fects of pre-pulses and self-focused filaments were investiga­

ted. 

Introduction Of considerable relevance to laser fusion are 

scaling l aws for electron temperature and plasma reflectivity. 

Scaling of coronal electron temperature with inCident laser 

intensity in the long pulse (nanosecond) regime has been fair­

ly well established by several groups USing neodymium in-glass 

lasers (1,2). However, in the short pulse (picosecond) regime 

not many results on electron temperature scaling have been 

published, and plasma reflectivity results are not fully in 

agreement (3,4 , 5). Scaling laws for short pulses are reported 

here and the influence of prepulses frqm the laser has been 

investigated . 

Experiment and DiagnostiCS La ser pulses of 35 psec duration 

were generated by a neodl"mium:YAG mode locking oscillator. A sin­

gle 'transverse mode pulse was selected and amp~ified by a Nd: glass 

Chain which included a discrimination amplifier (6) to ensure 

that any ncise or prepulse intensity was less than 10-6 of the 

main pulse intensity. Thus woll ~characterised" laser pulses 

were focused onto slab targets located in vacuo. An f/3. 75 a­

spheric lens produced a focal spot of"'80 Ilrn diruneter and an 

intensity of 1015 watts cm- 2 . Simultaneous measurements of x-
ray emission were made with two identical pairs of scintilla-

tor foil detectors using 12.5 llrn and 25 urn Be foil absorbers. 

Temperatures were derived from signal ratios of each detector 

pair, and from absolute intensity values . These were compared 

for consistancy (1) . Electron temperature (Te) was derived 

from signal ratio (R>l) usin<f °·(7)i 

~~~~~~~ Te - 0.50(Ea-EA) (1 + oh + 0.073 J.n R(EA+Ea )/(EA-Ea )/1n R 

valid for 1 < (EA/Te and EB/Te) < 10 and a foil with no edge 

in the transmission band, EA and Ea are cut-off energies of 

the thin and thick foils respectively . The electron tempera­

turea of plasmas generated from transparent perspex and opaque 

c a rbon targets were measured and compared . Examination of the 

transparent targets after the interaction revealed the presence 

of self- focusing filaments which were non linear.ly refracted· as 

they entered the perspex. The effect of laser intenSity on the 

angle of refraction of the fillUllSnts was measured, see figure 1 . 
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FIGURE 1 

To determine if self - focusing of the laser beam was initiated 

before a stable critical surface was formed, a perspex target 

was coated with a thin gold layer « 500 R) ,preventing the in­

itial part of the l a ser pulse from reaching the perspex; thus 

the critical surfa·ce was established before the main part of 

the pulse "burnt through" the gold to the perspex. No fila­

ments were observed, implying that self-focusin9 began in the 

early stages of the laser pulse before a stable critica l sur­

face ·was established. It was estimated that up to 5 , of the 

laser radiation energy was lost in these filaments. Laser ra­

diation backreflected into the solid angle (0.35 sterad) sub­

tended by the focusing lens was measured. Figure 2 shows the 

dependence" of plaama r e fl e ctivity a nd ele ctron tempera ture on 

the peak incident laser intensity (I). To observe the effect 

of prepulses on plasma parameters , a controlled prepulse of 

3)[10- 2 1 was intrOduced ... 1 nsec before the main l .aser pulse. 

1.0.------------, 1000,.-:--------, 
• Exp. points 

z. ., ., 
u 
.!! 

.Exp. points • II..-!_ 
(perspex) .: .... !. ........ 

. -~ 
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, ......... 
.! ........... 
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&! 1012 1013 
0.1 L.:::C_~~~~u:L--:!2 

Incident intenSity Wcm-

FIGORE 2 

eV (perspex) _-----­
~ ........ ;;eC\\o\"\ 

..~ ...... cof' 

Discussion Electron temperature measurements for the range 

1012 - 1014 watts cm- 2 lie between theoretical predictions 

based on two limiting plasma energy losses' conduction (8) and 

con":;'ection (9) . The point (P) where these losses should balance 

was calculated (see figure 2). The meas\:red electron tempera­

ture scaling; Te n 1°· 44 ± 0.05 agrees with the theoretical 

acaling of 0.44 (8 , 9,10). On the basis of these results the 

electron thermal conductivity is thought to be close to clas­

sical for I ( 1014 watts cm-2 , and the measured temperature 

scaling of plasma reflectivity conforms to classical absorpti­

on predictions, assuming a density scale length'" 2 )Jrn. Abso­

lute reflectivity values of up to 70' correspond more closely 

to the results of (4) and (5) rather than those of (3) . Note 

the contrast with the results in (U) where · long pulse (50 

nsec) cO2 lasers were used and backscattered reflectivity was 

.... 3-U. The high short pulse reflectivity can be explained 

by the characteristically short density scale l e ngths in the 

plasma. When the pre-pulse wa s introduced the density scale 

length had time to grow before the main laser pulse arrived, 

and the reflectivity. was seen to fall dramatica l ly from 70' 

to 40\, while the electron temperature increased correspon­

dingly . Filaments were not seen in this case because the so­

lid perspex w ...... hiel.ded by the critical "urface. It is con­

Cluded from these results that laser prepulses significantl y 

affect the absorption of laser energy and therefore it is 

very important to characterise the exact temporal evolution 

of the laser radiation impinging on the target for the inter­

pretation of absorption measurements. Further wcrk is in pro­

gress to extend the range of these measurements. 
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DIRECT MEASUREMENT OF A FLUX LIMIT IN A LASER HEATEO PLASMA 

D,R" Gray and J . D. Kilkenny 

Blackett Laboratory. Imperial College , London SW7 28t 

A holllOgeneOUII plasma of density 6. 1016 CIII- l 11 

heated by a 21'1. CO2 laser pulse. The heat f lux 111 directly 

mea.ured by ruby lase r scattering and is limited to:" ot the 

tree .teaming limit. The maximum Ta/T1 18 6 and heat flux 

driven 101'1 acoustic turbulence i& aeen. 

We report an exper1lr1ent ",hare a hOllloqenao""undardenee 

plasma of density 6.1016 
CJ11-

3 ls heated by a 21'18 C0
2
laa.r 

pulse of peak intensity 3.1011 WCIII- 2 Class ical theI1ll&l 

conduction is not expected . Space and time resolved e l ectr on 

temperature (Ta l and denaity (nel are m.allured by ruby l aBer 

Ilcattering . These re.ults are compared with numerical silllu-

lations by varyinq the thermal conductivity and absorption. 

The plasma used is a weak hydroqen z pinch. The i~i tial 

ne a nd Te are 6.1016 cm- l and 4 eV respectively . A 400 KW 

CO2 l aeer pulse is focuseed into the centre o f the plasma by a 

11 ern doublet. 

be J50 ± SO JlIII. 

The diameter of the foeal apot is measured to 

Bot.h t.he CO2 laaer and the diaqnoatie ruby 

laeer are ineident. radially on the pineh eolumn, the radii being 

eepsrat.ed by 450 • The ruby pulse is mueh longer than the CO
2 

pulse and syehronisat.ion is aehieved wit.h subnanoaeeond jitter by 

eleet.ro-opt.ically awiteh.ing both lasera frolll a common apark gap. 

On the length and time Be",le of t.he heat.ing experiment t.he 

plaama is eBsent.ially hon::ogeneous , conatant. and uNllllgnetised. 

Thus t.here is cylindrieal symmetry about the CO2 l aser beam. 

The scattered light. is resolved by a gril Ung spee trometer . 

Time reeolut.ion ia aehieved by a 1 . 2 ne rieet.1rne photomult.iplier. 

Reprodueibility ia gcod. enough to plot. apect.ra on a ehot. t.o shot. 

baah. The apatial Iresolut.ion is 20011111 and results are taken 

with various displacements (a) from the centre of the CO2 beam. 

The scat.t.ering vector is usually parallel to !Te' i. e. radially 

outwards from the CO2 laser beam. Oata is t.aken for a-o, 

a_ 400 11111 , 6_ 100 ~III and a_ 1200 \1111 . The eleet.ron feat.ure is 

uaed to delrive value. for ne and Te frolD Salpeter curvea. 

A one dimenaional two flUid simul at.ion ia uaed. to eompare 

with the experiment. The ponderornotive fOlrce and the eat.uration 

of inverse bremastrahlung abeorption are ineluding aince vr -

As in previous work (1) the multiple. 

v(absorption) and s (therm.al conductivity) (2) a r e variftd to fit. 

the experi ment.al resulta. Thua a_l, _1 is the purely elassical 

a ituatio n. Alternatively, the experimental re suite can be com-

pared with a s imulation ueing an artificial limit (f) to the heat 

flux (q), so that q eannot exceed f (nc/4) 2 kTe • 

Por previous low power results (1) the beet fit was achieved 

with a-o.4 , _1. However, theae reaulta ean also be i nterpreted 

Some of the prlllsent results are shown 

in Pig. 1. The dlllnsity chanqea very little . Theae resul t s 

oan be fitted by varyinq sand w. Th. fit is poor but ia best 

fOIr a-O. l ,_1. A better fit ia obtained by varyin9 f and . as 

ahown in Piq. I, the beat fit ie with f_0.04:i:0.02 , _1:1:0 .2 

By fittinq the experimental dat.a for several different 

diaplacements both the absorption and the conduetion have been 

measured . It is interestinq that we can interpl:et both 

experiments with a similar flux limit. 

The values of ne and Te deduced from the measured electron 

featu r e define. a thermal level . for seatterinq in the ion 

feature (Sith)' The observed ion feature (Sio) is enhanced to 

,.10 . Sith at the peak of the CO2 laser pulee ae ehown in 

Piq. 1. This is interpreted a. ion acoustic turbulence driven 

by the conduction return current alon9" !Te ' This was not 

observed in the low pow .. r eXperi.lllflnt presUJl.ably b8eaus. there the 

10n9" t1mescale (7Ona) allowed equilibration of Ti and Te' In 

contrast for the pfesent experiMent Ti is constant to 10' durinq 

the electron heatinq. Thus we expected Te/Ti to be as larqe as 

6 , a nd ion acoustic waves to be driven by the return current. 

Althouqh, t.he ion acoustic turbulence could be inhibltinq 

the thermal conduetion for the hiqh power expel' u.ent, this coul d 

not explain the flux lilllit seen in the low power experiment . A 

IIIOre consistent explanation miqht be that the deqree ot turbulenee 

is insufficient to qreatly inhibit conduction and that the flux 

limit o f "'"5' is due to collisional effects. It ehould be noted 

that Spitzer's (2) perturbation tl:eatment of tranaport coefficiente 

becomes inv",lid when q ~ 0.1 (.;: ) 2kTe . Under theee conditions 

the total distl"ibution functi on becomes neqative in the reqion 

of velocity space where the net he at f lux occurs (1.5vth ~ vc lv
th

). 

AcknOWledgement Thanks a l:e due to M.S.White for help in the 

earl y staqes ot this work,A.W.R . E. for the use of their CO2 

laser, and the S .R.C. for aupportinq this wOrk. 
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fit the experill'lental 

results. 

0.02 0.05 0 .1 0.2 (N.B.-l oq scale) 
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SELr-SIMI LAR DtFLAGRATIOH IN LASER HALF·SPACE PLASKAS 

J.R. 5an.art!n and A. Barrero 

E.T.$.Inallnieros Aeron.!iuticos 

lli!.!:!.£l: Th •• lIlf·lhI11& .. motio n of a half-Ipaca plUIII!! , ,'n-

& .. atad by a linlar pul •• of lase!' radiation absorbed an o"alous-

ly at the critical d e nsity, has bun studied . Th e r,,s ... lt101 

pla sma Itrueturfl haa be e n eOlllp!ately determinad for [pull. du­

ration w {critical denaity)2' .. "xi .. .,m l .... "dliOtlonj l~rl!" "non!lI. 

In laae .. fUlion -.;,h •• IIII , lase .. rlldiatioD i. abs orbed in .. 

pI •••• et electron densitie s l es s than , Or around, the critical 

density nc' If t;n c /o o«l . no being the initial den s ity , absorp­

tion occurs in • hot and rarefied corone . ablated by the leser 

[1]. Entropy (which la ,,,n"rated ther.) .hou ld b. k.pt 10 .. in -

,id. the dan •• pla •• a , .. hare .ass and .n"rgy should ennverae .f-

tiehntly; in addition tha energy eoronal outflo .. should be .11'1-

i.iz.d. Thus , hydrodyn •• ic" play. an " ... ential p.rt in .. icrofu-

.ion . 

If. hOlve atudiad tha self - si.ilar mo t ion of a plaama undar 

irradiiltion of a lu"r puls" 11n".r in th e [2), [3) . Th . plU-

m •• t t-O i ••• aumed to occupy th" half - apace )1>0, .. ith uniform 

d"n.ity no and n.gligible t"mp e rature ; the pul .. irradietion 

0< t~r 0' 
ia •• "ulI"d .b,orbed .t the plane .. h"re th" "leetron deneity I'l l 

.qu.l. nc ' Th •• n.lyail allo .. s for el ectro n tharlllll conduetivi ­

ty .nd dlff.rent t.ulp"r.tures, T" and T, (an .lectron flux li,,­

iter, vi"eo.iti •• , .nd 101'1 h".t conduetion could bl .1.0 in -

cludad in th ••• If - . i.il.r .. olution) ; " " con"ider· n.ither nuele-

.1' fu.ion , nor r.di.tion pr.".ure .nd elli •• ion . 

.1'101. th.n 

k is Bnltz ... nn'. con a tant .nd "i th" ion ••••. 

A."u"ing a.»E - ~/3 (th.t is. 0c:;OCn
c

/n
o

) lf /3»t] "e f ind tbat 

the fln" pr esents thr •• m.in rea10na. An isa nt ropic compresaiQn 

to the right. b.ginnina et • ahock bou n ding the undisturb .d 

p l uma at tf' and ending at nt f • 1Ih..r. 

E;fz . 53El/60 1/3 n z .82 

A lIuch large r !centropic oKpon~ion to th. l.ft . 1yinS between 

n t f .1'101. tv :- 2.19E - 1/2(f' .0 thet in this ragion . nt
f 

i .. indio ­

tinlu,.habl" froll zero. A d.flalr.tion 1.yar (vh"r. ab,orption 

occur. , conduction i. i " portant, and 8
a
,.8,) •• par.ting the i,,,n ­

tropic ralions; it s " idth is of th" ord.r of t-5/20-3/2(;f ' 

th.t d"fl.gr.tion and i ""n tropic .xp.n.ion ".rg. into e.ch ot h"r 

wh.n 0:0(t - ~/3) , vhil" the r.l.tiv •• iz. of the d.f l.l raJlon and 

the isentropic co.pr" .. s ion d"pand, On the v.lu. of t- 5/2(1-3/2 

Detai1ad rasults aI''' giv.n in the figura. 

REfERENCES 

[1] J. Nuckolls , L, 110001. , A. Thi ••• • n snd G. Zillllll.rlll.n , N.tur. 

ill, 139 ( 1 972). 

[2] S.t. An isimov , Zh . Eksp. Tlor. Fiz. Pis ' m. Rad. g. 41~ 
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(a) 3 ., 2 
z( ~ 

11 ••• k. tll •• n •• tz (v.rified in the .01ution) that tll. 2 

pla.lla ia both qu •• in.utr.l and COllision - do ll in.t.d. Fro . n. ," ni;;;n 

" " than ,.t .qu.l {on ."d .l.ctron velocities . v."vi;;;v. For the 

. 1.ctron tll.r •• l conductivity .nd the ion-a1.ctron r.l.".tion 

tilll' 'I .... y u •• the cl.a.ic.l ralulta [~J 

"hiI''' thl Coulomb log .rithms in Ke an d r e i . 1'" .ssum.d to r.".in 

c:on.t.nt. 

Oefinio, appropriate dimensionl".5 v. r iablas 

,_ .. /V1(t/1)4/3. U(t) ~ 3v/4 .. (t/T)1/3 

n(O-n/n o ' 8j_Tj/To(t/ t)2I3 O=9kTo ''' · t,,2 
(2' 

the .quation. of continuity for "ith.,r s pecia s , IIO."otUIII fo r th. 

ion-Illctron tluid , .nd .ntropy for each speci.s , ra.d 

... ith bound.ry condition 

e . z 8 i
ou oii-t -o 

ii - u-l;v' O 
" , 

... h.re ty i. the position of tha pl asma- vacuum bound a ry .nd ~ c 

la liven bY 

ii ( tc ):iic:;;;E 

In Eql. (3) va h.va chos .n " and To to .adsfy 

.2 

o 

- .2 

., 

~----~--~--~o 
1-1.5 , 
: 
: , , , , 

-1 -.s 
7('" 

yC" 2 

.as .9 

.2L._-=--2fL----

ye 

95 , 

., 
L _____________ -'·2 

a) t . "otropic .... p.n.ion .nd compr.a.ion r .giona. b) Da f­

lalretion l ayer ; .,-t/t f ' yz4u/3tf ' Zj 'BOej/3~~ , \l z ii/4 
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58 DENSE PLASMAS 

COMPUTATIONAL STUDY OF' SOME RADIATION AND NUCLEAR PROCESSES 

IN LASER-PRODUCED PLASMAS 

L. Orak.&. R. Dr.si~. ,J .lI:repe~k" 

Ab. traa tl R.sult. of two co~put.tion. l atudie. in the (i.ld 

of l •• or-produood pl •• mas ara pr.e.ntad: (1) Abaorption and 

refleotion of Gelid s pherical targete irradiated by l •• er 

light . (2) Elec tron acreaoing r ac tore for nuclear reaotion. 

( 1) Correct treatment of tbe abeorption and reflection 

of l •• er light l.ade to the solving the conei.tent .y.t.~ of 

off neighbourhoud vhe r e tb. geometrical approximation r.il. 

/l/.In preeent work,tbe problem analogou s to tbat tre. ted in 

/2/ i . d •• lt vitb,but for ... pherical ay.teG and with tb. flu~ 

limited ion tbermal oonductivity. _ Tb. absorption meohaniama 

teken into aocount are hoth oolliaional inverae bremaatrahlung 

and coilective effecte,the latter through the e ffective col_ 

i ision frequenoy ))ef.Oenerally,the collision frequency is de­

tined ee 'Ye! :: 1J)II.l[ (V ~ ,V: ) , where y: is the ueual 

value ot the collie ion frequenoy corresponding to the inverae 

bremsetrehlWlg mechanillm and V: = )) e f or 0 ,eccording to 

/2/. _ To cbeck the role of the collective effeots,the calcu_ 

lations have been done for the cases without and witb the ano­

maloua abeorption reepectively. The reflectanoe / V-r!2;/V/ 2Ro(·t), 

the laaer pulee and prepulae ( daabed line) versue time for 

both caeee are plotted in Figure 1. _ To demonetrate eome poe_ 

5ibilities to optimaii~e the laser puiae for given eize of tbe 

target and lase r enersy,sev.eral ehapea of tbe laser puIs" bave 

been Choeen.Two examplea ere given in Fi~r" 2.The abaorbed 

ener&")' Ea and compreseion ratio f _x/ f' 0 evaluated for 

these ca !le. were aa follow: (a) 85 .,. , 242 I (b) 9J • .5 " , 4200. 

- All details concerning this etudy are gIven in / ) / .The results 

of th. atudy will be used in a more general oode for tbe eimu-

lation ofradiatioR proce.aes in laeer- generated plasmas /4/. 

(2) Calculationa oC ratee oC thermonuclear reactiona in 

laser-generated plaamas (and in inertial eyatem. generally) 

have been based on tbe a.eumption that the COUlomb interaction 

with all the other nuclei and electrons can be neglected. It ie 

tb. aim of preaent paper to cbaok tbie aseumption resarding 

advanced and .pecia1 inertial systells. _ The o..loulation of 

ecreening effecte for nuclear reaction oC charged particles 

immer.ed in a den.e plae .. requirea the evaluaticn oC tbe 

e l ectron acreening factor C .(o-v). / <a-v>o • where <0- v)s 

and (Vv)o are reaction rate. pe r partiole f or screened and 

unscreened aystell respectively. /S/. - Cenaral .. thodoio&"), de_ 

veloped for astrophysical applioetion. /6/,/7/ have been u!led 

to solve the problem. Illustrative r e eulte of caiculatione for 

aome binary eyatelle being of intere.t in CTR are preaented in 

Table 1. Severel epeculative,more compiicated eyste ms bave 

bean alao examinated.typical res~1ta are given in the Table 2. 

• ~l detai1a of the calc~latione are explained and ~ore 8ene­

reI .apecta of the prob1e~ ( two_temperature aysteme e tc. )are 

' atud1ed in /8/ . 
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TABLE 1. SCREENING FACTORS 

SYSTEM Ni/clI·)/ 
1.000 

DD/TO 1.0 ',0 -" 1. 0)4 
LO _'1 1..510 
LO -" ~:~j: '" -'. 

Li60 ',0 LO -,' 1.624 
LO _'1 ,. )90 
LO -" 7.212 
L O -,. 8.524 

B11R ,,0 '.0 -,' 2.4)9 
'.0 _'1 4.686 
LO -" ).270 
LO -,. 2.154 

ti .... D.ehed line repre-

eents laser p~l.e.- Curve 
., Inverse bremeetrablung 

only. Curve b: Ano .... lou. 

..ffecte inoluded •• Target: 

CO
2

, 120 pm.L&aerINd,)6 J. 

FIG. ,. 
Impinged and refleoted 

(daehed lin.) pulees i l l u. 

etrating tbe optima1i~a-

tion of the abeorption 

proce.e: (a)Cau.aian pulse 

(t'L .. l na, r P = 0 I. 
(b)Triangl. pulae ( T"L = 
40.5 p. "[p .. )OOpa). 

The vertical dashed line 

repreeenta the time when 

the maximum cOllpraaaion 

occurs. • Tar8.t , CO, 
120 pm. Laeer: Nd . )6 J . 

OF BINARY SYSTEMS 

T/rr./ 

_7 1 . 000 _s LOOO -. 
1.002 1.000 
1.002 1 . 000 
1.016 1.000 -, 1.07) 1.001 

1.01) 1.001 
1. 042 1.002 
1.189 1.004 -, 1 • .564 1.014 

1.0)9 1.002 
1.160 1.005 -, 1. )84 1.012 -, 2. )48 1 .041 

TABLE 2. SCREENING FACTORS OF COHPOUND SYSTEMS 

SYSTEM 

1'O.B118 

"I'D."e 
TIO.4 
010 . 4 
F.10 . 2 

B11H.U 
BU:O.4 
H:0.4 
U:0.2 

Ret"erence.: 

(z) 

'.0 

1).2 

20.8 

N"i/om-)/ 

LO -" LO _'1 
L O -" LO -'. LO -,' 
LO -" L O -" LO -,. 
LO -" LO _'1 
,,0 -" LO -,. 

T of 
1. 000 _7 1.000 _s 1 .000 .9 

1.272 LOOS 1.000 
1. 747 1.018 1.001 
2 . 204 1.062 1.002 
6 . ,05 1.249 1.006 

5.)55 1.198 1.012 
,.99

" 
., 1.579 1.0)7 

).0].5 -, 2.108 1. 069 - 5. )55 1.196 

5.068 1.216 1.016 
) . 452 -, 1.692 1.0.51 - 2.081 1.078 - 5.068 1. 225 
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(Wlder prepara 

/5/ CLAYTON O. D. 
syntheeie,McG 
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DENSE PLASM AS 

TIlE REXIHPLO IOO'EJt1HENT: HIGH FllEQ!lENCY 

PULSED COKPRESSION OF PIlE-IONIZED DEUTERIUM GAS 

E. Panarella 

National Re ... rch Collllc ll, OnaWII , Canada, IUA OR6 

~, REnMPID 11 .. nev 1'1 .... compreulon ,uper1aent ellaracU!.rh"d by 

high-trequell':)' expl"alva a nd t.-plo_lye dilehar&e& ~t rll!lpectiV<llly preben 

and Co""I" •• d .. ucer! .... sa. In cylindrical se.,..,,,...,.. n.. .. in { •• tur •• (If 

ch .. d ... lgn of the u;pedlllllnt IS .. ell •• the technololi"al innovation. "Ul 

ba d .. cdbed and inle!.! r " "lu "UI ba ahOW1\. 

REXIMPLO h an ac ron)'ll tor tha npf-titive.-explodon-l .... 1oa1oo e"Per­

t_ne of eh lfatlo".1 Re ••• rc:h CouliCll of Canad.. BaBi­

cally . the experiment d ... at h"ting deut"Ti"" sa. in .. cyUndrical " .. ,et 

by .11. .. 11. of 11. r ap id 1="" •• 1011 of coorpre .. lon .. avea •• eh pr''',aclacl by a .. 

1onidl18 axpanalon ".ve that drive. the sa. """.rda the ".U of the "" .. ,,1 

thWl cr •• tlng .. a tronl de"alr;y sudlent tovarda the cenn. nf tll. v ...... l. 

Th. id ... liud pll .... of tll. proe ... are ._rbed 1" Ft,. L At U .. t-o 

• lin ... r dl8ch.r, ... lonl th. &:1:110 of th .. V .. B8 .. 1 h tril, .. r.d vh tvo el .. c-

trod .. plu""d into th" unt ... of the end .. indow". Th" linear dhchar,e 

,en .. rat" .. " diver,in, ... ve which. Bt th .. time it reach •• the .. all of the 

ven.l (t-tl) . pr odue .... dhtribuUon of , .. denRity decr" .. !n, frolD the 

.. all t o the centr .. o f th. v ..... L At thh p.rticular ti ... th .. fiue con-

v. r,in, . hock ... ve h launched by .... 0. of • th .. UI-pinch diachu,e. Th .. 

iIIplodin, wave t r.ve l . nOW in • decr ... d", deoBity .. di .... . baoc ... it 

."" .. ler.te. and • • t "ollap •• tLM t-t) • • large the .... l en"rlY 11 obt.ioed 

fro. the coov .. r .ion of th .. Un.tic .ner,y of the order ed p. IIOtion. 

~dl.tely after thh cycle I .ecoud 11n .... r dl. cbar, .. 18 fired. Th .. . hock 

".v. """v •• outward I nd rad1.tribut .. a th .. ga .. dl!lIa icy .ccordinl to tha 

fi,ur. (t-t~). At t-tS . when the dlvlr,1111 "'''ve h"" ..... chad ch ..... 11 of thl! 

vend, the d .. n&1cy dhtr1butlon . ppu ...... at t-tl. A nCllnd Il11p lodlnil 

.hock wove 110 now launch.d and th ... ntlre "uc"e8010n of . vent ••• prevlou.ly 

d ... crlb .. d 1. repe.ted . Thh ,d'Ul!H pro",1Ie . that the t .... pet.ture of • ga, 

".n h incr .... "d by periodic.l en .. r gy d~io,. The e." .. rt.ental . pp.ntu" 

deallP' .. d to . chi .. ve thh r ..... lt 18 d .. cr1bed in U,. 2. JaBieally. it 1 • 

.. de up of th ...... paru, ch ... xplo.ion . nd impl0.1on c ircuit • • the d1lchar ,e 

cODtr o l tmit ""d the flow vh .... UuUon .y.tea. The e."lo&1on .nd i"'l'lo-

.ioo cir cu.i t . lOre iD .11 r".pect the ..... A 24 \II' cood .. n •• r b.nk (Hain 

B.nk) la ch.riled t o 10 1;'1. A ... ch _ ..... Uer c .... den.er b.nk (Secondary ""nI<. 
2 \I') r .. c .. ives pe1'1O<1icl1ly • charl" f r oll th .. Maill B.nlr. through . 5 fH 

induc~nce .. nd la dietMI'f; .. d into •• 1ngle turn coil ( in the {lIpl0.ion 

cir"uic) or into th .. line.r .xI.l circuit (io the cu .. of ' ''Plo. ion). Th .. 

U .... vhualizatioll .y.te. 110 .. de up of • Mach-Zehnder inte rfero_t.r • • 

Md'II ••• la.er ""d an t..a,e convert.r ca ... r . op .. r . tlng in the . tr ealr. !lOde. 

Tha d i .cbarge cOlltrol unit h •• the purpo ... or triggering .It ....... t.ly ""Plo-

.1on •• nd 1cplu. ionR. To thb end. two photo .... lt1pUer •• te coupl.d by 

fibar optic.! light luidea to . n iot" rfarog .... of tha dlacharle. A diffar· 

"otlatiog circ~1t (Logic) coupled to the phot...ult1pU .. 1'I produc .... I troog 

.1"",,1 only .t th .. ti_ of du.ct10n of p .... ege of • ah<>clr. ... v .... hich. on 

tILe int.rhrogr ....... pp .. ar •• , • rapid . h1ft o f the frioge,. H .. nc .. , by 

po.lt1onlng the fiber opU c. 111ht ilu id ... neor the axt . .. od the .. dl of the 

ve •• el , IOn ""Plodon and an 1mplodon can b .. trigg .. r ed re'p .. ct1ve!y. 10 

op.r .tion. the .. ntir •• pp. r . tu. IIorlr. • •• foIl ..... ( .. a lower right part IIf 

'il. 2). At t-o th .. 1 .... ' h Br .. d and th .. light puhe 1. IIOnltor .. d through 

• photod .. t .. ctor. Thh la co ... pl .. d .. ith a Tripl .. Delay .. d Pul ... Gener.tor. 

Tb. Uut pub .. (A) trigg ..... th •• parlr. gap .... itch of th .. Main 8anlr. of th .. 

ExploaiOll Clr cu.it. After "'5 \I'''C a .. cond puhe (I) .pp ...... th.t trl18 ..... 

the Md" 8anlr. of th .. E,",lo.ion Circuit. At the pe .. k of the chHle o f the 

S.cond. r y aa.nk of th .. E"P10aion Circuit. third pula ... ppe ..... that trigg .. ", 

tha firat .. ",loai"". After thil • • 11 oth .. r d1achargu .re trill,red by the 

D1ach.r,e Control lInit .. nd thl Hrlng ce ...... whl!n th .. volt.,e of the Maln 

B.nk la reduced to th .. po l llt .. h.r. the Q ...... nched Sparlr. Cap S .. itch of th .. 

S .. cood .. ry BDllkB cannot becollol! conductiv .. any ..,re. Theu ... itchll . r . thft 

III ln t .. chnoloI1c .. 1 innov.tion of the .pp.r.tua. Th .. y h.v .. been de"crib .. d 

1n det.U in ref . [1]. 8. .. 1c.11y. they are hIgh vo l t.ge ,p.r k I.P .wltch ... 

wh .. r .. th .. . illgl ..... itch1nl .park ha. baen replac .. d by • • eri •• of .l..,ntary 

• p.rU lep. r . t .. d by ••• t of copper platea. Th .. ele_nt.ry .p.r u . b .. lng i" 

contact .. ith the topp .. r p1.t ..... 1''' c001 .. d .nd d .. ionhed •• 'OOn •• the 

current n .... reduc". tll zaro 1" the o.cilletory tircuit. H .. nc .. . che curUn t 

flowing in the circu1t, ... th .. r thDn b .. ing • long d....,ed o.cUlation. la.u 

0II1y for th" time of t ha tint hall ... v .. (Fig. 3) . Th .. ",,!teh la th .. n re.dy 

to fir ... gain l ... edl.tely thu .. fter and the firing frequenty C.n be .. hlgh 

at ... v .. r.1 hundr ed. klh'herU. Th .. second f""d • ...,nt .. l lnnllvStion o f the 

. pp. r . tua 11 the inser tion of . n 1ntene1ty aubUhed I .... r .y.c"II, described 

in d.t.il In ref . ]2}. B ... ic.Uy , it 11 • Nd:gl .... high pow .. r 1 ... 1' On 

.. hith an el"ctroni" feedback 8y.te. 110 in ... rred ill order to conv .. rt th .. 

. pilr.y Ught ead •• ion ioto .i ...... th near rect.n,...J.ar outp ... t of .djultahl" 

intendty and duration. Fig ... r. 4 .h ...... typ1cal puh .. out of th. _difi .. d 

ta.er ...... re th. light puh .. h •• a pawl{ of 150 KW ""d .. dur.tion of 

"14 ~I.C. 

S .... prel.1a1.n.ry e1tpl!rl .... ul r eauLta ....... h""", ill Pi,. 5. 

Pi",r" 5 •• howI an t..age c""vertar acreak photOlraph of chi! pi ..... l...tl:1o. ­

ity during th .. fint "ycl .. of the dbcharl ... . Le. an explodOD follow.d by 

an i.,lodon. The R'" used h .. bun d"ut .. rl"", .t 200 .. Tort pr" .. ur. . The 

_se not.b l. retlllt h th .. t an implo. ion can occur . t • g .. pr.n ut. "h1ch, 

.. ithout preioniEation, .. ollld not .11 .... it. The current .heet (or shock 

front) velocity h quit .. hl,h. '104 ~ 106 COI . ... c- l . Ftgur .. 5b .h ..... a , tre.k 

interf .. ro!Jf" of the .""'" disch .... e. FrullO th. "hift of t h .. interfl{enc .. 

Erin ... . .... 1ch 11 due to ch. nfractivity of fre .. ehctronl. it .ppean 

t h.t tt.. iI'. (deuced"",) 1" full, iOllh.d .t coll.p ... cilae. 

[1] E. 'anarella and V. CUC)' . Joum. PhY'. It: Se. Inatr.].. 835 (1914). 

{2J E. Pan.rella and L.L.T. Br.dl .y . lEEB Jo ... m. QuaDt"'" El"ctr. May 1915 . 
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PLASMA EFFECTS ON THE ABSORPTION SPECTRUM FOR THE 
ORDINARY MODE IN A MAGNETIZED PLASMA 

T. A. Casper and J. L. Shohet 
The University of Wisconsin, Madison, Hilcon.in 5)706 USA 

and 
J. A. Tataranis 

Courant Institute, New York University, New York, NY 10012 USA 

Abstract: The rate at energy absorption for electron. in 

• plasma ia calculated from the emission, including plasma et-

fecta through the index ot retraction. The net absorption 18 

obtained tor the csse of propagation pel:pendiculllr to an ap-

plied de magnetic field. The dispersion relation for cyclotron 

harmonic WII V''''' is solved numerically . 

The net absorption [1] , that is, absorption ~inu8 stimu­

lated emia.ion. for waves in 8 magnetized plasma has been ob-

tained for the specisl csse of propagation perpendicular to the 

dc magnetic field . The plssma is assumed to consiat of a sin­

gle species of electrons in a neutralizing background of infin­

itely Mssive ions. The electron temperatures are considered 

to be .relativhtic with electron density high enough so that 

the electric and magnetic fie l ds produced by the plasma may not 

be neglected. 

The coefficient of spontaneous emission from which the 

absorption is determined corresponds to cyclotron e!l1ission from 

the electrons in a dc magnetic field . The plasma effects are 

incorporated into the calculation through the index of refrac-

tion resulting from the plasma dispersion relation. 

As a measure of the net absorption, the cClefficient, ow(S) , 

is calculated which gives the de crease in intenlity along a ray 

~ in units of r eciprocal length as deterJrlined from t he difference 

between the stimulated and Ipontaneous emission and absorption . 

For the case of a relativistic, anisotropic plasma, the emil-

livity associated with the ordinary lDOde (8-a/2) can be written 

aa (Ref . 1, p . 193), 

ne~w2 2 2 .. ~ I BKJ.t (.tB J.,1 6 (.tWO-ill) 
8" tOC 1-1 

Using this in the definition of the absorption coefficient (Ref. 

1, p . 501, tha ordinary wave absorption can be e xpressed as, 

o 2a2m~w~ow~ - 3 
QwJ., - rI.t1 

clReCk) I 1-1 1 

where B J.,.t"II-B~2-(nw/.twco)211/2 must be a real valued parameter 

to prevent the occurrence of imaginary velocities. This results 

in the range of integration, I, for B. becoming SlDllller than -1 

to +1. Also, the above IIIllkss use of the Iymmetry present at 

8-a/2 in equating the ray refractive index with the index of 

refraction, that is, 

Cll 

The remaining unapecified parameter is the wave ,number k. 

Thh ia determined from the plasma disperaion relation which 

at 8-a/2 can be written aa, 

(1'n 2+& ) If; l_n2.t )_t 2 ) _ o. 
zz xx 'fY yy 

'I'he ordinary mode then satisfies the dispersion 

_n2 + t1EZ .. O. 

(4' 

(5' 
Par a ho t p~asma, the permittivity tensor elementl involve 

infinite sums of BeSlel function integrale 121. Since numer­

ical r e sults to be presented here only involve the ordinary 

mode, the pertinent quantity is 

~ 4 4 " 1 1 2 kcll... -1 
tu-I. 2 - 2nn c I I I In(''''W:''''') (w-nlllc ) 

w n--- 0 -1 c 

"0 I 11. HO I ' ((W-nlIIC)lP-. ,. nlll "-!D:' )y 1I ... II.dll.dB .... c p... p... 11 

C" 

The infinite summations can be converted to finite integrals by 

use of BelSel function densities and analytic continuation . 

Employing the identity 

w-~w - i f expl-i(w-nwc)tldt, Im(w) ( 0 
C o. 

(7) 

the infinite sums are converted to integrations between 0 and 

• valid for all Im(w). The Bessel function periodicity allows 

the 'elimination of the infinite integration yielding, 

a o 1 1 5 4 4 HO I ' kcll. 
&u· l +7 ~ ~l Y m c 1I.1I j,(fP." 11 - w

c
un(w1I/Qlcl 

"0 I • " ~ I Sin(if-)sin(f)Jl (f,;)d1:)dll.dBj, 
j, B 0 c 

C" 

with a o - 2'1IW: o/W ' z .. ykcllj,/wco ' t - 2% cos{l/2). 

The complicated nature of the 'dispersion relation and sb­

sorption coefficient presented in the previous section requires 

a numerical approach to find the abaorption. A zero search 

for complex k roots at the dispersion relation provides values 

of k required i n the e valuation of Q~j,' The absorption spec­

trum (Q~ ... VB (1,1) is obtained for a range of frequencies, tem­

perature a nd density sssumdng a 1 kG dc magnetic field . Por 

the results pres'ented here we have used an isotropic Maxwellian 

distribution t~uncated at a circle ot radius c. No attempts 

have been made to renormalize the distributioh nor to remove 

the effects of truncation. 

The search process, involved i n evaluating the absorption 

costficient effectiVely solves the disperlion relation thus 

providing kIwI including the self-consistent fie l ds. The dis-

persion relation for a tempersture of 100 keY at various den-

sitiel are ahown in Figure 1. The "noisy · wave numberl at tre-

quencies below the plasma frequency aJ:'e due to a lack of .uf-

ficie nt precision in the numerical integration scheme. The 

exiltence of 1Pw frequenoy propagation bands is consistent with 

results presented, by Tatsronis .[2). Abeorption obtained for the 

100 keV case is shown in Figure 2 at various densities . 

'· IOO •• V - ......... .. 
--... . 0. ... .. 
-- ",'0.001"_ 
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POLARIZATION OF X-RAYS FROM LASER-PRODUCED PLASMAS the unscattered to scattered X-ray intensities indicated a 
,J .L. Shohet 

The University of Wisconsin, Madison . Wisconsin 51706 USA 
"d 

D.B. vanHulsteyn, S.J. Gitomer, J.F. Kephart and R.P. Godwln 
Los Alamos Scientific Laboratory, Los Alamos, NM 87544 USA 

Abstract: The first measurement of polarized X-rays from 

a laser-produced plasma is reported. The degree of polariza­

tion is related to the net anisotropy of the hot electron 

velocity distribution. 

It is the purpose of this paper to show the first success­

ful measurement of the polarization of the X-radiation from 

laser-produced plasmas , and to show the relationship between 

the anisotropy of the velocity distribution and the degree of 

polarization of the X-rays. 

The experimental apparatus is shown ~n Fig. 1 . A 5 joule 

Nd-glass laser was used to produce plasma using a flat poly­

ethylene target. The laser system is a mode-locked Nd:YAG 

osci llator f rom which one lO psec pulse is switched out and 

amplified by two Nd : YAG rods followed by two Nd :glass amplifier 

rods. The f/l.5 focus ing optics yielding incident intensitie s of 

the order of 101$ w/cm2 at the target . An 8 pe.rcent energy pre­

pulse wa s intrOduced lO psec or more in advance of the main 

laser pulse. 

The polarimeter incorporates five scintillator-photo­

multiplier detectors. Detector'S is arranged to detect unscat­

tered X-rays. The remaining detectors ar!ll' divided into two 

sepaJ:at e polarimeters: one set has covering foils of O.llMlAl. 

X-rays incident on the scatterer which are" polarized horizon­

tally are scattered vertically, due to the Compton effect , into 

the top and bottom detectors (12 and '4) while vertically po­

larized X-rays are scattered horizontally. into the two side 

detectors (11 and '3). The Ai absorbers result in a lower en-

erqy cutoff for the X-rays of about 6 KeV. An upper enerqy cut-

off for detection of the ~-rays is at about 200 ~eV. 

In order to select an appropriate observation angle, some 

initial assumptions regarding the nature of the hot electron 

velocity distribution were made . It was assumed that the dis-

tribution was either an anisotropic Maxwellian with the T.:' TJ. . 

I •• J. refer to the target normsl, or a drifting Maxwellian with 

VD" SUp,erillLpoeed on an isotropic Maxwellian distribution func­

tion) • Free-free electron-ion brel!l8strahlung producee X-rsya 

of varying intensity and polarization depending upon the angle 

of observation r e lative to the target normal. The intensity, 

and more strongly, the polarization are affected not only by 

the aniaotropy of the electron velocity distribution, but also 

according to whether the X-rays are produced by small or large 

angle scatterings, and whether the electrons are relativistic 

or non-relativistic. GiVen the distribution function mentioned, 

the X-ray polarization should be predominantly parallel to the 

target normal. 

Pigure 2 shows experimental results for a shot in which 

polarization was measured at an observation angle 5- with re­

spect to the target surface. The traces correspond to signals 

measured by calibrsted detectors '1 , 12, .l and 14. Detectors 

'2 and .3 have the Al absorbers. NQte tnat the s ignals on 

detectors 12 a nd 14 are larger than those on detectors '1 and 

'l, respectively. This implies that the x-rays are polarlzed 

predominantly parallel to the target normal. A comparison of 

scattering efficiency of roughly 1 percent . Single photons 

could be detected, but in the case shown here, all the detec-

tors were measuring at lesst aome tens of photons. The degree 

of polarization aeems to be roughly the same for either the 

uncovered or Al covered detectors. 

The intensity of X-radiation produced per shot depends on 

the energy of the laller puhle. In tact, X-rey intensity ap­

pears to be greatest for laser energiea below the highellt 

energy avai lable from the aystem. Thill may be due to self­

focusin9 of th .. laser beam at the highotr otnur9itlll, thulI cutting 

down 'the intensity of laser light striking the target. Given 

a sufficiently large meallured X-ray intensity, the polarization 

was always parallel for the orientation shown in Pig. 1. 

Two additional angles of Observation were used . The first. 

was such that the polarimeter observed X-rays emitted along the 

target normal. In this configuration , no trend to the polariza­

tion was observed. The second orientation placed the polar i-

meter so that it observed X- rays emitted parallel to the target 

surface but perpendicular to the plane of the laser beam and 

the target no~l. The indicated polarization again appeared 

to be parallel to the target normal. 

By computing both average polarization from the experi­

ment and a compsrable average from theory for a range of per­

pendicular temperatures and anisotropies (anisotropic Maxwellian 

distribution function assumed), we conclude that the experi-

mental polarization data implies a net anisotropy TJ./T ... 0.2-

O.l. Such anisotropy is in reasonable Agreement with particle 

simulation results (1,2) and may indicate that resonant absorp-

tion (2) is the process by which laser light is absorbed and 

hot electrons produced. 
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DiVES'l'IGATlON OF EliERGEUO ION BEAMS 

:m THE PLASMA POCUS DISCR4RaE 

". V .P1l1ppov. V .A. Bezbatobenko. I. F. Belyael's, T. 1. P1l1ppOV8 

I.V.Xurcbatov Institute of Atomic Energy, MOleo". USSR 

ABStRACt Studilll8 of tbe characteristics of a high currant deute­
ron beam (DB) wao carried out by three matbodo of the "time-ai­
flight" aplotrometer, of nl.lOleu emulsions and by act1vatiol1 methods 
011 the baee ot e 12 (d , n) ,,13 and Al27 (cl.p) U 2S rl.actions. nIe 

energy distribution {maximum near Ed • (1 •• , 1.5) lIeV) haa a repro­
dUoible tine structure closo to e periodioal type, 

Scale of the current beam 1a ).104 i and ·time of it 'e gB1l8-
ration 15 110. 

Aa 1t wao sbown before / 1/ there are regimee in eyatem of 

Pls8lII8 POQua (pp) type wbicb are detormill8d by slipping of current 

ebell along 1;he eleotrode eurface in 'll'hich current ccntractlol1 ta­

ke. place without notioeable oo-=on contraction ot substance. En.rgy 

and intensity of generat.d und.r ouch conditiona b1gh power .leot­

ron beam (EB) are d.t.rmined b)' the value and d.nsity ot oontrachd 

ourr.nt and also b)' tbermophyeical properties ot a contaot anode 

flone. 

Studies ot cbaraohriatica ot ,a high currellt deuteron beam /2/ 

propagating towards oathod bas been continued in regillte s close to 

the coudi tions ot EB generstion. The inorease ot the lengtb of the 

ourrent contracting zone and stopping of its direct contact with 

the anode a11o'll'lld to get DB eubstantially exceeding the previous-

1,. obeerved onea in intensit,. and bardness Ill. 

The purpose of the preeent paper is the oomparison of resulte 

of DB atudlea b,. acthaUon m.thoda on the baae of 012 (d,n) · :R
I ) 

and Ai 27 (d,p) Al.28 r.acUons and by nuclear emuleion method . Pig. 

present. a scheme ot measuremen~e. A dritt tube (2) is mounted 

on the dlacharge ohamb.r (1) ot tbe "KG" d .... ioe 141 nicn operatea 

at Po • O,o~o,8 torr O2 + 0 , 15 mtorr Xe; Uo • 15-17 leV, '0 ..... 80 kJ. 

il;W ' 
Ilillo • 
0000. 
0000' ....,. 

Pig. 1 

, , 
l 

1Joeu~ron flux originated in ~Pl" baYing 

cover ed the distanoe ot S.2-450m r.ach the 

target () lAl. , 0 or Al+O), f' - aotivity 

ot _hioh la meaeured b,. a counhr (4). A 

combined target 18 Il18de ot double ribbon 

~a grapt11te cloth and an aluminum fo1l} 

which i •• tretchad bIItween tbe balTel tor 

realing of the wcrking aecUon of the ar .. 

cf 6 x 80m2 • Original numb.r ot U 28 and 

N1) atoms i. found trom the curve ot rs~ 

dioaotlv. decay ( tbe SulI of two sxponenta 

of 1/2 • 1)8 sec. 8lld . 'l'/2 600 sec.). In 

the oaoe ot monoohromatic DB their ratio determines the energy of 

deuterons and in tbe present .tUdies it determines representation 

of tbe bard. ~Ed • 2 MeV) part 

of the sp.ctr\llll. From curves 

similar to thoae repres.nted 

in Pig. 2 the DB hardnesa and 

power can be preliminarily 

eva luated. 

'the neutron irradIstion 

int.nsity of the 0 12 (d , n) :&1 ) 

reaction ot the oarbon target 1I8S registrated by photoaclntillstlon 

detector (5) in the method of the nt1me~of_flight" epeotrometer. Aa 

it w .. ahown in paper /21 the instant of DB sppearing coinllides 

with the pule. ot hard :I-ray radiation and the generet10n length 

(10-15 nB) 11 small oompared with the path time to a target. The 

pulse osoillogre.m dNn/dt (Pig. ),a) 'll'aa treatad ueing the depen~ 

denoe or the reaction section on deuteron energy. Pig. ) (3) pre­

sents difterential energy epeotrum ot deuterons obtained by the 

above metbod. An absolute ecale of e1milar distributione wall found 

from oalibrat1on in tel'llle of • standard. aouree (gold-aottvated roil 

ot the IIrea ot 6 x 8 c,i) and wall checked by direot I18seurePlent ot 

the number of neutrons frolD the target by s count.r (6) witb the 

help ot an ordinary method ot lIilYer activation (Ag'09 ). Tbe coun­

ter (6) ill quite identical to the block (7) used tor meaauring the 

bu.lk oeutroo ,.ield trolll pp wbioh 1ntluonco On i;hfl oouai;flr readins 

(6) wse dstermined wbile the beam was interrupted by a 11d (8). DB 

IIYJlllletry was chscked by four p - countsrs (9) which wae plaoed be­

hind alum1nUIII acreens limiting the beam lIection in front of the 

target. 

Bxposure of nuolear elllu1aionll 1I8S carried out a1muJ.taneoualy 

witb aotivation methods of meallurementa 10 the cbos.n regimes ot 

operation. A part ot DB throusi1 the window (10) near tha target 

oenhr (3) wss taken out through an opelling (11) 15t in dideter 

(in a plate 0, 1 mm thlok) and go t on a nuclear elllulsion (12) set 

at an angle ot 450 to the be ... axia. Obtained energy speotra BN 

ebown in Pig. ) (1,2). ~),2) and (l . ) spectra oonespond to one 

,. 
h 

'" ~ ~ 
.. " I ~ 

" • , 

and the aame discharge, !he 

absolute value of a carbon 

target aot1vit,. in ~he die­

charge (),l) ia approximate­

ly one order of IIBgn1tw:le 

h1gher tbaa that in the oase 

D,2). one IIbould PaY atten­

tion to tine and olose to a 

periodic one struoture of a apeotre reprOducible In a eat ot dis­

charges . In spite ot aoms 81'eraging resulting trom the procedure 

ot the photoelectrio signal treatment ot a neutron pulee the seme 

etructure ia ooticed in the spectra \).). 'l'h1s statee a sufficient 

adequacy of the ~time_of_tligbtR epectrometry metbod. PeriodIc 

structure of deuteron spectra can rBsu.lt trom tbe diecretsneas of 

~be accel.ration zone. It ia inu!:'''et1ng to not. ~ha~ in tbe given 

regimee a pp JltI.tural neutron rad1et1on is charact.rized by high 

degree of stab111ty ( ..... 1"") and itll Yalus (-v 1.5 x 10'p) is not 

connscted nth ths prssencs or absence ot DB. 

In conclw:sion tha authors would lika to expre88 their gratitu­

de to V.V.Kom1sslll'oV, O.S.Kudryasbov and R.A.T:yu1;Jaeve for tbeir 

a.aletance in carrying out the experiments. 
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AHDKALOOS RES!STIVITY AND SI,IBSEQUENT FAST PIIRTlct£S IN THE PlASMA FOCUS 

A. fERNARD . A. COUIEVIUE. J.P. GAROONNET, A. JOIAS, J. de I'AsaJREAU. C._NAZET 

Connlall4rlat.i. l ' Enargte Atomique, Centre d'Etwee de Lime!l 

S . P. nO 27 _ 9'U90-VILlENEWE SAIN'I'-GEOROES - PRANCE 

~ : Magnetic probe meaSUl"8!Hnta show that the e1eetrlcal I1l\g11arlt.y 

le e&upd by • reahU,,& .rC-et occurlll8 11'1 a largtl volume CUrNnt sheath. 

Later the cuM'ent. la carried by rast pe.rUcb beams. 

Previo'u experimenta have shown /..1.2/ that the current sheath la 

• bro.d atructure. A small part. or the curNll'lt (about 15 ,r:l Clow. 11'1 the 

den,. l1ld lwnInous (['(Int. the largest traction (lows behind 11'1 an extended 

3.one or low"r deMity. Recant resulh alao obt.t.lned wIth ll\agneuo probes aN! 

clear avlden"e of & strong ,.."laUve te"" in the plasna lmpedanca. Thie 

• rre<lt. 1111 followed by the acceleration of' f&at electrons and Ion •. 

Various types or probes have been used to Meaure ~. TWo are 

dr'lnm In Pig. l,thelr rl .. t1 .... is about, 1 ne. It 1111 dlttlcult to ha". probe 

holden in gless or ceramic w1that.&nd the shock oaus&.:! by th .. focus discharge . 

mai nly when they are located to obnrve the radisl pMae clo"e to uta. The 

aecond type . with _11 O\Iur dtlLllleter and I118talUo etrength. le w.Il suited 

to obtervation in thl1 EOlW. 

Meesul'ftlenta n..v, been done with a 5~ IrA. -'0 kV. 'i!1 kJ _chine 

operat.ed et' Torr ~ with iNler electro:\. poaitive. Eleot.rode dllU11f1ura 

are 50 and 100 nn , length ta 250 ..... 

TypIcal wavsfoms ot ~ are "hown in Fig . 2 tor probes located In 

t.he wal propagation phase of the discharge, Por all wavefo""" shown the 

~ nlgativl peak ooincidee in tiN with the * negative peak (11 meaeured 

t .... a ROgollski coll out.aide the plasma challber) whioh aUOIfed the t1Jlle 

politionn.1ng at the varioua probes In Pig. 2. With the probe located at 

" - • 20 I!n the ttrat. part ot t.hfI II1gnal bet ..... n tl and ~ ... fl.cta ... en_ 

t1ally t.hfI pa""ing ot the ourrent "heath , as the current intenSity il then 

a iSlOllly vary i ng function of time. Pro!n ths conltant sheath valocity V 
7 1 dB Z 0 .2 It 10 cm 0- IS meaeured .. ith the probel) it relulta that at is direotly 

proporttonal to the radial current delUllt.y Jr' Atur the current Meath ha,s 

gon. by the probe enurel,. ( ~ returns to 0) one observes later at t- (Flg.2) 

t.he.t ~ beoomea negative. NOlI the vsriation ot B 1" due to that at the 

cur rent I flowing In the anode at it .. _ 20 1IfII. 

The change In ~ wavefonns a " a function of probe location ta 

ohown In Fig . 2 . For probel at z .. - 10 , .. - 5 ... 0 the tlIo phenOlMlna are 

not U" ... parated any longer. Rather the decrea ... at current occurs while 

the sheath. approxi_tely constant In width In that propagation pha ... . ia 

atill p8aa1ns .cro ... the probe. 

The """'" ob"erv'Uon Is done on ~ wavefonas taken with probes 

loeat'ld to lock at t.he radial ph&"e (Pig. ,). On the thre .. probe algnala th .. 

deorease ot ~ 18 correlated to the negauve peak In the totai ourrent time 

derivative * . ApproXimate Iketchea of the current aheath (with the dense 

and ~1'IJCLI"zones) are drewn In Pig . 2 and ,. It 1& then quite oleaI' that the 

st.rona increase at the plalllll8 impedance typical of the "ingularit,. (negative 

peak in *. overvoltage .... uured aoro.lI the insulator) Is not cau .. d by 

an inductiv. ettect, which impliea gathertna the current sheath on dl8lllO!t.en 

ot 1 ImI Or 110 , but. rather by a high valul at the plasma ohmIc relllltance. 

Eaoh ser1es of measuremenu waa done with the sMle probe. Quite 

ai .. ll.r results have beln obtained on a sme.ller machine (250 kA i 40 kV ; 

'.4 kJ) with other probes. Relative caUbration only le 8II......ed in the 

............... nte Juat dlecusled. Aa there le cOIIIplete conaietency between all 

ot th .. 1t. 1& worth whil. to consider the .bsolute calibration a.a _11. Pl"OIII the 

probe located .t r _ 20 ... the current ISSthered In tront of the anode on .• 

-'0 .... dl...,.te .. zona 1. only 200 kA. It corresponds to an average cu"""nt 

dendty Jz of 15 kA.cm-2 . Pollowing Rl!f. 2 the voltagl! ac r oss the pinoh 

..... ch .. approu-tely 100 kV. It develops on distance. at a t.w centlmeters 

which .... k .. tha tt.ld E. l to 5 ti_. 10-\ V.cm- l . So that the conduotivity 

1. in the rang. ot 1012 
to 2 x loll eec-I, to be c_pared to Spltzer's 

.... lu. ot 2 x 1015 -1 
see .t. Te .. 50 eV. Even thouan Te is not. known precill;ely 

the ..... tatlvitr ill .tronaly an0lll81<l'.ls. 

and It I. eb .. ...,.." experllllllntally that the ","helon of hard X-ran 
1'ha l'I8ut .. OI\II (when O:! I. u.ed) uaually "tart. at the .!!l: negative peak. 

Probe Ucnala at tha dt 
I ... t...n t ..... t t,.., display a p<>.ltlve surge (Pig. -\ , a) which 

n... "'l'I"tnt I" the ..... chln. doe. not _it X ray. and neutrons (Pia. -\.b). 

"'"-10\ •• u..."': ........ h due to the lo...r iJllpedance filet by the beams at 

.., ....... t ~I.~. c~ the oun-.nt .t that ti .... 'l'hua the ... appear. to be two 
u.. be r·"htlv. 0 .. -.. 
...... - ~t;t.. la P .... otl ,,_ - In the same discharge. In poor dischar'gi!s 

...... f ca~ .... ab •• nt I th 
..... \ ... tt ... (2 to 11) • n 0 .r dlllchargea the heMl 1"66i_ 

.... Po.Il.... which accOUnt.. tor the multiple X-ray and 

LlIt us -..iu, the DIIlin ccncwsione.'Ih. CW"I'Int .heath Is a v'l"Y 

broad .truotura ut.endtng over !Dora that. th. central elllStrod. area. Stronaly 

_lO\la ... slat.1vlt,. toUt811 plaoe oreat1ns: a large voltage dl'op beusen the 

anode and the cathode (or a Virtual oathode) . This plalll!l8 diode 111 suddenly 

shorted by tast beams of electrons and ione leading to the IlIIi",loo at X ra,.. 
and neutrono . 

!l!i..!..!:!D.£ 
LlI~. f£lIHARD. ~ . JOLAS. J.P. OAR!X>~, J. de MASCUREAU. C. NAZ!'l', 

~. OOUIEVIU.£. A. BDCIARIAN. COII'DIls-.rl.t" l ' l!'nergie no.lqu • • Pranc •• 

Report CFA- R- lI8cr (lm). 

/:21 A. lERNARD. A. COUDMUE, J.P. OARCONNET, A. JOlAS. J. d. MASCUREA.U • 

C. NAZET. In Pla51118 Phys i clI and Controll.d Nu olear PUdon Rlllear ch 

(I .ALA Vienna lrfn . Barchteagaden 6-0 Oot. 1916 CH _ J5 B 18_-\). 
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ENIlANCEHENT OF NEU TRON YIELD FROM fOCUS OEVICES 

Y.H. Chen+). G. Decker. L. Flenntng. 11. Kits, T. OppenHinder , G. Proli . 

B. RUck!e, H. Scllmidt, H. Shakhatre, H. Trunk 

institut fUr Plasmafor$chul1g. UniversitH Stuttgart 

Federal Republic of GeTlllil.ny 

~ Enhancement of neutron yield by the following methods was 

investig,ted: Variation of voltage , geometry . pressure and gas IIhture. 

The gain of an as kY device (12 kJ) in comparison to a· 20 kV device of 

equal energy Is 3. Reduction of radius of th~ center electrode of a 20 kV 
device pemits operation <It increased pressure va l ues with a glln of 1.5. 
Argon addition does not iqlrove the yield for an optl . lzed device. 

Efforts In the low to middle energy range have been under taken Ili to 

improve the remarkable neutron yield of focus devices. It is hoped that 

the trends fou nd here JI\aY further the yield and application also of large 

devices. 

I. FrOlll MHO calculations we conclude that the a~aihble pinch current 

for condensor banks of constant energy JI\aY be increased by using bari::s with 

higher yoltage than used typically so far, maintaining as low external 

inductance Lo as possible 12/. Enhanced current should result In enhanced 

neutron yield Y 13/. These devices will ha~e Inherently short quarter c:y­

clesfor the current scaling with t/4 ..... I/U for La" const. or T/4,....1/f"U" 

for Lo ..... U. To test the technlc~l feasibility and the predictions as to 

enhanced yield, we operated an 85 kV de~ice (HV device) with Lo " 35 nH , 

12 kJ, t/4 :::::600 nsec. For comparhon. we used our 20 kV, Lo" 50 to 
70 nH. 12 kJ device "Minifokus" with t/4=<3 fsec. . 

We found that for our HV dev i ce It was necessary to adjust the plaSN 

dynamics to the current quart.erc:ycle not only by varying l ength and fill­

ing pressure as usual but also a variation of center electrode radius r 

was necessary for the following r eason; Oue to the short quarter cycle, 

the radfal compression takes up an appreciable part of the available time. 

Experimental efforts to match the motion of the plasma by using very low 

filling pressures failed due to spoke fOrmiltlon and current loss in the 

acce lerator. No neutron yield for r " 33 l1li for the broad length and pres ­
sure range Investigated, an aver;ge value of 4'108 per shot for r " 25 m 

(filling pressure ~1 torr) and an average value of ",,3. 109 for r " 12.5,... 

(pressures between 7 and 15 torr) were obtained. Fi gure 1 shows the im­

provement (factor 3) obtained for the energy values 6 kJ, g kJ and 12 kJ 

if the energy scalin\! lBW accordln\! to Ra pp /41 h employed. The sullng 

with current fits Into the Y""t3. 3 1aw established by Bernard 13/. The 

discharge current was Increased frOll! 420 kA (·Mlnifokus") to 560 kA for the 

HV focus ~rtly due to the decreased Inductance but aho due to decreased 

accelerator dl ... nslons leading to less daOlping of the current. 

2. Operating at comparatively high filling pressures and small c.e. radii 

with the HY focus has led to good reproducibility and high yield. · Therefore, 

we tried to Improve our "Min!fokus" by reducin\! the c.e. radius. Figure 2 

shows that Indeed I shift to higher operatillg pressures can be obtained 

(frOlll 1.8 torr to ID torr) and an Increase of the neutron yield by a factor 

1.5 is found. For COllparison the pressure range and neutron yield of the HV 

device with the corresponding radii are Indicated. Additlonaly , Wi! studied 
the following parameters and ascertained their effect on neutron yield and 

operating range: o.e. diameter (quoted as example in FI\!ure J), o .e. struc­

ture (bars are better than perforated material) . o.e. length (weak Influence 

for bars), c.e. length (lIay be used for fine tuning), c.e. ~terial (copper 

and silver giving about equal yield , silver less standard de~iation, alu-

.. Inium less yie l d and high standard de~iatlon). 

3. It seems likely that the Important breakdown phue and the following 

current transfer 15/ ~ nd possibly also the pinch formation and neutron yield 

may be influenced by addln\! different gases /6/. Figure 4 Indicates that 
for certain operating ranges (higher and lower. than optl_ pressure) an 

Increase of Y is possible but the .lllilxl_ yield never could be surpassed. 

For operation with c.e. negative (which nomally produces very few neu­

trons) an enhanCl!IiII!nt by a factor of 30 was found. Generally the effect 
was the stronger the l ess the clevlce was opU.fzed. 

In conclusion we lIay say that higher voltage clearly results In higher 

maximum current and thus Increased neutron production. On the other hand. 

there Is e~ldence that high voltage has other effects such as improved 

breakdown behlvior, current t ransfer and reproducibility, cu lminating In 

increased neutron production. The different efforts to llIjl rove focus 

devices wl1l, however. eventually have to be aCCOl!Ipanled by appropriate 

diagnostics In order to understand the Influence of all parameters Inves­

tlgat,d here on the neutron production and neutron production mechanism In 
genera 1. 
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PLABI.I.A FOCUS DISCHARGE INVESTIGATIONS IN 
A ZErA_PINCH GIDMEl'RY 

N .G.Reshetl]Jak, R.D.Meladze 

Sukhumi Institute o:! Pb.:;rB1cs and. TechDolog of the State 
Colltdttee on Utilization of Atomc 1ilaergy,Sukhum1, USSR 

Abstract. The paper deals nth the e:r:perilll.ental results of 

studies on a short zeta_pineh . It is shown that during a ainsle 

discharse pulse, plasma can have several states with hish snsr--­

getic parameters accompanied nth intsnse neutron and hard ~r~ 

emissions. The exper1lllental data allo"lll' us to conclude that the 

neutron emieeion is related with the accelerated deuton beam 

interacting with a gaseous target. 

The dischargs system described in/I/ has been used in the 
experiments . The discharge was ignited between the tubular elec­

trodes (the inner diameter and the length of hollow electrodes 
being 6 ~ IOcm and 2Ocw, respectively).'l'he gap between the elec­

trodes (I ... }cm) is Uorter than their diameter. The eleotrodes 

have been located within tbe vacuum cbamber of large volume.Gas 
pumping into the interelectrode gap is accomplished b;r means of 

a pulse valve. In tbe process of oompre8sion the plasma confi~ 
ration lteOOI11SS noncylindrical.This leade to appsaring axial cu­
mulative j ets . At the moment ot the plasma layer compression at 

the system axis the:e arises an anomalous high resistance ot 
~ current channel r61ated with the turbulent proee8s88. 'I!lUs 
etage ot the discharge is called the plasma tocus (FF). 

The main results are obtained in the device with the tollowing 
parameterst the voltage at the condenser bank is 20 kV , the. dis­

charge current is I 1lA, the discharge haltc;rcle is close to 

9 )Ilsec and the energy stored amounts to ..... 38 kJ. 
Tbe discharges have been investigated in ditferent gases (D2 , 

H2 , He' with various distribution types ot neutral gas densities 

in the interelectrode gap! Masoetic probe mea8urements obtained 

1n the discharge optimum regimes show that there i8 no seconde.­

r[ ignition of the discharge in the system af'ter the lll8.XI.mum 

compression stage for ~} msec. 'l'his reeult is confirmed b1 
streak photoes ot the diecharge. J. "Qpical etreak photo of the 

dischuge taken trom the side w1 tb the all t oriented the axls 

1s shown in Fig.l. 

Pigl. 'l'he dieclaarge streak 
photo ebowing the absence 
o! seoodary igni t iOllS tor 
.. 4 )Ilseo. Time scanning 
performed left to risht. 

ing the a;ystems of plaama focus 

J.lter brisht tlaeh1.ng at 

the mOment of the maxlmum 

compreSSion the luminoeit;r 

vanishes in a vieible area 

o! the epectrum.. "A dark 

paU8e" takes place. Tbe "dark 

paU8e" duration during whieh 

the neutron ea1ssion is ob­

served amounts to IV } Fec. 

It should be noted that the 
"dark pause" has been obser­

ved by several authors atud;r-

t,pe /2 ,'1; bowever, ita duration 

(O,J..;.O,' Jlsec) bas been coinoided nth the neutron pulse duration. 

Tbe subsequent bright tlash o:! lum.1.nosity oorresponds to vieue.l 

appearing ot i onized vapours of electrode materials. 

1'115.2 abowe t;rpioal ourrent-voltage eharaoteristiCB illustra­

toi Dg the typI ot dische.rge curHnt and wltagit variations. 

11g.2. Current-voltage charaot.r1atio~or 
the diecbarge :!01'll1.ng PJ (5 ·. 10 
neutrons/discharge). "O"ppar traoe 
abo .... the d1seharga current I lower 

~e curren~vol­
tas8 charaoteristioe 
indicate that the 

current radial cO!lPr--­
esnon to the axis 

is accompanied with 
the voltqe sharp 

splash o:! 50+80 keY 
and the diaeharge 

current drop. The 

:!irst singulari t;r 

appears in voltage 

and current curvee. 

Attar this charscter-
traoe retlects the voltage. . ietic lIIoment of time, 

tha currentt rapidly increases up to tbe former level (-400 KA) 

end paet a short interval ot time , the current drop and the vol­
tage growth reappear, reeulting in the second singuIarit;r and BO 
00, 

In optimum stages of the di8charl!i.~ the current cune shows 

four or five subsequent singularltlee'; Up to the 1Il0000ent 01' the 

IIl8.Xlmlllll comprosslon-; the volte.gll diT1der rofiects the plasma 

shell ~C8 with e. eufi'icient aocurscy.!lt the .,.ent or the 
current shell stoppj.ng close to the s;rst_ u:ia the ""ol1oag. 
should drop dcnm to zero (It to nlgleot the active roeiatlUlCe)': 

When the plamu. colUllD. o:xpllJlds the To1 tags should c.lumga in rip. 
Bowtrnr, thia does not occur. Bxaa1natiOl1 of the splaab. ahape on 
the vol tag. cune ah01t'8 tha1; the Tol tags drop takes D.ar~ 250 
DS8e. 'lhat 1I0a.n8 that attar the aan.u.. OD~.8s1on stage, & oon­
siderable grorth of the ClU'l'ellt chaDDol oluIic rOs1naDOB occur •• 

~/. In optiaua rog1aes of the discharge, the neutron .ai •• lon 
total 4v.ratioll 1111 I + 2 lUIIeo, whit. hard I.-rq radiation takes 
.... 4 .;. 5)108813. :ror . the discharge regia" investigated, four or fin 
neutron pule.a are c.haractar1st1ol the pulsu do Dot auoh 41ftft' 

in upUtude and duratioD,.acla o:! th .. e:z1etiDg :!or 250 .;. ,000e.o 
aDd b.1.q: accompanied b7 the eplaah 0:( hard L-rq radiation(J'is .. 3>. 

71g.}. fraces of nautron(uppar 
traca) aDd hard ~rq ahaion 
pU.ea. 

~e present result. al.low to 
draw a cODcluaiOll abollt aD entire 

clauacter ot the _cla&D1a. re­
nltina: in saneration et hard 

L-rq and neutron radiat1on.~ 

1'1 ie a 80urce o:! 110ft . L-rl;1a.' 

On a photo iD. soft ~qe~ the 

.ccVllUlation sone appeare ae a 
nu. atretclae4 along the u:i": 
r..taral and longitwlin&l.. 41D.. 
a10~ ot .:!ibera are ~O~~ &BA 
I of , ca, reapacti""17~ !!le .1 ... 
otnD t .. perature in plaeaa. 

clwIt;u:troa 0.8 to 1,2 k.T .. 
n.ctron and ion beaaa toNillg 

daring the diacharge ara .eUlU'ad diHctq. 

'!!h. uas-apectroaatr1c ana17l11is o:! tha iOA ba .. extraoted 
along the diachuge axLa (towards tha oath~) Mowad that the 

anar87 ot aocalarated 4Bw.tona ia in tha rlg10ll ot '"" 8011:a"'. It i. 
eo.para)l. to tha ener87 ot accelarated .1ectrol18 datinad tro. 
the hard ~rlQ' .eanreau.ts, and oorresponds to tha splash ~ 
Utude TalU ot tha voltaga cvrra .. 

. 'fha exper1.aa.ntal data indicate that 1n P.l regiaes .iln"aetil5at­

ad, nautrou tlues towards tha uta-p1nch u:illl (~o) ara I,4 
t1.aas graatar than in tha perpeDd1cular diraotion tPgoo.' 'rhe 

e.n1aotrow taotor i. k = ~ .... 0,6" 
ne neutron output obseriW (- 5 :I09neutrona per diScharge) 

oan be acoounted tor b1 the interaotion ot 1ntanse deuton baa.a 
generated dWl to the considerable rise o:! the d1sclaarge channal 

resistance with a sueoue targe~ 

It hu been e%p8riaentalq d.eIDonatrated that . there .1s • re. 
latiOll batwaen tha diac.harge c~t drop depth: the bea our­
rent .agnttu4a and the neutron o-atput lnal ; 

~e presant a:r:peraantal reaul.te witness that durillg a aingla 
pU.e ot the discb.arge~ pIa ... Call. ha ........ eral atatee with • 

high da.nllli t;r and hish energetic parllll.ters. In IJU.C.h statee 
pla8IU. ie an intense Bource d DautroD and hard ~Iq aissiou. 

........, .. 
I. 8.r.PemBTMK, P.Jt.MeJlalt8e. Ma'l'epl!laJJll ID BcecODSBoIKo.pea­

IlHl'J DO JUlBSMeHJIWi YCltOPH'l'eJUtM. YlmOK, 1976, lID. 
2. Ja.lldka •••• t r... J.B. ~1J.J'Iu1de, Tol.I5,B"o II, Iq54 _ Iq~, 

IQ72. 
}. 'l'oepter .&.J. t Smith D.lI.., Beckner :S.H. PbJ's.J'Iu14B, vol.14, 

Ho r; 52 - 61, Io/}I. 
4. H.G!.K:sap!lX8.B8, :3.Il.lay'l'lf8l1, II,JI.HHHliIlt8S. G!it8HItB. IJJI8.8MW. '1'.2. 

BHIl.I. 1976, 40-43 . 
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PlASMA-FOCUS DYNAMICS INVESTIGATIONS BY MEANS OF ~LTlFRAME 

INTERFEROMETRY AND SHADOWGRAPHY 

S.O.nUB, S.Kallekl. A.KB.p.rc~uk. S,Ko".1Ik1. M.P.dueh, 
L. Pokor • • Z. Weraazczyn,ki 

In.titut. of Plle •• Phyllc8 and La •• r M1crofue1on, Warea.,Poland 

and M.Slde".ki 
Inetitut e of Nucl •• r Rlllle.rch, Ot.Ock-~wl.rk. Poland 

Ab.tract. The papar pr ••• nt . r.ault. of interfaro,.trie a nd 

e hedowgraph1c studi •• perforaad on the F-150 pl •••• -focu. da. 

vic'. Th. valocit1 •• of currant layer. and pI •••• explnsion 
.r. deter.ined, Alao dete reinad . r. electron concentration dia­
tribution •• MulUple generat10n of pIa ••• bubble. 11 ahown. 

A d18gral of the exper1 •• ntel .etup 18 ahown 1n Fig.1. 
Th ••••• ur ••• nt ••• r. perfor.ed on the Focue device IPFI .ith 

Fig . l 

copp.r el.ctrodel of the fol­

lowing di~ene1one:~.l00 •• , 

~.50 •• in dialeter .nd 

200 •• long (iJ. In the ·· f,CI . 

of the clntrll electrode there 

wa •• a de B-"-i.d. hole e na­

bling introducing the C02-l.aer 

bea. Iduring the focuo-laoar 

expari.lnta [21 I. To a upply 

tha .e tup uaa wa •• ade of 

a cond.na.r bank of a capacity C.112fF and no. inal anargy 

En·150k~. Tha atudiaa undar conoid.r.t ion w.r. conduct.d at 

••• allar anergy of .bout 60k3. For'ation and dyna.ic. of tha 

pl •••• -focu. wara atudied with a l.aer Hach-Zehnd.r interf.ro_ 

lIat.r which ana bled a ea rie a of three interf.rogr ••• to b. 

.ada in tha couraa of ona die charge. Ti.e- l .go batw •• n the 

dilgno.tic le .ar pul,l •• Ira controllad by changing tha dil­

tenca. b.twaan tha .irrora of thl delay l1na I LO/. Tha int . r_ 

fero.etric or a hadowgraphic i .aga. wara ragiatarad with tha 

aid of I .pacial thr~e-fra'l ca.ara /KF/. Tha light sourcI 

in the interfaromatric satup in quastion •• s provid . d by 

a ruby la •• r (31 "hich genaratee puleaa of about 2n. duration, 

Wh.n .ynchronizing tha laeer .ith the plaa.a dilcharga,the 

oneet of the pulaa of tha hard X-ray rediation IX h/ way conai_ 

d.red •• the 10lant t.O. Fig.2 pra.anta an .xaepla of a 'a­

ria. of ahadowgra's. In Fig.3 a aaquenca of int a rfarog ra •• 

AYER.lGED 
"EUTRON YIELDS: 
4·"j(f PER SKlT 

Lo€UTERu.. PIlESSl.RE: 
9.2 TOAR 

Fig.2 

th.re ia .hown in co1'fel.tion with tha n.utron-radiation pulaa 

on tha baei. of 20 discharge. . 

F1g.3 

The radiel and a:lI1a1 valocitiea of the converging current 

layer, ae dater.ined on the b.ail of ;ha intarfarogra~e and 7 

the shadowgre.e, ware v r ./i,4tO.2/.10 c~/a and vz ./0.StO.2/.IOCm/s 

re.pectivaly. The value o f vz w.a approximately con.tant. 

whareea the of v varied both in time and apaca. Tha .exi'u~ 
, 7 

value of vI' waa about 2.5-10 C~/8 and waa obaarved at ao.a 

diattlnce fro. tha cantral elec troda labou r 0.5 - O.B CJll/. 

Tha convargence ph •• a undar .tudy "le followed by the coll.p. e 

of tha current l.yare on tha syeet r y axia. A. e ra.ult of this 

collep.a thera occurred a forlllltion of I high-den.ity ple •• e 

focus of a l.ngth of O.B - 1. 2 c. and Ipproll:. 2~' in diamatar. 

In the h.t phau of thia proce •• I very f •• t N?10Bc./a/ 

axi.l outflow of pl •• m. in tha dirlction frol thl I lectrod.a 

WII ob.arv.d, 

Tha lifeti.a of pI •••• of • "lI:imu. den.ity •• a a.ti'aud 

to ba only ebout 10 na . Aftar tha pI ••••• tt.ine ite m.lI:llu. 

den.i.ty.th.r. i. ob.erved it. qua.i.table redll1l .xp.nlion at 

I velocity of about 1.511: i07cI/ •• At tha fir.t ODeet of tha 

axpan.ion there occur tha hydrodyna.ic In.tabilitle. of the 

... 0 typa, The ex •• plificatory .patia l di. tributlon of a le­

ctron concentration,det.rained on the b •• is of • choaen inter­

ferogr ••• i. praaented in Fig.4. The ,..t •• xial outflow of 

pleellls givs. riae to thl for •• tion of tha pl"III, bubbl •• , 

Nuaarou. inet.nca. "er. ob.arved of the for •• tion of • fe" 

bubbla. which ~rop.g.ta along the .~i • • t • valocity of 
11,0 - 2.5/~1O clI/., Fig.5 illuatr.t.e . uch •• ultiple gene­

r ation of the pIa ••• bubblee, 

On tha b.ai. of the ma •• ure_ 
len t a perforlllad it h.a be.n 

found th.t,in tha coura. of 

the .~i. l IlI:p.n.ion of ple_ 

•••••• e.rly •• • bout 40nl 

after the .e~imulII compra.-

• ion h.a baen .tt.inad.the-

ra i. formed at tha centrel 

elactroda •• l.yar of cont._ 

.. ined plaem. "herein viole­

nt turbulance tak •• placa. 

Tha thickneaa of thi. re­
glon .long tha sYllmetry all:i. 

incraa.e. "ith the tl.a .nd 

att.lna abollt 2cm.Aftsr about 

120n. this l .ye r et.lrte to · 

det.ch itaelf frol the cen­

tr.l e lactrode.In the l atar 

o 

r[cml 

2.0 

+10 ns 

.11 - -40 hs 

''10'' ... 

2.4 2.B 3.2 

Fig.4 

+20n5 

Fig. 5 

z!cm) 

stegea of the di.ch.rge the r e le ••• i. obearv.d of incr •• lingly 

1ergar ,Iount. of plas ... which 1. likely to cont. in a l .rga 

quantity of i.puriUe. re.ulting fro .. the . roslon of the I lactro_ 
de . urt aca, Thil pl.s •• i. for .. ed in the .h.pe of • conic .tra.lI. 

e nd can axi!l't for. few .icrosecond., 

All ph •• ea of the ple ••• -focu •• ere invaatlgatad froll tha 

10lllent of the collapae of the current layer up to tha dl.integra_ 

tion of pl"IIII . Tha reeult. of the atud i a. under con.ider.tion 

are consiatent with those pra.ented in Raf. (4] . nd [51.but 

.pecial att.ntion ehould however be p.id to tha ob.erved .ulti­

pI. genaration of tha pIa em. bubble •• The lIIee.urellls nt . have . leo 

delon.tratad th.t.for the purpo.a of ha. ting the pl •••• _focu. 

elong the Iyelllltry axia.it would be pE'ofiuble to u.e • C02-l.­

.er pulle .horter than4On.,.ince .ft.r thi. period . l ayer of 

pIa .... can be te.red off from the c.ntral .l.ctrode . nd .c reen 

the pl.lma-focu •• FurUer det.iled inve.tig.tione of pla'III._focUI 

dynamic •• re being continued eapacial ly ln connaction with 

focus-l.ae r experiment. 

W .M.Gryzin.ki, A.3a"rzykiawicz. 3. Nowikowaki - aUIl.da l'Ac.da_ 

aic Poloneiaa dea 5cience •• Ser.De. Scienciea Technlquel 

XXIl,2,1974. 

[2] 5.Kaliak1, 3.Bar'anoweki,M.aorowi.ck:1. 5.0anue. M.Gryzineki, 

K. 3.ch, A. Jerzykiawicz, M. Kieleeinek 1. 5. KO.Ilaki. 3, Kubicki, 

Z.Kurzyrllki , 3.Nowikoweki. P,Parys, T.Rulinowicz. M,5I1dowaki, 

3.Wawer , 3.Wolski, 3.Wolowaki, - 30urn, Techn ,Phye, • .!!i.4,1975 

[3] A. Kaeperczuk. M. Paduch, L. Pokora. Z. Wereezczynski - aiu l , 

WAT ~,2;1977; 
[4] A.earnerd, A.Coudevilla, A. 301ae, 3.Launapach, 3.de Malcureau 

Phys . of Fluida ll,2,i975; 

[5J H.5chmidt, .M.Salzmann, H.5tromw.ld - Appl,OpUcs .!!i,9,i975. 
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KICK-BETA TOIW1AKS SURROU NDED BY FORCE:-FREE 'PIELDS 

D . ... . O'!ppolito, J,Y. Fuidberg·), J.P. Coedbloed, J • . Re .. 

A .. oeiation [urato ..... rOM. FOM- Innicuut VDcr Pla.ufr a iea , 

Rij llhuiun , Jutph ••• , The Hetheriand . 

. ) Loa AlallD. Scientific Labo r a tory. Loa Alame .. , 0.5 ..... 

~, An HUn-analysi . of the lurface-current IIIDdel of a toroidal high­

het. tokalDBk show! that s haping of the erOI I -nction favourably a ffect . the 

equilibrium, "hile torce-fue currents ..... ke • " .... a t ability usian .""ea­

libh "hen the e ro •• -5ection h dons_ t ed .,ithou t iner" • • inl tha curvature. 

Application of ch .. high-beta ordering in an HUo-analys i s of the .h .... p­

boundary IIIOdal of an uilymmf!cric toka_k has bun shown to provide a UB­

'onable d ... cription of Slob81 kink OIOdu I). lIere We report On 10 .......... ult. 

con"erninl!; cft."ta o r .l ... ~i,,1I LII .. crou-. .. c tion and addition of [orc .. -Ire .. 

fiald. on the .quiHbduII and the stabil ity of elliptical .od racetrad-lik .. 

c ~ou-s .. ctionl. Th .... quilib~iWl quntitin dne~ibing th .. pi ...... 

p " constant , ,n 
On th .. pi ....... u~hee C, currant. product. JUIlP in th" .... gnet tC field e.,.... 

pon .. nts . uch that tha p~"I.ur. il balanced, 

(2) 

... ha r .. hatl r .. fl r to qUllntitin in the ext .. rio r regh.n . In the latt .. r r .. gion 

fo~ce-fre .. currant. are pe .... itted to flow, 

0. - cons tant. 

In the high-S ord.ring the variou, quantiti ... re ordered .. fall_I: 

8/8-1/8-1 
• 0 • 0 (4) 

S :: 2p/8! - [ • Cla - [ 

Application of the o rderina t o (2) l ead, to: 

. ii 1£.8 .. ! ~ [1_!.l( l_lt )] ' 
p 0 k 2 

8./Bo - ii./80 - [I" [x] - I 
(5) 

... h.re x - (R- Ro)/a (ne Fig. 1) . The pAralllet . r kl reprnentl the freedo .. 

th.t "'00 .till hav . to ehoon the toroid. l curr.ot or the. I d.cy f.ctor q. It 

i, chos .. n 1 0 that k1 - 0 corra,ponds to 10 ...... S (S .. 0(c2 )) and k 2 _ I correa-

pondl to the .. d ... 1I Illlowabla 6, Le. the beta for .mieh the. .eparatrix 

touches the lurhc. (" .. -I). 

It 1 ... t .... pting to choole .. physicII panme.tars dncribing the 

equilibriu .. , S. the sllfety f.ctor q. and aR. Theu ia , however, I aerious 

di .. dvantagl in ulecting q. Tbi . quantity vui .. strongly ... hen the . .. para­

trix approach .. the pi ..... urhee .mile the qu.ntity that ~"ally i. fixed 

in an e""Pe.ri_nt, the current, v.ri •• only little. This has led ua to intro­

duce Il ne ... quantity 'I. , related to the current: 

qa ~ 21'1eel./l, .. eBo/<lp ' '. (6) 

vhar. c ia th" alongat ion of tha c ro .. - .ecdon ... ith respect to th. circle: 

c - L/2111 and (Bp' ia Bp .venged along C; L_ length of circWlte.renn - ~ dl . 

Thi . definition h .. th .. advantage. tha t at low S the. stability boundary h 

in the n .. ighbourhood of 'la .. 1 (Fig. 2). 

It i. no ... logical to ..... un the pnllur" with respect to '1.1 • i. ... 

ESp ~ 2Ep/<Bp'~ - (S/E)q·2 (7) 

inlt •• d of ... ith ra.peet 

byr-aJl.oq"· 
Tab l e 1 

cS ." I fi I Ii+i d1]-2 p,cnt 

circle ~ eSp , erit - ,,2/ 16 

el1ipn ill 
racetr.Ck ill [b - I +1I/2r ----.-.-,--

cri.nsl a ~ [lb"~' 6b+4~ 

triangle Et> [lb- 'i¥P-]' 4~ 

boO ,- , b - , 

b _ _ 

,--
- .611 .611 -

.563 .611 .611 .613 

- .617 .611 , 

.563 .426 .422 .J60 

.563 ioU 1.18 2.25 

Since eSp, crit M eSp(kZ_ I) corn'ponds to the equifibriUII li.it, thi . reh­

tioll.hip pointl out th ... t any S 11 pouible if q. i. oot rntd"te.d by at.­

biUty. Tabla 1 cOlluill' tSp , c rit for v.doll. erou -.ecdon •• I t ,hOWl that 

• h. ping of tha eroll-. .. ction can yield. g.in of a f .ctor 2 to J in 

[Sp,crit' A D-Ihape. .. ith the flat l ide . t th" indde of ch" t oroid is u.e.n 

to be th .. .... t hvourabl e. 

11100 force-fraa current. do not dfect tha aquilibrilJll. Their influence 

TOKAMAKS 

on th" stability i. , hnwevl!r , quite pronounced. Fi,ur .. 3 showa the result s 

for ,n ellip .. with b/a - 3. Qualitatively thi , .ubility di"gralll i . similar 

to th't for tha circular crou -aection (Ref. 2). Th" two H.bility ragion • • 

one. .t large q. and one .t ..... 11 qa. au leen to appro.ch e.ch othar when r 
i. increa.ed trOll! • 10'" velue to a vllue bet ..... n 1-2, ... here.fur th" left 

usion remain. stat i onary and tha other region withdra ..... t o large 'I'" Since 

the stabi lity diaBnlll il valid for any toroidal mod. nu",ber n on. lIIuot con­

clude that the ltab ility region fo r 8fU ll q. i . in.cceuible .nd that the 

IUxi ..... poss ibl e S is f ound at th .. intertect ion of tha right-h.nd-.ide .t.­
bility boundary with the equilibriulII U.it. Conlaqultotly. t hen i . an opti­

.... .. value of r. 
Frolll plo t s ot the marginally st.ble .urf .. CI perturb.tion of .n aUipticel 

croll-.ection at v.rioul v .. lues at the par ...... ten q", r, and b/. th" follo ...... 

inl pietur .. e""'~ge •. At 10" valuel of r th .. perturb.tion i f locali"d near 

the top and bott_ of th .. e roll-leetion . th .... re la the larger the elonga­

tion. lncr ..... a ing r dillini&he. the 1000a lization .nd the p .. rturbation becoae. 

that of an .. _ I kink ...,de. Together with the at.bility ruulta thil IUlgUtl 

that elongation 18 well a. forc.-fr ... currenta Gntsrge the rang .. in S nnd q. 

wh. re the pt ...... il .table , .nd th.t for In e lliptical cron - Ieetion the 

n.b ility d .. cr ........ hen b/. i . I . rg. , due to th. increeling curvatur .. at tha 

top .nd bottoll of the cron-.eceion. The re l ulu for th .. r .cetrack b/a - 2.7 

(fig. 4) , ... ith the ...... value of c a. the ellip ... with b/a - 3, eonfi .... this . 

TheJe. resuits al80 s how a b .. ic change in thl! behaviour of the two . t . bility 

regions . There h nOlol • unge in r f o r which both ragionB overhp. so that, 

•• f.r .a the ,lob.1 kink OKtda. ara concerned, al .... t th .. ent ire S-q' .pac .. 

i. lubl .. (Figs .•• nd 5). 

Thi . work .. u perfonoed uruln the su.pic ... 

of 'OH. ZVO. Ellratoll •• nd USERDA. 

Rele r .ne •• 

hq. I 

1. J. P. Preidberg and W. eron .... nn . Phy •. Fluid • .!! (1975) IU4. 

2. D.A. D' lppolito, J. P. Fre idberg, J.P. eo .. dbloed. J. ReIl , Proe. 6th lnt. 

Conf. on rt .. 1III Phya .• od Contr. Nuc\. Fusion Rea . • 8 .. rchtugaden . 

I. tAEA (1977) 523. 
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APPLICATION OP ID~AL MHO STABILITY CODE [RATO 
TO HtCH BeTA. TOKOMAK !QUILlBRtA 

K."'. Dory, D.B. Nelson and Y~K. M. Pelll 
Oak Ridge Natio" .. l Laboratory , Oak Ridge, Te nne .... " 37830 

D. Serge .. , L. C. hrnard, R. Crub.,r a nd F. Troyon 
Ct!nrrl! de Recherche. ell Phy.iq"e de. Pi ...... 

&col_ Polytechniq ... F"dlnl., 1001 La"unne. Swiuerland 

BETA 

~ An initia l 'Urvl, of ch. KIlD I t ability of FCT equilibria "a. been 

don. vit" the EIlA'fO £U . pecrra l code. \/hen the pi ..... i •• urroundad by 

vacuum .><tending to infinity, .. B-limit of 1-2% i f found. Aconductins . hell 

a t about 1.1-1.2 time. cha pl .. M radii .. can .t_hilile the ba U ooninglllOdu 

and iner •••• the il-valua t o 3-4% f or an unoptimized c&, •• 

Tb. [ RATO code Ill. vritte n by ch .. S,,1 .. authon of t b i . paper, analyz u the 

atabil ity of a .. azh)'llllll! tric pi .... tow-ard ... 11 perturbado,,.. The lIOde1 

(non- ru htive) aaagnetohydrodynaiee . n.h evalu.tion ull ' . tvo odi ... ,uiond 

finite hybrid ele .... nt t.chnique {21 loIith the resulting .... trix ,0Ived by vec-

tor it.ration. which can provide " eigenvllue, the ( ' qultld) growth rate, 

y~ _ ~~ , . nd .. e ige n f unct{on • • thl ... d. atructure of ~h" p"nurb.tion. 

n.. hilh b.u equilibria 131 f ound . t (hilt llidge "'''' ... ed in thi . Itudy Ire for 

pI ...... haped b)' "" t . m a l I UllPIIi conductou. Fi&llre I .how. the pi ..... bo .... d. ry 

(OIIt • ...,.t ao tid lin,,) ""d NO I<><;.tion. conlidered I . ter for pllcelDl!nt of. " cnn-

duc ting" . hell l uppol "d to b" affective in the ti ..... cdl of tI.a in.tability. 

(The . hell h assumed t o ca rry illlolS" of the p" r tutb.tion p l l1l111 cur r , nt . , but 

i . not r .. quired h r equilibriWII.) The equilibri •• re chanctlriud by th.vII -

pr .... ur. B~/2wo . t the c"ot.r R - Rn and t - 0 , o f the d hchlrgl e r O" .aetion., 

and by tlMl valu" qa / qo' rado of .af .. ty factor (inver .. rota tiona l t rlm.fo",) 

.t th. pi ... edge . nd ""snetie ax i . . Th. u.ual Oak Ridg" aea ling ( 4) i l 

appllad 10 th.t on .... quilibtiUlll calculltion c"" b .. u ... d for ... ny valuu of 

qo and corresponding v.lues of 8. Thh . e . Ung v . ri n the total pi ..... 

curnnt, whih holding fixed the ge"""' try, t o roidal field outdd .. the pll . ", • • 

. nd the .!!!!.f! of th" pr .... ur. profite. 

Filun 2 prue"u growt h rat .. eurv •• for fi ve ... t e",ibly diff .... n t . q ui-

llbri. Ir". ..... qu .. nee app roxi .. ting the FCT lIIB<Iel 131 " I to ...... k r •• pan .. 

t o .tr ong .xtem.1 h ... tlng . Cu rv .. l_b. II .. d FCT 2 . 4, 6 . .. upr ... nt c .... 

vith q./qo. 1.7, and 81 vd ... . of 2. 4. 6 .. . 12% (the . uhcdpt I ..... n. 

th.t th . 81 value appli ... to th . eu. qo - 1). I t will b" ' Un thl t, In 

uniu of the AHv .. n velocity (ulina BD) divided by th .. IIIIjo r rldlu. o f [he 

to ru. , [h. g r""th rat ... of th l aod. .. n. at hilh at 0 .6 f or th l hilher 8. 

c •••• vh.n th .. conductinl . hlll ;. r .. _ved to infini[y ",:cept fo r th. co..-
0-

duetina line dong th .. cy linder 1lI i. . Z • o. ~ . ingle e ... (FCT9) 11 Il.o 

.h""" in duhed linu to indiClte the b .. h.vlouf vb .. n th ... h .. ll 11. ... directly 

at th. ph. ",. edge (no " .CUUII). Th" c h. ng .. o f i with qo eOllplicat .. the 

inta rptetation of th ... " d.u, . 0 • erou plot hat been I118d. in Fi;ur. 3. H .. r .. 

th e dat a betwe"n qo - I . nd qo - 1. 5 n e , hown in • 8Uph of y vertu. the 

. ppropd. t ely . cal .. d vllu ... i. Th. n.ar-coincidence o f the lin .. f Of th. 

c ... fCT6 , 9 12 .... t ivat ... the '·onenlib ly" "",d enIy . Va l u .. of y v .. n 

. bove u r o . uggen utrapolation to g h e • i H . it of 1-21. 

Corte. ponding da ta . ... al.o .h""" for [h. c .. e vith ' h,11 at th.pI ..... dg .. 

,uBlu tin, that the 8 thruhold e.n b .. raiud . uho t . ntidIy by t.k ina .dv.n· 

t'a. o f It.b Bintion by a nearby condu c ting shdl. Th l thru ho l d 8 .pp ..... 

to be .bout 3-4%, s Olllswh.t in .,ree_n t with conclu. i on . in Ref. " . nd it i . 

ta"pt in, to think. th. t hi.gh.r valu ...... y obtain ...... tut other pt ..... I h.p .. 
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for . t . bility run . . Solid lin .. nl 
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Fi g. J Growth ... u .. functionot B for 
1 ~ qo ~ 1.5. Ind inlinit" V'CUUlll. Aho 
.h""" i . thl ell. vith ' hill at thl 
pi ...... urfae •. 
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FCT 2 ......... , \~i • '. 
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0 0.' , .. ,-, M ,., 0 ., 0.' 0.' •• ' _0 

" l_R - Z .. , 
F;I . 2 Crowth r a t .. eurvu .. funcdon of qo for Fig. 4 Growth r at. of a eaa ..... r 

I.v.ul e ..... . vith inflnit l v 'C uU. and one thrn hold .. function of u d'u' 
ca .. ( PCf9) vith shell.t th. pi ...... udsel . of conducting . heU. 

an d 11 we v. ry' q~/qo ' .. ...... ure of th . profi 11 vidth • . "'" ... y hop" diD th.t broad .. n-

hold whu. the _d ... have _ ........ h.t l oe.liud b. llooning n . tur .. , r . lyina on 

pro .. i",ity of t he conduc ting . h .. ll to contro l the g lob. 1 kink !Iod.... Sinel the 

ERATO cod. h .. p r ovi s i o " f or andYI;ng t he eff.et of conducting sh .. ll at a fini-

t . dittanc.frOllth.pll .... . v.h ..... . tudl.d thhlorthe fCT6 ca .... ithqo· 1.22. 

tII" dua i n Fi gure 4 . hOll thn th. tun.itlon frOll infinite v.cu"'" relion to no 

V.CuUlll i ...... nti . lIy compl .. t .. wh.n th . ratio of a v .. r ag ... hell radlu. t o .ver-

. g. pi ..... radius i. reduced to about 1.1-1.2. 

It . hou ld b .... ntioned thlt th . indic. ted une"ntintie. in the y "Ilue. r llult 

fro ll a r ti fic h l ra . tr. ini:.. (eOlllput"r tl _ . .... ey, etc.) on the r nolution o f the 

pr ... nt e.leuiatio'" and th . t wo rk it und .. rv.y to reduce the une .. nlinty by . b. tte r 

th. axi. and by a judicious ehoicl o f I rid int. rvala. n.i . iI ' peciaIly n.ee ..... y 

for high i e ...... whu" the diuor tlon o f t he ""Bn.tic l urfae ... i . BrI.t . 

Futur" Itudy i . needed of optilliution ili.! ili erO" .. ction . haplnl.nd eon-

trol of thl pi ...... prulun profit. width. 

.R .... r ch spon.or .. d by the Fond. Nldonal Suin, de I . Rec l>ereh .. Se! .. ntifique 
and by EM r ", Ra ... arch ""d Dev.lop_nt Ad",;niltrltion unde r cont r act with 
Union C. rbid e CBrporat iou. 

( I ) D. Se r ,er , L.C. B"merd, R. Cruber and P. TT"y .. n . IAEA VI, Bereht .. g.den, 
Papl r 0<- 35/B11-4 (19 76) 

(2) R. Grub .... , Jrnl . of C.,..,p.Phy.ie., (1971) to . pp ... r 

(3) (I) R . ... . Dory and Y-K. M. P. nl, Nuel .. r Fu. ion 17, Zl (1977 ) 
(b) J.F. Clark. and P.J. SiJlUr, Phy • . R.v. Le tt.~, 70 (19 77) 
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PROGRESS IN EQUILIBRIUM AND TRANSPORT llfEOltY OF 
THE FLUX CONSERVING TOKAMAJ(* 

D. J. Sigmal' 
Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA 

(on leave of absence mill HIT) 

and ORNL Fusion Energy Divhion Theory Group 

ABSTRACT 

After reVlewing the physical odgins of the idea of flux 

conserving high beta Tokams.k equilihria and recalli,ng their basic 

global and local properths we rllport on recent advances. The 

equilibriUDI theory is extended to include the time dependent 

couplinj! of the inner (plasma) solution to the outer (vacuUIII) 

501ution, &5 will be required in any s trong belli! heating expllri-

ment. After showing a numerieal simulation of flux conserving 

adibatic beating to high beta, the tJ:'ansport theory is extended 

to study the resistive decay of the safety factor profile q(;,t) 

and poloidal flux driven by a generalized Ohlll's law. 

The physical origin of the flux conserving tokamak concept 

derives from the fact that sutcessful auxiliary heating to "high" 

beta (i.e. ~ .... aIR) has to occur under the timeseale or dering 

TA<Th<TE<TS (1) 

where TA is the Alfven tillle , the heating ti...e Th~l • Tl
1

j2 .. Paux ll 

nT , the energy contai l1ment time T
E

- 1 '" KIT/a2nT with 11:1 the 

effective heat conductivity, and the poloidal skin time T
5

- 1 

tit'-, where 1jJ(R,~) is the poloidal flux function. This follows 

frolll the heat equation 

the flux diffusion equation [1] , 
a1jJ I) I c 
at '" 4iI tr.*q, - ! . Wo 

and the experimental evidence that for typical ohmically heated 

(') 

(3) 

higher density ToklUll8.k plaSI!\&.S Kl is close to the neoclassical ion 

heat conduttion and riN is practically the classical resistivity. 

Paux ~l 
Frolll (2) , t he ratio Th/TE (I (1 .. ~) can be I!IIlde small with 

large auxiliary power and fro. (J) it f ollows that .1:E/1:5 < I, 

thus confi1""llling Eq . (1) . Recalling the definition of the safety 

factor as 

it follows that also q(q,) decays on the resistive ti.escale (J) 

50 that if the auxUiary heating is faster than 1:
s 

the flux is 

frozen in. 

The solution of the equilibriWII equation is then obtained 

with p' (V) determined by auxiliary heating and q(V) frozen to its 

initial l ow ~ profile [2J. Such a choite of the two free functions 

with increasing p' (V) profiles yields a series of nflighboring 

equUibria llith novel and desirable properties [2,J) , such as 

complete absence of the so called equilibriUII limit ~I " R/a 

(sinte the separatrix cannot enter the plloslla on a timestale 

faster than T
S

) ' a pressure driven rhe in toroidal plasllB current 

and onset of an abSOlute minilDUll B region in the vicinity of the 

magnetit axis. This tan be gleaned fro .. the resultant f01""lll of 

the poloidal field [2J 

BElA TOKAMAKS 

" RBp '" 2 ;z plO .. dcose) (4) 

_ 11'0 doS 
whe re d " 2;Z P ~' 6(",) being the pressure driven Shafranov-shift 

of the flux surface IjI such that for high beta d + -1. (1/'0 is the flux 

at the boundary p ,o a.) Consequently, at the outside of the tot"US 

(p • a, B • 0) one obtains BlBT '" ~/(l + d), which tan become of 

0(1), thus compensating for the R- l drop of BT' 

For a more comp lete understanding of strongly be8lll he .. ted 

Tok8JD8.k plasmas it is necessary to connect the "inner" solution (4) 

to the vacuum solution, including the effect of a cas ing and/or 

external field windings . For l ow beta equilibria where the denolli-

nator in Eq. (4) can be readily Fourler expanded, this has been 

accomplished by Shafranov et al. [4J. However, as d .... -1 in the 

high beta limit of the flux conserving Tokamak, the Fourier series 

does not converge. Following the generalization of the circular 

cross section work of Ref. 121 to an e l liptic cross section [51 

the s caling with ~ of the self consistent vertical field inside 

an elliptical casing is presently under i nvestigation. NUlll.erical 

calculations [61 i ndicD.te that the dependence on major radius R of 

the field index - (R/BI ) (dBI/dR) changes frolll PQsitive to negative, 

as ~ exceeds a few percent. The ensuing vertical stability problem 

and its dependence on plasma elongation i s also under investigation. 

For the questions discussed so far, knowledge of the standard 

global plasma parameters ~I' '"'I ' ~"i and of the function Bp on the 

plasma surface were sufficient. The local values of the plaslllll 

turrent and pressure profile so important for ).t\D stability are 

controllable via the heat deposition profile of the neutral injec-

tion systell. By tailoring the beillll direction and penetration 

depth, a wide variety of mo r e or less stable profiles can be produced. 

Numerical solutions [7J using the adiabatic heating theory of Grad, 

Hu and Stevens la) wll1 be shown. (The linear and nonlinear stability 

behavior, particularly with respect to pressure driven kink-ballooning 

lIIOdes [9) will be presented in a separate paper.) 

Assuming MHD stable equilibria have been obtained under the 

constraint of flux conservation it is then of interest to study 

their diffusive decay. In particular, from Eq . (J) one expects the 

edge region to diffuse relatively more rapidly than the center, an4 

the safety factor profile to change , thereby affecting the MiD 

stability properties. Hirshman [l0] has recently derived-the··equat-ion· 

*1* o:;(l/I,t) • "~~> -~ V' ("') [< E. • ! "> -Vet} F < R- 2 
"> ] (5) 

where VC"') i: the plasllB volume, ! the electric field in the plasma, 

Vet) the induced voltage on the plasma surface , and the angular 

brackets denotinR a flux surface averaile . When I!q. (5) is "" .. hin .. .!. 

with a simple [IJ Or generalized Ohm's law [Ul to express < E. • !"> 

in terms o f jB and pressure and temperat u·re gradient driven collisional 

fluxes one obtains an analytic estimate of the B-dependent decay 

time of q(1/'. t). Supporting exact nUlllerical Solutions obtained by 

Hogan [12] will be shown. 

Researclt sponsored by Enerjl;y Research and Development Administration 
under contract with Union Carbide Corporation. 
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INFLUENCE OF PREDISCHARGE CONDITIONS IN SPICA 

A.A.M. OOmens, C . Bobeldijk . J.A. Hoek~e.ma, 

A . F . C. van der Meer and D. OeptB 

Aasociation EUratom- FOH , FOM-Instl tuut voor Plasmafysica, 
Rljnhuiten, Jutphaas, The Netherlands 

~. A Itudy of the predischarge conditions 1n SPICA 1) hu 

been started to improve the reproducibility of the Bcrew-pinch 
diacharges. Measurements on three types of predischllrge plasmal 

are reported. together with 11. first comparison of the associated 

main d i scharges, character!2!ed 1n the most favourable type by 

peak !I-values of 0 . 2. 

~~. In an .. arlier publico.tion of the SPICA r 'H,ulL",2) 

it was reported that s marked difference 1n behaviour of the 

screw- pinch plaemas WIlS observed with the same external condi­

tions. It seemed therefore appropriate to study the values and 

the reproducibility of the plasma parameters reSUlting fro~ 

d i fferent predischarges. 

Predischarges. Three types of predischarges, sWlllllarill:ed below, 

have been 

Type " 
L - 100 

E -150 

H - 100 

studied. Here 

'2 TE (~II 

-110 55 
-11 0 JO 

-11 0 JO 

tl is the start of the predischarge, 

t2 is the start of the bias fi e ld, both 

with r espect to the fII1Ii~ discharge, 

and TE the time in Which 90' of the 

energy content (9.0 kJ) of the pre­

discharge bank is dissipated. Density 

profiles i n th~ outer half of the 

torus were measured at t-O ~s by means of Thomson scatterin'1 . 

The resul ts are '1iven in Fi'1 . 1 for Po • 10 mtorr and 

Po ,. 5 mtorr . Type!!. has an approximately l:!0nlO'1eneou8 density 

profile, good reproducibil ity s nd a high degree of ionization. 

Type ~ a l so s hows '1ood reproducibil i t y , but a very ~ccentric 

density profile. Type!! is not r epr oduci b l e and has a !pw 

de'1r ee of i onization. The electron tempera tures are the same 

for L, H, and E (about 3 eV) a nd constant over the tube radius. 

At Po • 2 mtorr breakdown is not reprodUCible, but for all 

types the plasmas s e em to be homo'1eneous and fully ionhed . 

_( (cm) 

® ." , 
:!!? 5 

, 

_ _ r (cm) 

Fi!!. I . 1I.-prot11 .. i n the outu half of the tor ua obtained 
in three typea ot predhcharge. The da~hed Hne re­
presenta a 100\ ionized homogeneous pIu ...... 
a) Po - 10 IlItorr. b) Po - 5 IlIto r r. 

Main discharges . The main discharges following the L, Hand E 

predischarges have been compared at Po ,. 10 mtorr, B. ~ 1.2 ~, 

I zp ~ 250 kA , and an initial bias field Bo ranging from 0.1 to 

0.15 T. Most of the dhcharges were done with type H, some with 

E and only a few with L. The time heh;,vlnur of the .. h .ctron 

temperature and the local B are shown in Fig. 2. Up till 26 us 

there seelllS to be no difference in time behaViour for the three 

types : Te remains constant and there is a slight decrease in the 

measured value of B. This decrease may be due to enerqy 10s1 but 

can be explained as well by a broadening or shift of the pro­

filel. Another common feature of the discharges is the large 

o-shaped deformation of the plasma column at times early in the 

discharqe, as derived from poloidal field measurements. 

~E!_~ ' Most of thes e main discharges show a gradual loss of 

equilibrium at times varyin'1 from 20 to 50 liS. Measurements 

of Ined1 confirm these lifetimes . The frequency of the m- 1, 

k-O oscillations as observed on the streak pictures indicates 

that the mass in the column equals the total mass of the f111-

ing '1as. The poloidal field fluctuat i o ns indicate a current­

carryin'1 region extending to 15 cm (Ref. 3) . 

0 

0 

0 

~ 60 

- '0 
~ 
I 20 
o 
I 0

0 

°00000 H , 
0 0 0 

""'\..\ 
2 . . , . 
0 , 

0 
, 

0 0 2 
• 0 . . . , o I 

o i 
5 10 15 20 25 30 

-- t (1<5) 

!ll?!_!!' l.;ain discharges of this 

type are Ilways unstable. At 

low values of Bo this often 

leads to violent wall contact, 

visible on the streak pictures 

and qiving rise to strongly in­

creased impurity radiation 

(mainly Si). There is always an 

abrupt l oss of compression at 

times varyin'1 from 10 to 50 liS . 

A stabilizing effect on the 

plasma is obtained by an in­

crease of 80 or qwall' 

trE~_~' The main discharges 

aSlociated with this type of 

!!lI..:....l.:. predischarge are the same as 

Hell8ured values of Te and B at dif- those described in Ref. 2, 

~:~e~ t1~:. 1n:S ~r~:~~~e . except for an increase in bias 

field from 0.12 to O.lS T. 

A'1ain stable and unstable discharges are observed I better pre­

ioni~ed plasmas are more like ly to be stable. Some parameters 

of a stable discharge are presented in Fig. 3. As compared to 

Ref. 2, the time during which the plasma is in equilibrium and 

shows no MHO- instabilities i.e increased from 100 to at least 

-_t (\Is) 

200 ~I. From the inductance measure-

ment we conclude that the radiUS of 

the current-carrying region ia com­

parable, but the rate of decrease 

is considerably less . 

!!i.:....!:. 
Toroidal pla.ma current, pIe ...... inductance. 
and In d1 lDIIa&ured in the ~atorial pl ane 
a. fun!Uonl at time tor 11 ltabla d1a~ 
char!! • . 
Po - 7.9 Illtorr D2• B. - 1.2 T, 80 _ 0.15 T. 

'\tsll • I. S . 

Theor etical develoEments. As was shown in Ref. 2, force-free 

currents surrounding the main p1aBm.B core substantially raise 

the equilibrium and stability Unit of B in a high- B tokamak. 

An extenSion of the theory towards non-circullr crols-sections") 

shows that vertical elonqation (racetrack) enhances this tendency 

with respect to the stability limit. For the equilibrium limit 

an additional weighting of the shape of the cross-section towards 

the axis of toroida1 sYJlW8try is favourable . Equilibrium calcu­

lations taking into account a circular conducting wal l and 

force - free currents in the screw-pinch mode (roughly constant 

pitch fields) have shown 5) that this elongated D-shape of the 

minor cross- section quite naturally appears in a screw- pinch 

discharge, in accordance with the above-menti oned experimental 

observations. It ie possible that t h is can be further improved 

by reshaping t he conducting wall into a moderatel y elongated 

one . 

Conclusions . Stable screw- pinch discharges have been obtained 

with a predischarge !?l asma having a hOnlOqeneous density profile 

and In ionization degree of 40t. These discharges with q" 1 .5 

a nd a peak B of 0.2 are i n equilibriWII and show no gross MHD­

instabilities dur i ng about 200 us. The electrol'\ temperature 

('I. 40 ev) x:emains constant durin'1 the first 25 ~s, the measured 

values of B slightly decrease. 

Acl<novledqement. TIle ..... chine hal ~.n skilfully ~nted by 0.01. Karb. 

P.H.M. S ... e ta and G. van Di,k. PUcth.r a .. t-tancl "il l '1iv.n by 11'. XooijlMJl 

(data h.ilndl1nq) . P.J. suach (-n.o..cn s" .. tterin9). H.W. Lu.ij.terbur9 

(-.agnatic measure .... nts ) and P.H. Jonk.er. (X-r .. y me .. ur_ nts). This work 

..... pertormed Wlder the Euratoa-f'OM . eaoc!aUon il9r_lIt .. ith financial 

suppor t trom ZWO and Euratoao. 
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YlNlTE.-GY RORADIUS EFFEctS IN SCREW PINCHES. 

H. Rdph Lewia , Le.f Turner, and Hary ~nnl 

Univenlty of CaUfornla , Lo. AlBllloa Scientific Laboratory 
P. O. 110", 1663 , LoI MUDI , New Hexico 81S45 

Us. 

Abn raet: Th" eflec:.ca of finite ion Byrondlu8 on the bah.vine:. of aen" 

plnchea an be1na nudi .. d DUIIIt!ri.,.Uy and analytically In the cont .. ",t of 

the Vlasov-fluid 1IIOde1. 

The effech of Unite ion 8yroradl ... 1 on the behaviot of ."rev pinchea 

are being studied n\Ullarlc.lly and analytica lly in the ·contexc of the Vlaaov-

fluid end .. l [1.2 J. ot particular intaraat ara tha .odiUt"tlono of thc 

predictio .... of id .. l HKD theory . nd the s uidins- center-pla ....... dal due to 

finite lIyrnudiul. Unde r Itudy . n in.tabUiti ... in ICrew pinch ... nd. 

IIOr. recently . the po • • ibilit i e. of lI.gneto.cous Uc heating. 

In our Vlasoy-fluid model [1 . 2 I. tile io ..... re tre.ted as co111s1on18l. 

(VI.soy .pp"om. t10n). the elect"o'" .r. tre.ted 88 • lIu.1e •• fluid, 

ch.rge neutr.llty i ........... d, . nd di.pl.c ..... nt current la negla cte d. \le 

are inve.t111.t1ns th. !IOdel coa.puution.lly .nd analy tically. The COIIpu-

t . tiona1 .pproach i a beaed on a nUlleric.l .ethod that hea been developed 

PINCHES 

[ 3 I H. R. Lew:f.a and K. R. SYJlCln , Bulletin of ""'&r1<:.o Phydcal Sodny 

!!. 924 (1914); aho, to be publ1l hed. 

r 41 IS . L. BUII'b .. , G. H. Col",b, and H. R. Levh, in Proce eding. of the 

7th Conference on NUlurlc:al Simulation of Ph ..... (COUt"llDt Insti-

t Utl!, Ne .. lork Univeraity), pp. 196-198. 

[SI L. T\lrner, Phyat.,. of Fluids lQ.. 654 (1977). 

( 6 I L. Turner, Phyute. of ¥lul,S. 1Q.. 662 (1977). 

1 1 I H. R. Lerh, to be publhhed. 

for 11nearizad ay.tems in which one or more cOll1Ponents are colliaionlua [ 2-~J . 

Thb lOethod has bun . pp11ed to the •• 2 inlt.bili t y of a . harp- boundary 

Icrew pinch [2 I. Ind the camputer code la be1ns IIOdiUed to tre.t . cr .... 

pinches vith diffusa prafiles. Two. analytic I pproach ... . re. be1ns used far 

the Vl88ov- flu1d model app U e d to a acreW pinch . For . aharp-boundary .crev 

pinch . a t heory hll. been developed which nl1u an cerUin a8l\Ullpt i ans 

re.arding the raaian within ebout .n ion ,yroradiuB o f the bouod.ry [ 5.6 I . 

With these 88aUllptionl, the .theory la valid for 1<111111 value. of kr L . nd 

"'''c cOllPared to unity . wh~re " i . the e1genfrequency. "c is tha equ1libriUII 

cyclotron frequency • • nd k i. the l argal t rebvant w.venUlllber. Tht. 

theory haa provided v.lu.ble in8ight Into cha physics of the model • • nd 

aODd .lIreefllent b at"een tha theory .nd n..eric.l COIIIputation. h •• been 

obtained for tha •• 2 ine c.bility "he n the tonductins cylinder lurround-

ins tbe pinch i. infinitely far .... y (2). " .... eve r. di,c rep.nc1ee be-

tvun the theory and cc-.puCatio ... h. ye bean noted when the conductinll 

w.ll i. near the pl .ellla . and .ome difficultil!' have been encounterad 

with tonyerllenc. of the nUllle r i cll1 _Chad in th. C c.se. 

The probl_ th.t h.ve been encountlred vith a conduetins WIIll clone 

to • ,h.rp-bound.ry pinch m.y be cl. rif1ad by . _ther .... l y tlc trea tment 

of the Vlsaav-fluid model [ 7 ). Th1e chaory la IIppli""bla to diffuee-

profile acrew pinches .a we ll as to Cha . h.rp- boundar y "". e. TII . L10uYille 

aquation t. lolv.d for ..... 11 valuea eOlllp.nd to unity of kr
L 

.nd W/IIlC . 

Pinite lIyror.<11us .fteet' a r e upt to tint orde r; .nd. tu che c ... · of 

•• h.rp bound.ry. the ao1ution 1a vlllid up to the bound.ry • • 0 that no 

further 88amption 11 nquired for the boundary region of the .he of 

r L. This theory is exp.cted to provid • • • ood aet of exp'neion function. 

for 1 (! (1) • 1 x ! (0» thllt clln be used in the nUlllericll coda for tbe 

diffuse eaae 88 vdl a. the sharp-bound.ry case . It .lso proyidu a 

diffe rential equstion for 1. va lid 10 both C8lel, th.t la • tiniu- .yr .... 

radius correction to the KHD equation far 1. 

Currently . both .nllytic treatment l . re .ho beins applie d co study 

Cha poaaibillty of uasful . allneto.cou,tic h.atins af pinchea . 

·Work pedonled und", the a ... picea of th. UnUed SUtu Energy Re.a.rch 
and Develapment Administr.tian. 

f 1 1 J. P. Fnidba rg. Phyaica of Fluids 11. 1102 (1912) . 

( 2 J H. R. Lev1a IInd L. Turner. Nuclear Fusion l& 99) (1976) . 
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' PLASMA FORMATION IN THE BELT-SIlAPEO SCREW PINCH SP IV 

E.J.M. van ileesch , .... E. Prinn· and ... . Verheul 

Aasoeiation Euratom-FOM, FOM-Instituut voor FlaarnafyaiclI, 

Rijnhui1len, Jutphaas, The Neti)erlanda 

(-Univenit)' ot Liv ..... pool. durinl p . ... t of the eqoeri ... nt lU&lt It Jutphlllj 

~. The SP IV experiment investiqates the possibil1tie, 

for elonqation in a force-free current screw pinch. The first 

results show t.hat. relatively hiqh ellipticities and B- values ean 

be obtained. The currents observed between eonducting wall and 

central plaema may be responsible for this favourable behaviour. 

IntrodUction . In a new experiment the well-known screw-pinch 

configurlltion with force-free currents l ) i, COmbined with an 

elon<j'"t .. d minor pl"""''' cro".- ..... tion . Pro,," theory it can be eOn­

cluded that equilibrium2) ae well as stability3) lire improved 

by this combination . A high ell1ptici ty of the plulIIa is possible 

by the pre.ence of a copper .hell. The quart1l vacuum vessel fite 

closely in the copper shell, thu. allowing force-free current, to 

be inducedl). iligh-B values are obtainable by the IIpplied implo­

sion mechanism. The geometry of SP IV is given in Fig . 1. The 

copper shell and the vacuum ve,'el have a minor eross- section 

Piq. I. Tbe '1"caetry ot SP IV. 

the initial pressure Po -. 30-50 mtorr 

complished by h.f . pulses (30 MH1l, SO 

diseharge (20 kJ, 80 kHz). A t o roidal 

trapped in the plasma to control B. 

shaped like a racetrack 

with e llipticity e · b/a· 4. 

The primary windings, 

wound helieally around the 

copper shell, are connect­

ed to a 40 kV, 120 kJ ea­

pacitor bank. Since plaSM 

current I.p and toroidal 

magnetic tte1d B. are qe­

nerated simultaneously, the 

q - value at the wall is ap­

proximately constant in 

time. The rinqing main 

discharqe has a quarter 

period T/ •• 10 liS. For 

the described experimenta 

H2 . Pre-ionization i, ae­

kV) and a toroidal pre­

bias field (B
iO

) can be 

~. The results presented here a re obtained at I.p up to 

220-260 kA, q • • B.t~l/lIoI.pt+ between 1.8 and 2.0 and U; up to 

0 .73 T . ne varies from 1 to 2xl022 m- l and Te from 10 to 60 eV 

at po. 30 II'ltol·r. The first quarter period of the main discharge 

is characterized by a formation stage including implosion and 

compression (6 \Is) followed by a more stationary period which 

terminates in a fast decay after 10-12 \Is. Ws can distinguish 

two repro~ucible major types of plasma (see Pig. 2) ~ type-A 

shOWS: 1) weak lmplosion, 2) radial compression slowly reaching 

2a .. 3 cm after 4 ps , 3 ) very hiqh elongation obtained after a 

_ tll1s) 

Fig. 2. Str.lk photD<jraph and di."..qn.Uc 
s iqnll . of two plalPUl type •. 

~weak vertical compres­

sion which reaches 

2b " 27 cm after 7 \11, 

4) low- 8 value during 

the quasi-atationary 

phase . Type-B p1asmas 

show : 1 ) strong effe~­

tive implosion, 2) radi­

al dimensions relax to 

2a" 3-4 cm, 3) compara­

tively low e longation 

caused by a strong ver­

tical compression whieh 

stopa after 6 ps at 

2b"15 em, 4) high B­

value durinq the quasi­

stationary phase. The 

propertiea of the im­

plosion are investigated 

by means of streak photo­

graphs. Besides, during 

an effective implosi on 

the diamagnetic signal 

6" shows strong oscil-

lations due to inertia effeet. (see Fig. 2). The effieieney of 

the implosion in sweeping up _ss has been estimated for typa-B 

plasmae from the r adi a l oscillation freque ncies immediately after 

the implodon. Accordinq to a Bimple model T· \I {c (po/e)0 .5)/S;, 

Where c is equal to 1.89~10-7 for SP IVI \I depends on the s hape 

of the density profile and equals one for a homogeneous prof ile. 

We find v • 0.93 whieh indicates that a larqe mass fraction is 

swept up. A characteristic of type-A implo.ions i 8 given by the 

difference 6,x found bet_en 2.1Bx rdr and IV1oop,tordt. At 9 liB 

this difference, which is eaused by ohmie dissipation in the ini­

tial. etage, llIIlOunts to 0 . 01 Tm 2 • The compreeaion following after 

the implosion can be seen clearly on the streak photographa and 

also influences the measured value of L i • i 211/Bx rdr/I"p ' The 

mellsu ... ed values of ALi./Ab (-4.3 nH/cm at Po • 30 mtorr Ilnd 

-3 .1 nN/clI at 40 and SO mtorrl Ilre in reaaonable agreement with 

a simple model . During Ule qU4ai-stationary phase we determined 

volUllla average B-value. by appl ication of the relation between 

Band 6+ . In the A-type diacharge the B- value of 6 \ !: 3\ is 

mainly due to a Bx -correotion whereas in the B-type the 6.-term 

dominllte., resulting in B • 15' !: 2t at Po • 30 mtorr, Bio - 0, 
down to 11\ !: 2\ at Po • 50 mtorr, Bio • 32 mT. These value. 

indicate that in (B) the column-B is close to unity . 

The poloidal magnetic field profile (type A) at 9 liS is given 

i n Pig. 3. The toroidal eurrent profile and q-profi l e are al.o 

preaented. The q-profile in the low pressure outside region wa. 

evaluated by solving the s quation V ~ B · oB (Ref. 2), where Cl 

was determined from the probe measuremente in' the midplane and 

the ahape of the central plasma froll t.he etreak picturea. 

Comparison of streak photograph and current profile shows Ulat 

some 50\ of the total toroidal plasma current flows in the re ­

gion out.ide the dense central column. This fact as well as the 

flatness of the.q-profile in a region around the central plasma 

confirm the presence of a well-conducting and probably low den­

sity plasma in a part of the outer region of this elongated 

discharqe type for at least 9 \IS. The concUtions that lead to 

the reported different diacharqe types have been investigated. 

The properties of the initial plasma at t-O, eapecially the 

initial degree of 10nization y and the homogeneity, have a 

E O.-4r~-r----r----, 

~ 0.2 ~ 1I010idal lB.) 

~ 
1 • 

dominlltinq influence on 

t he subaequent behaviour 

of the main discharge . 

The bias field aa we ll 

a. the predischarge 

energy have a strong in-. 

fluence on l . The hiqhly 

elongated plasmal are 

produced after a weak 

-4 ~ preheatinq , while plasmas 

~ with lIIOderate elongation 

~ are preceded by a very 

effective predi8charqe . 
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STATIONARY MAGNETIC FIELD CONFIGURATION 

:fN NON-CIRCULAR CROSS SECTION SCREW PINCH , TPE-La 

K. Sugisaki 

ELectrotechnic:al Laboratory 

Mukodai-machi 5-4-1 . Tanashl, Tokyo, Japan 

~= A magnetic field configuration dellirabl. to confine 

a high beta pLasma is obtained in a stationary stage ot a non­

circular cross section screw pinch with a metal shell, TPE~la; . 

No gLob" l IIIOd •• are observed. 

Introduction: It has been shown that in an axisynunetric 

toroidal system with a moderately el lipti cal c.,;n,'!IR aeetion, the 

beta value of the plasma can be higher than in a ayatem with 

circular cross section [11. Additional increase of critical 

beta value is expected in a plasma with a broad current profil e 

as in a screw pinch with a metal shel l . The position"'l insta­

bility can be avoided in case of use of the metal shel l. 

Apparatus; The scheJrl4t i c diagram of TPE- la [2] h , il.1us_trated 

in Fiq. 1. A quartz diacharqe chamber is 40 cm in length . 

COPPER 
SHELL 

PLASMA 
CURRENT BANK 

TOROIDAL 
FIELD COIL 

Fig.' Schemdtlc diagram of TPE -la . 
while the IIIIIjor and minor radii are 13.5 cm end -6" ctii. reepec­

tively . The copper shell of 1. 5 mm thicknese covers the dis­

charge chamber. A toroidal magnetic field and plasma current 

are indueea by eeparate capacitor banks of 30 KJ. The IIIIIXimUlll 

toroidal fie l d of 6 KG and plaema current of 120 KA a r e gener­

ated with rise time of 8 US . The experiments a re almost 

carried out for deuteriUm of 10 mTorr . 

Dynamic etage I After implosion and subssquent large displace­

ment toward the wall . the plaema column returned rapidly near 

the center of the discharge chamber. At the stationary stage, 

the toroidal shift of the plaema column was 1.5 cm. The plasma 

temperature determined from pinch speed was 70 eV . The 

electron temperature determined from the soft x-ray foil ab­

sorption technique was about 40 eV at 10 uS. 

Stationary stage, The plasma current was kept nearly constant 

for 50 118 by power crowbar circuit. The magnetic field con­

figuration was also unCh angeable during this stage . The 

typical magnetic profi l es on the medium plane a re shown in 

Fig. 2 . The plasma cur rent density was nearl.y unfforM over the 

discharge chamber . The pla sma par amagnetism wa s also observed 

during this stage. The beta value of the plasma was about 3 , 

from magne t i c field lIleaouremento. The IIWlgnetic flux surfaces 

Obtained from magnetic field measurements are shown in Fig . 3. 

The safty factor q was 2 on the flux surface A and 3.5 on the 

flux surface B. The electron density integrated on t he medium 

plane was measured with a He- Ne laser interferometer and was 

2 " 10 ·Ycm1 • The electron temperature at this stage wao de­

termined from the ratio of D6 line to continuum and was 5 eV. 

Por q < 3 , magnetic probe measurements indicated the existence 

PINCHES 

of ama11 amplitude p1.sma motions with n-O mode (axial dis­

placement) and n- 1 mode (kink-like deformation). These plasma 

motions were not growing but osci·llatory. The streak pictures 

taken axially did not indicate the existence of global modes 

during this otage. The flux surfaces were approximately 

10 
Inner wall 

R8T 
(KG·cm) 

-40 

20 

Fig.2 Typical magnetic field profiles. 

R 

A B 

_____________ ~Z 

Flg.3 Typical magnetic flux surfaces. 

symmetric in regard to the mediwn p l ane in this stage . 

Decaying stage' The plasma current begins to decay at 50 Us . 

In this stage, magnetic fie l d measuremente showed that the 

pl asma current decayed rapidly in the outer region, while it 

decayed slowly in the inner region. Ther efore , the cur rent 

f l owing region was limited near the \I'IiIgnetic axis and the cross 

sections of the flux surfaces tended to be circular. The 

plasma current channel was separ ated from t he wall and the 

poloidal magnetic field is stronger st the outer wall than at 

the inner wall a s in an ordinary Tokamak configurati on . The 

toroi dal field profile tended to be vacuum field like . 

Conclusion, The IIWlgnetic field configuration at the stationary 

stage ehou l d be able to confine a high beta plasma . However, 

the beta value obtained e xperimentally was smaller than that 

predicted theoretically. The beta value and e l ectron temper­

ature decayed rapidly . at the transition phase (10 - 20 us ) from 

the dynamic to stationary stage. The decay time was not af­

fected by the lIIIIall amplitude plas ma oscillation.. There fore, 

it seems that the beta value is limited not b y a stability 

condition but by energy tr;a.ns ports . 
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HeuurelllO!nt ot the Peloid.! Configuration 

in tha La"._"n. Belt Pinch 

J.-M. Peiry . M. Altmann, C. Tonetti. F. RofuRn 

Cent~e d, Rechuch .. en Phy,iqu" du Pl .. 1U1 
£eol. Polyt.chlll'!.u!! Plldllrale 
CI-I007 LauuDlle, Svitrerland 

~ Tbe tbru toq>onanu of the ugnetic: field (Br. I" Bz ) vere .... -

s"red io the pla .... of tha Loo"unnl! bdt pinch, e. fllnttlon. of . redilll, axial 

dhunca and time. }{ap. of the poloidal flux function. and the toroUal cur­

nnt den,ity je . .. vall al radial prDfil~. of the ufat)' hctor Cl an pre­

.ented. The r "-Bulu ahow that the poioidal field dilf" ... .,.ially through the 

pl ...... 

Int roduction: 8elt pinch plal .... 1 are nill hI' f r Olll beina und8utood . hial 

contraction (1,2,3J, radial cOqlr ... ion ratio ('.~). and axial di'placelDl!nt 

inltabititle. {to} are jult • f ... of the phenOllll!na that hava not yat been u ­

thhttodly e:q>lained. In the t.. ..... nne bel~ pinch. pt ...... pn_teu h.ve 

bun ...... red in the aidphn. (~-o) b ... t ... p to n"" littll v •• known .bout their 

dependence 011 ""i.l dheanc •. In the pre.ent p.per we rlport the fint de-

tailed ...... urelllt!nU of ... gnetie fhlds in 8 bi!lt pinch ph .... . .. f ... nctinllB 

of radi ..... uial diltante and tllDll. 

MIl •• ure .... nu: Experimental parama t en for the set of ....... re .... nu repnrted 

hl r . "ere .. foll"".: Cb.rgt", voltlge of the lIIII.in clpacitor bank: 30 kV, 

filling pte ..... n: 20 IlITor r °2, lDIIxi_ toroidsl field at r-16 ell: 1.S kG, 

T/4 • S ~I, ne""",- 6d0 15c.-J , T ..... -40 .V. Acce .. tn thl pi .... in the t..u­

.1011. belt pinch i. difficult. Th.re i. only nne radid port It .-0 . Therefore , 

th. fis ld ...... ure .... nt . h Id to be don. by int r oducing. l onl probe through one 

of thl axial poru. 111. proba h .. two .... 11 pick-up coih in iu tip. It U" 

bl rota t ed about iu ax i l to p. nDit "", .. ure_nt of eith.r (Br,B I ) Or (Be , B,.). 

It I:In .lan be "",vd radially .nd .xi.lly , such that Onl hatf of the poloidat 

croll-aection (,,'0) can ha eOlllp l atlly .canned. The fie ld cOlllpon.nta, Br , Ba and 

B. , ".re 1H ..... tad by radhl .canninl at 6 diHetant axial polition' (.-0,100, 

200 , 2S0, 300, 3S0 .... ). Thl radial r .. oludon " .. S ... in the den .. pha_ 

a nd la ... in the ten ... ou. pia'" near the v. lla . V.cu ... H.ldl vere alao 1II!e-

I ... red . t •• ch pnint. Tb •••• ure_nt nf Br i . e"'tre .... ly a.nlitive to the 

.li~nt of t he probe . A va..,. .... tt error in the ori.ntation of the probe 

produce- a hrge e rrOT in Br' aince Be'"' Br' 

The flu", function . v .. comp ... rad by a .. umint a polynominai expanlion of the 

f,~ 

lIith.....6 and n-S. The coaffid.nc. G •• "ere obtained h .... a laut-aq ...... e. fit 
~ : 

to the me&lured data. Fil' 1 .howI the ... conlt. aurhees for ,."D, at v.rioua 

ti ... during the diach.Tla. It ahould ha noted th.c thl la.t fra. in Fil' I 

la t.ken at a tima Ifc. r tbe on .. t of the axial diapl.ca.nt inat.bility. 

sinc' the onsat time h not a"'ctly repToducibla fr ... hot to .bot, thh I .. t 

fT_ h.d t n be compo.ld of _ ..... re ... nt. tlken It t .. conlt" Tlth.T than 

t .. con.t. , "here t i. tha axial dhpllcement obtainld fro .. a diffenntial 

probe (Fill' 3). The difhrllntial pTobe eignal aho . howI tbat , at t .. IS liB, 

the confillU1"8tion i. Itill symmetric "ith UBpect to tha midplana (,-0). 

DitCUllion of u .... I"': It it qoiteobvioo. fTo. Fig. 1 thlt, durinl t he .table 

pb l .. of t he di .chaTI'" th.re i. I Tlpid axial con tTac.dOll of the • - conlt. 

'ortaclI'. Th. pla ... it .. lf, h_ver, dou not ""derao an .qoivalent .:dal 

We deduce thh frOll thl followinll ob .. tvationl : (I) Cha ehc-

tron dena ity It ,00() decrea ... lIith tilU , (2) the radial pnllUTI pTofile a t 

S • 200 .... indic.tes • bau value of S-IOl , at time t - 15 ].11, Ind (3) the 

tor oidal current denl ity, ... hown in Fill' 2. ramainl nth ... high neaTtheenda·, 

it. axial distrib ... tion being Vllry wide. We mult, therefore, conduda tha t th" 

poloidal field diffu.", ",hUy IIhToUllh the pi ...... Alluminll the plllllLll to b" 

.ution • ..,., 0 .... can computa a "loop volt.ga", V • 2a rt . At t - U 1/1 .nd 

~ • 200 _. "e find V ltloo Volt., with corre-ponda to I Spitzar t.lllparatun 

of ""10 eV. Thil it conai.tent "ith rDugh u tilDltu of the .... rO" b.lance It 

tb.t point. 

Pil' I alao .h"". thlt , It t • IS PI, • 1.Tlle fnction of the poloidal field 

li .... intenect the "alii of the di.chlrge venel. Thi. i. dua to th •• beence 

of a conducting .hell. Con .. quent ly, the endl of tha pl .. ma ElIlt b. cooled by 

th.rmal conduction alonll tb. field Hnas. Thh affect could ... ily axplain 

the " .",i al contTlction" obllEVed in the Carching .xperimenta 11,21. In 001' 

Cl" , tba . bTinkllle of thl pi ..... d .... to the coolinl of tha .ndl cannot be 

oblltnd durinll the .hott ti_ av.~lable (20 ].la) bafon th. onllt of the ",i . l 

displacement i .... tability. In tW!lD8ry , "e note that the poloidat field confi­

guration thanllu nthe T dr .. tie.lly during the " , tabh" pha .. of tb . diseh.r­

gll (FiI.L). and it ia not too 'Urpriainl that the pinch 'lIitch .. {Tom a 

lub l ll to an un.tabla ph .. " It t "" 20 1/1 161 . 

PlI' 4 lbowl Tdial profil .. of th ... fetp !actoT , q. Th.y v .... cOllpuud by 

intl,ratinl alonll the + _ conlt. Hn ... accoTdinll to the pr •• cription 

It h intueating to note that q a t t he " all r"ach ... v.lun wich In usually 

conaidand dange r oUI fOT belt pinch .. !ll, vhereas q on axil alllay. rellllli"l 

above the critieal var ... e for internal IIIOdn, La . '1adl "" 1. 

Thh 1I0rk h .. been 'UPPOTtld by the Svl .. Nation.l Seianee Foundation. 

III H. J:1"IUII!, Clfchi"l Ilapore IPP 1l1S0 (I9H) 

III O. C1"\Ibar at al. in Pla .... Phyaic. and ContTolhd Nuelaar ru.ionllauarch 

(PTO<:. 6th Int. Conl. BlTcht",aden, 1976) 

{31 P. Hofmano, L. Billhd and J.K. P.i..,., 7th E ... ropean Conf . on Contr. 

rudon Ind P1 ..... PhyaicI, t..UlI!nnl, 1915, Vol. n, p. 131 

UI L. Bigbe1 , F. Hofunn, Tbird Topic.l Conferenca on Puh.d alp a.ta 

PllIlI&l (Culhu 1915), PITI_ Pr.", ()zford (1976) , S01 

(5) A. J:adhh , Nudear Fudon 11 (1973) 156 

(61 r. HofllLllnn , L. Bighal, J . M. Pairy, A. Si!llik, Pi ..... PbYI. and Contr. 

Nuc l . rulion Ilalear ch (Proc. 6th Int. Con£. Bucbtugaden 1916) 1, IAEA , 

ViaOlla (1917), 30S. 
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Toroidol COO'Ifinemenl with Reduud E .... rgy L_ in BeII~Pj"ch Ho 

G. Beck.r, O. Gruber, H. Krouse, f. Mellt, R. Wllhflllm 

Mo;!x-Planck-Imlilut fUr Plnsmophyslk, 8046 Gorching, Fed . Rep . Germony 

EURATOM A"ociolion 

Abstraet: In the Garehing Belt -Pin<:h 110 dlJchorgel with Itrongly reduc:ed impurity con­

tent resu l ted in improved energy confinerrMInt (-C,,. ... 6Q Ill, initial parameters T + T. ::;j 

14 -3 e I 
100 .V, ". mox "" 3.5 x 10 cm ,<6) ;::::0.6). With a modified multipole l)'Item ver-

tiwl dlsp\ocemenl Insloblll ' e. could be oyoid.d. At q-valIJel above 2,5 nO Jignl of 

"xtemol kink imlobililas we .. observed for plcurro::l elOl\9Clliool b/o "" 5 - 10. 

Introduction: In re<:enl years growing interest in the oplimi'lolion of the crou-seellonal 

shape for oxisyrnmetric configurotloos led to the Bel I-Pinch experimenh in Gorchlng, They 

produced high.08 plawnas wIKH energy conlenl decoyed In .cm" 10 .... dominontly coused 

by i~ity line todlgtion /1/. In this pgper We p~sent ",",11$ gf diu:hgrges in 8el t-Pine:h 

Jig with l ight impurities (C gnd O)the content of which WgS ~due:ed from 7% to 1'lf, only. 

This gll_s now to observe the effed. of addition.d energy loss mec:honis ..... like n.utral 

9"1 cooling or on enhanc:ed energy tranlport due to internol MHO.....,gdfl . Furthennore. 

modifications of the multipole system ~surt.d In 0 cleor IlIpOration of the plCllmo ends 

from the walls. Under these new conditions plasma confinement and equilibrium ani 

ltudied ond e:ompor.d with theoretical invelti9"tlom. The Itobility behaviour will be 

dise:uued. 

E>!p.rlmental nllulh: The 8P 110 devie:e /1/ hos 0 toroidol eoillystem of nle:tangulor e: .... -

sedion: e:oil height 2 b c '" 260 cm, distanCCl between inner and oul.r coil: 20 c - kg-Ri = 

47 ~m and averoge torus rodlul: RT " (Ra + Ri) /2 = 52.5 cm. In 0 11 coses 0 maximum 

.node voltage of 140 kV is applied and 0 filling density of 2 mtDn" d.uterium lll,OSfId. 

Typical confinement parameters at the end of lhe dynomlc phase 0110 t" onlgiv.n in 

Figs. I. 2, 3, 4and In the fol lowing tgbl.: 

loroldol fie ld 81(RT) - 1 kG (0) 0.6 

l<nIidolplosmacUfnlnl It - ISOIcA 0p 8'1f<p7/~2 . 4.1 
plosmohelght 2b :::t220e:m p J pdf/jdf 

pi_width 20 All 22cm ~ 211'I
t
/(2g +2b) 

The rodlol profilfl of the tOfOidol and polaidol mosnetlc fi.lds lOIfIClIul1ld by probel In 

the IOI'\JI midplane and the evaluoted Pl1lllUnl and t<>rOldol e:u rnlnt density ore shown in 

Fig. I. N lhe Bp -value il e:omporobl. with the pl~ aspect ~iO A the t~ldal 

currenl density maximum illtrongly Ih ifted 10 the torus ouhide with respect to the 

mognellc axil, which colncl~es with the maximum plosmo pres.sure, Note, that the 

toroidol pla.mo e:u.,...,t already has 0 smooth profile at this eorly lime and doe. nol 

resembl. 0 .... rfoce cIXI'enl. The q-yolue 01 the plasma boundary il '\ .. fff:ti; "" II:S; 

whereas Ihe q-value on the mognelle: gxis h obove 1 according to equJl lbrlum colcu­

lotions . 

Fig . 2 shoows the radial profiles of the electron density at 10 " I ITIfIOSUred byAlhby 

in t.rferometry. According 10 the brOClder prwnure profll. from the moll"el ic probe 

nMtOsul1lmenl1 lhe wm of the electron and Ion te"l'flrotu .... lhould hov. g hollow Itructure. 

The n. "rofile lhows further that about 110% of the initiol filling denllty il ionlited . Th. 

lonlitOl loo of Ihe neutra l gos ouhlde the dense plglmo and/or On addltionol gol Influx 

from lhe wolls produce Ihould.rt In Ihe n. "roflle. (Due 10 limited O«IUI for tn. end-on 

deruity mealuren.nll only tit. Ihoulder on Ihe right hand .Ide could be observed ott" 10 ",). 

The Ihoulders ri se with time 10 about 60% of the central e lec:troo denllty at 25 pi due to 

neutral gos coplure. At.w ... the line density e:omtsponds to nearly 100% of the filling 

denlity and does not dee:reose for lhe relt of the di.charge. 

In order to maintain Ih. llroogly non-clrculor equilibrium 0 loo large rad ial e:~reuion 

ratio has 10 be avoided. With the vertic:al colllystem used the present compression rallo 

",f 0c / g ~ 2 rMulrs In 0 mod." axial e:ontroc:tlon . This con be SHn in Fig. 3 where 

verth:al Bit (it) - profiles neor the oute r (8:0::0) ond inner (Biti) e:oils ore plotted fOf three 

diff ..... ntllmes. The cOfrasponcling equilibrla ore inveltlQCIted by mea ... of 0 free boundary 

equilibrium cod. /2/ which motehe. the m_ured Bit (:0::) - profile. gnd the (B;>, and Bp­

valuel. For I '" 10,.,. and Bp ~ Po the plalllOO boundary Is roughly race-track shaped w1th 

tq:>ered.nds (b/o'" ID) and the toroidcll current density Is MngtM with small ~ _ ingre­

dients (If poloidal flux function) . Thll relulh In extremely e lonQCIled Inner flull lurfocel 

with 0 holf-axis rallo of gbout 25. Fig. 2 showl thot at later timel (90 "') the plasma 

contour deviates from the race-lroc:k shope with 2 b ~ 130 cm, b/o .. 5 and 'Ul = 2. 5 . 

D.tailed equilibrium calculotiDn$ ore in progrell . 

PI _ confinement and slgbill!y: A. g e:omequence of redue:ed impurity level on 

.videnllmprovement of the c:onfinement pt'Ofarti. has belHl oc:hi.ved. From dJomogMt ie: 

flux IIIfIOluremenll it has been derived thgt the plosmo energy of 7 kJ at 10 f' decays 

to 1/e In obout 60 ",. Thi. energy loss il conslltent wilh the time behaviour of the 

cent",1 .I.clron te"..,arature measured by Thorns ... sc:allerlng (Fig. 4). At the beginning 

Ti»T. haldt and T. rilfll due to lon-etectron energy transfer. After 30 1'" both Te and 

Ti dee:re<:l1fI e:onli.tent with the measured energy deC<lY. The oblgined .... to ore not in 

ag reement with preliminary resull1 from 0 nurnerle:allro",port code /3/. which predich 

larger 1/e decoy times. MonIov.r, the .xperi .... ntal Inc_ of pl_ line density 

due 10 extetnCll neutrall exceeds the prediclions from the prelflflt theoretical model. 

Neverthel,u, the deve lopment of should,rs on the n. "rofil .. I1 demClnl lrated by the 

transport e:od •• Po more detailed particle gnd energy bc>tone:. will be p..sented at the 

conferenc: • . 

Th. ma in relult on plosmo Itobility ogoln lithe foc llhat folt growing ellt.tnCllmodel ore 

not observed. Obvi<>U!lly, 0 voni.hlng current density 01 the plosmo boundary combined 

with 0 ~igh lhear (according tg % /qo > 2 10 3) i. luffident In order to Suppresl ut.tnCll 

kink model even for .trong e lonlil"tlons and high belo. Thi, relult, which I. qualitotiv.ly 

confirmed by recent numerical C<llc:ulotions / 4/ c1eoriy indicotel thot mo" of the previoul 

ltabllity colculotiofll, e . g . /5/ ore not gble to giv. gn odequote deKriptlon of the 

elongoled hlgh-beto tokom<lk. 

On the other hond, 0 certain innuence of internol mod .. on energy confinemenl C<lnnot 

be ... cluded . One indlC<ltion for the occurrene:. of lue:h ",od .. ore fluc:luoting Brfieldt 

Inllde the plosmo gt obout SO '" which gmounh to 20 to 30% of the local poloidol field. 

At opproximotely the some time there .il 0 ropid decay of lhe di"""'llnetic lignal and 0 

drop of the e l.ctron temperoture from 25 eV to AI:' 10 eV. 

The problem of vertical di'Ploe:ement Inst<lbilitiel hos been lolved by modifying the verti­

cal e:oillystem. I1 hos be.n 5hcown thot these oxisymmetric model gre senlitlv. to the 

current diltribution in the ouler .hort-clrcuited multlpole windlnSS . A lultgbl. e:urrent 

distribution has been found, which. due 10 the .tabJllit ing propertiel of Ihe out.r nUll 

c:onoerving shell, provldel l tabillty at leolt for the ."Perimenlol time IC<lle. The re­

Itric:tiore on Itrength and polition of mult ipole currents do not appear to be very 

Itrlngent . 
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EXPERIM(HTAl INVESTIGATIONS OF THE STABILITY OF A BELT-PINCH 

TO VERTICAl OJSPLACEMEHTS 

E. Graff .... nn. F. Hoenen . A. Kaleck. L. Kilnen, M. Korten and J. SchlUter 

lnstitut fUr Pll5maphyslk der Kernforschungnnlage JUl1ch GlDbH 
Assozhtlon EUAATOM-KfA. 5170 JUllch . Feder~l Republic of Gennany 

~: In the belt-pinch TENQ stability to axisynwetrlc IIIOdes can be ob­
Ulned now .t low densities. where ion temperatUM!S larger than 100 eV are 

observed. This density regime was made accessible by an appropriate shaping 

of the prelonhed plasma and by compressing the plasma near the outer cy­
lindrical shell. thus stabtl1zlng it to vertical dlsplacements. 

Introduction; Re,ently, ,onflnement with beta values IdrYI!r lhdn 20 S hdS 

been reported from different belt-pinches [IJ. [Z). However, the density In 

.11 thue experiments was so high, that temperatures larger than 30 eV were 

not obtainable. Instability to vertical dlsphcellents . \fIhlch should be ex­
pected for the geometrln studied. was nOrmillly not detected. On the other 

hand. at low densities sUble confinement was not observed up to now. Either 
only the heating by shock-waves was studied [31, or a closed conflgur.tlon 

could not be obulned 121. In the following we M!port on so.e alter.tlons 

of the uperl.ental set-up of TENQ . IrIhlch should facilitate the accessibili ­

ty of suble equlllbril .t low densities. 

App!ratus: Tile vertical field configuration 

(fig. 1) Is I-roduced by a lIult lpol coil systtill 

So' SI .nd 52' So Is ~ helfcal part of the main 
coil. wtllch gener.tn I toroldal field BT up to 
7 kG .t the ma.gnetlc axis . The phslla current 

(Jp S 110 kA) Is Induced by the currents In So' 

SI and 52' In .11 4 coils the currents are 
flowing In the same direction, thus providing 

an octopol configuration. After crowtlarring So' 

51 and S2 at current IIIlxlmllll . 51 and 52 become 
opaque, \fIheren So remains trlnsp~rent to the 
pololdal magnetic field. In the course of our 
Investigations the length of the vessel \rIaS re­

duced from 116 cm to 80 01. T~e .ajor radius 

" 

Fig. 1 Apparatus 

Ro \flU varied benteen 40 ell Ind 55 ell . the lengths of the half-axes WIre 
. ... 1 01 . b s 30 CII It q-values of 3.5 - 4.5. 

Te and ne were lIIeasured by ThoIIIson scattering, TI by Doppler broadening of 

llIpUrlty lines. R.dlal profiles of Bp' Br . jT and p were obtained fro. 

.elSurl!lllents wlt~ local .. gnetlc probes. T~e axial position of the phs ... 
column was .nured by streak photos and external IIiIgnetlc probes. Tile data 

acquisition systl!lll consists of a POP se computer wIth 20 k core and I tAHAC 
Instrunentatlon with ZOO ns AOC's, stOM! and a!llpllfler modules. 

Results: At low denSitIes t~e axis ratio b/a exceeded In tne Initial phau 

of the dlschargl a critical value (b/.cr1l"S) resulting In a fast loss of 
the pluma In the region of strong curvature. This Is shown 'in curve I of 
fig. 2: .fter a short axl.l compression, the axis b Increases, Indicating 

the fast end-losses. To avoid hrge bta-'ratlos during the Initial phase, the 
compression lengt~ (not the Hnur cOO1presslon ratios) should be equal both 
In radial and In axial direction . e.g. 2h - 2b * 2d - 2a (2d _ width of the 

vessel). To fullflll this condition, the vessel height 2h \rillS reduced from 
116 cm to SO cm. Curve 11 In fig. 2 sho\fls . that nO\fl the half-axis breaches 
an equl1lbrll.Jll v.lue. 

With low densities now the .-1 Insubillty (vertical displacement) could be 

observed \fI1t~ growth-rates l arger thin 105sec-1. On a first ghnce. wall:' 

Fig. 2 

.. " " 
Time dependence of b for 
large ( I ) and smll1 (11) 
height of the vessel 

Fig. 3 Profl1es of the toroldal 
c'urrent dens I ty 
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stabl1 iutlon seems to be not prOllllslng In a belt pinch, lrIhere the co.­
press Ion results in a large plas.ma-wll distance. I\o\fleve r. by lowering the 

vertical field . the COlllPrtssed plas.ma .. Ight be positioned near the outer 

coil 52' Then IlIIge currents In 52 .Ight prohlblte a vertIcal displacement 
of the plasma column. 
This presumption was confl nned by 

the experiments . Fig. 3 shows the 

time development of the current 

density profil e. In the Inltl.l 
.phase. the plasma Is compressed 

near the outer \flaIl . Ro ~ 60 cm 

(the radius of the col1 52 is 15 cm). 

Then the major radius Ro shrinks 
monotonlCllly due to· the deCf"l!ulng 

B. The difference 6.6r In the values 

of the radial magnetic field lleuUM!d 

It 2 • ! 46 tlI and R • 50 Cl! remains 

zero for 50 psec (fig. 4b), Indi­

cating that there Is no vertical dh­
placement of the plasma column. At 

t· 5O}ls (Ro ~ 50 01), the plasma 
surts to .. ve In vertical direction. 

~ Br Is now Increasing. Side-on 
streak pictures (fig. 4a) demonstrate 

20 '0 60 80 100120 140 t[)Jsl 

b) 

20 '060 eo 1OO1201I.O! !jJS) 

Fig. 4 .) Streak-picture side-on 

b) Oul1logrll1l of ABp~.t.l 

this tr.nsltlon fl'OA1 stable to Instable behaviour even IIOre convincing ly. 

End-on frllDlng plctu res-lIOt reproduced here - show axisynmetry'" the time. 

e.g. the Instability is Identified IS the 111*1. k.O-llOde. The sign of t..Br 

"' t..2 In different discharges 1II1ght be posltl~ or negativ. This behaviour 

\rIlI.S observed down to filling pressures of.6 liT 02.t axis ratios 2.,;b/a:S3. 

The Doppler broadening of the 2297 2 CIlI-lIne (fig. 5) gives T
lmu 

• 160 eV 
It ne · 5 . 10 14

C1!1-
3. T\ decreases \filth In 

e-foldlng time of 10 flsec. For technical ':',:.'I"/""~,, reasons . Te and ne could be measured by 

Thomson scattering only at R • 46 an. 
t • 0 cm. e.g. only on the slopes of the 
corresponding profl1e~ because R

o
"'50 011 '.0" ""t/t'-

for t < 50 psec (see fig. 3). The ~asured Fig. Ion Ter"IIperaturt 

Tellllx ("'30 eV) can therefore be conSldeM!d as , lower 1111\t for Te' It de­
creases with an e-foldlng time of 40 usec. 

Conclusions: In belt-pinches. IotJl!re an octopol field Is superimposed on the 

vertical field. confinlDent and stability to vertical dlsplacements can be 

Obtained also In the 101<1 density-high te.-perature regl11ll!. where t~e plasma. 
pUllII!ten are approaching the Tokll1lak regime. Tile equlllbrll ... configuration 

can be achieved by a fast !IIgnetic compression. If a strong elongation of 

the p1a511111 cross-section Is avoided during the compression. Stabllization 

of the axls}'llll1etric m-l IIIOde Is possIbl e, If the piu .... torus Is surrounded 
by a cylindrIcal conducting shell. The distance I of tM plaslllll. boundary 

from this shell should fullf111 the condition I S1.5 a for b/a • 3. 

It is Interesting to note. that Hus (4] calculated nearly exactly the same 
condition for the plasma wall distance at z • 0, however, he assumed the 

plasma to be surrounded totally by an elliptical conducting shell. Also \fie 

\flInt to mention the results M!ported frol1l the Lausanne belt-pinch [5J • 
\fIhere the plasma-\fIall distance was presumably too large for an effective 
stabl1 ization. 
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fIJW) RF.YfllSAL I N PINCI\l'.5 

A. Syk ... and J .A. W.ncn 
Cull!. ... Laboutory, Abiogdon. Oxon , OK 

(F.unto.o/UUJ' .... Fudon AUDeletion) 

Tbe al. of thh paper 11 to d .. cdb ... oUIHrio:.d aiJRulaUon which ahovI 

(1) 11.011 the .:dd .. ,natic field in I pioch "an ble_. revened through I 

hdied innabiUty, (U) bOIl chill cnnfiauraUon Can nturn to • lIIora ul­

ar-tric _tata and (11ll tha t chi' revened fhld eOllfiguratlon ,,10 remain 

indeUnitlly. 

A three dl .... nllonal 11_1aclon h .. bun cau'hd out ulloa thl non· 

Unln, reliltiVI IIIhd equationl vith ohmic beating lod an energy 10 .. teno 

lnduded(ll. Th. calculation h carried out in I at raight .yetllll of Iquara 

""tou _n ettaD, and thl code ...... Lu Weodrofl teChnique band on • 14 )( 14 

)( 13 grid. Tb. nlSlact of toroid .. l affecta h .PPToprJ.ate 1u It •• " .... ot • 

hrSI UPII;.C u.tl0 pinch dnea tha poloUd .... gn.Uc Held Be la of the 

....... IIIIgnltude •• the to"otdal .... gn.tic Udd B, and the Iquan c"o .. -

tection doe. not introduce any l .. enUal diffluncII frOlll the ci r cul.r c"o .. _ 

•• ction ot the experiunt. . Th. length of the bOlt 11 n (whin a h the 

halt widtb of tb. croll-.ection) .nd can be reglrded •• a lecUoo of I largl 

.apact raUo .yatl •• 

The cooductivity I:' t.kln to · be par .... goetic, 10 that 0,L - \: 0'" , and 

i . propDrtion.l to t' IniUllly thl axial plllllla current h .. thl fOtal 

J" - J"o co.( u./21) coat ay/2.) with. central vllue of 0'_ - 16/IV A. The 

IlIetlD' 10 .. tetal includl' a pI n p"oportiopal to tbl pl ...... p" l .. u"e and a 

plrt livinl all. .pprollilDate udllUoa 10 ... 

the ulal flwt , fB. de, 11 kept coostent .nd I n u lal alectric field 

h ' ppUed .t tha lurf.ce according to thl cboun circuit conditioo.. The 

Ullit of time 11 or - 11(.B.o/P:). B.o being the initial uo1£ona uial 1114g­

o.tic field l od p the initial den,ity. 

I'i .... "ea 1 and 2 live the r .. ulte of • calculation which .how all of tbe 

.fflctl ducribed above. Figure la givu the form. of the impo ... d current 

var1ltion. the currant being kept coolt.nt I fter tbl lnit1l1 ri .... I nd Iho 

alv" thl .ppUld voltagl requind to produce thil curnnt. Ulure Ib .bowa 

tbe tt.e v.riatioo of ( I za> ' th l aVlule value of B. at the .urf.ce of 

thl pl....... It h .. eo that durinl the t1loe up to t - 5 <Bza> le conlider­

Ib1,. reduced. thil 11 due to a combin.tion of p inching and the par ..... gnetic 

Ifhct. 

Duri", th1l ti .. the pI .... colllllll1 h .. r ... iold d_at uiaya.etric. 

thh lod the .ub"qulnt deviacion. frDIII exll,.-tr,. can be ... 0 in figure 2 

which givll the treJectoriea of ralated ""gnetic field Unlll .. viewed frail 

tbl aide at tbe ball. the linea Ihawn I re chou o On tha b .. lI of thel" prol< i lll­

It,. to tbe 1114BDatic ui •• t the end plan. of the bOl< . At tima t - 1.1 tbe 

collfi .... retiOQ h clo.e to the ioiU.l ltate and h .tUl exhr-tl"ic. At 

t - 10.8 a linah .. avdensth helical inltlbiUt,. la Juat 'Ppudnl. Thl 

I r owth of thia in.tabUity i •• hOWtl in figure lc where the kin.Uc enerSY of 

tbl plll"" 11 plottad. 

It ia leen tblt JUlt afee" t - 5 tbe kioetic enerl)' arOllI r.pidl,. .nd at 

thia timl _ <Bee> revere .... ttonI 1, . the n .. on for thh h thl helical f ono 

of tba eu"nnt chlnnel which ICt. 11 a .olelloid, inc", .. ioS the Hwt .. itbin 

it Ind , becaUle total £lwt ie conl.rved, " e!!lOving nwt from the oueer "esion. 

thl fona of the belil: at t - 5.3 h 'hawn in filura 2. 

At t .. 9 the blUcal pIli ... col""'" it,"lf blC"""'1 unltabll to a ..:>de 

b.vi0l half tbe w.vehnatb of the initial ioatabUit,.. the l"OIIth of rbi, 

11 - 2 ioatabil1t,. h cle.r1y .. an from the g"OIIth in kinetic InlrlY Ind frDIII 

thllll4petic field Itructure.t t - 9.8 . 

thl .. cOQd inltabUity i . fo11011ed by • rllUrk.ble ch.nge in the ""g­

OIUC field .tructura. I t c.n bl .. In f""'" fiSure 2 tblc by t - 13.1· tbe 

plal" hal bec .... 11_. t uhr-t.ric al.in. but now the _Inlcic field at 

the lur hee h .. tbe mora ltabl e r lvlned .... soeUc field confilure tioll. Thh 

incr .... d ex1lyaaltry 11 borne out by a detail ld In.lyei, of tha oVlra ll 

_anlcic field . tbl proce .. by whicb thh b .. occurred 11 indicated by che 

lIIaoeeic fi eld p10t .t t - 10.1 where tbe ""snetic uh il lien to have 

formed No lo0pI. It .e ..... tbat thl .. 100pI nIck off Ind decay "'lhUvety 

leavlng In . 1!!1Oat Itreigbt 1114gnetic uil. 

B,c,ule the .tructure 11 now alllost ""ilYlllll8tric the r evereed field 

ltartl to dlc,,. rllhtive ly, beina .11DO.t 101t.t t - 1.. In thl Ibeeoce 

of futthlr iOltlb1lity the revereed IIISoetic field would di"PPllr cOlllphtel,.. 

BOIIlvlr thh procl .. 11 prevented t r om occurrinl by [ureh"" In.tability Ind 

t ha t .v.reed field h , i n fact , thIn lIIIintainad by • aer i ... of dallped relu­

ltion o. cillaUonl la C.n be .. en in filure lb. It I ppeare cherefore that a 

rlvlree field configuretion can b. lIIintained indeUniu1y. thl klY que. tion 

tben baing vbeth,r tha 10 .. of conUn_nt 1r1linl {r .... tbe level of In.tl4 

biUt,. requ i red to .. intain the reveual 11 aCClptabla or not . 

, .... , , 
" \, r~ , , 

I "" : ... 11 n 
: ::\....·.11 V tv' \, I I \ ~,,----~~ .... __________ ~ __ ___ _ _ 

• '"r,.-..) ... _ 

I 11 I I 

o 30 40 

.E!.&.:.....t 
ti,.,. v.rhtion of pI ..... parameter . . tbe . iI: atrOll. indic.te toa till'" 
of the !illd line p10Cl of Fig. 2. 

(I) tOtal exhl current I uint.in.d by .pplied voltage V. 

(b) Surf'ce .ve"'sa of exhl 1III10etic field. B
z 

• 

(cl toul kineUc en.rgy. the ... U increlle around t - 2 11 dUI to 
pincilinS. thl firet peak.t t .. 6 h tbe 1.llle 11_ 1 n -1 io.u_ 
bility wbi ch, due to the aolenoidal effect of the helil< , produc ... 
thl r.pid reverall of (B.)edge. the .econd pllk at t .. 11 ia the 
ncondl " y ~II-l n - 2 ins tabiUty which cu1min.t ... in . return to 
.pprol<i ... te .xi.,......try. R .. iltive diffu.ioll th.n C'UI", the <B,,>edse 
to decI,. until • • t t - 110, the reveuel h .. I1I1O.t diuppeaced. 
lIowlv"" the p1 ..... now becOllu un. table alain and the rever"d field 
11 re.tored. At larle tille. dlffuaioo and iOltebilit,. produc' I 
IIriu of dlq) l d relu.UolI olciUationl "bich .. intein the re .... raal 
indefinitely. 

!!A:2 
TreJectories of u lecCld field Un .. viewed from the .ide of the ball I t tbe 
lil< different ClII'. indiclted by arrow. On FiS. 1. 

t _ 1.1 Initlalul.ya.etric cOlllpr "lion pha .. 
. 't .. 4.8 , 5.3 d.veloplllent of . - 1 n-l belic.et in.ubi1ity 

t _ 9 . 8 . tart of 11-1 0-2 kink on fully developld 0-1 helil 
t _ 10.7 C!OIIbin.tton of n-l .nd n-2 helic.. 'neckins off' proce .. 

t - lJ.l 

Raferlnc. 

acarting in clntre 
'neckinl off ' completed return to 'I<hyaae try .. at t - 1.1 
but now with reven.d iI ••• 

(1) A. S,.kea and J.A. WIUon, Phy'. Rl v. Letu. E, 140 ( 1916). 
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ClIARAC1DI.ISTICS OF' SPONTANEOUSLY tENERA'IEIl RW IN ETA_BETA 

A. Buffa, S. Costa, R. De Angelis, G.Y. Nalesso , S. Ortolani and G. Iialesani 

Centro di Studio sui Gas Ioniu;ati 

del Consiglio Narionale delle Ricerche e dell ' Universid. di Padova 

{Assoc1a-:ione Euratom _ CNR)_Padova (ItaJ.y) 

~: Studies of RFP produced by spontaneous reversal have heed dnne 

IDlde r different cnnditinns of current rise time (""I) and filling pressure. 

'!\fo regioles are fnMd: at 40 IItorr and ""i .... l- 10 ~1I an inlltability is alls~ 

dated with the reversaljat 5 artorr and "rI-IO ~s a turbulent regime is oJ!. 

served during the whol e time of the discharge. 

Introduction: The spontaneous re~tion of a pincb to a Reverse Field Pinch 

(RFP) configuration has been observed in many eltperiments L-1, 2, JJ. The 

most relevant evidence hu been obtained in ZETA where after the field re_ 

versal a quiescent phase was observed L-1J. The theory for the r ellUation 

of a pinch to a min:iJI1UIII enerlO' state has been discussed by Tarlor L-4J,h2 
wever as pointed out by Kademtsev L-5J the basiC phenomena related with 

this process are common to a wider clau of magnetically confined plasmas 

(e . g. Tokamaks). Experimental studies on this subject have been done rece!! 

tly On devices L-HBTJ: I at CulhaJp and ETA-IfiTAJ designed prilMrily for the 

study of progrMDed RFP. The eXpected phenomenon of spontaneous reversal 

has been observed, but its characteristics are quite different from the One 

nbserved in ZETA mainly because of the 10 ... temperature (i.e. 10 ... magnetic 

Reynoldl' number S" ",/r:
A

, typically 100) ... hich does not all"" to reac h 

a quiescent phalle and because of the large ertenlal nUl< reservOir which 

imposes a large internal nux enhancement to obtain tbe field reverllal. 

In this paper ... e dellcribe experiments perfonl\ed on ETA_fETA with 

varioulI current rise times and filling pressures. In this way we could oJ!. 

tain conditionll which differ for the ratio ""/"".40 ... here ""A is the Alrve'n t! 

me which i s a meallure of the timescale for the instability and the rel axa_ 

tion procells to occur. In particular by IIK>dil'ying the connection between 

the condenller bank: and the load it was pouible to obtain the following CO!! 

ditionll: al ""1"' 1 ~s (""I""A""2 at 40 mtOrr); b) "'1""'6 ~8 (""1/"".-. .... 10 at 

40 "'tOIT); c) "'r'"" 10 ~s ("'I /"'A-2O at 40 .. tOIT; ""I/rA-60 at 5 mtoIT). 

Experi.mental results: The results obtained in the cue (a) have been repo! 

ted elsewhere L J.J and sh"" that a strong kink instabi1ity i5 usually as­

sociated with the appearance of the reverllal which occurs after the CUM'tlDt 

IJIILXi.",. and ill subsequently lost On a short time 

scale due to disruption of the magnetic configu_ 

ration. lie point out that with the same machine 

conditions it is pollsi ble to obtaiB. by fi eld pr2 

gr~ RFP configurations lihich decay without 

instabilities [6J. 
In the Case (b) the characterhtics of 

the configurations obtained by spontaneous re_ 

versal Can be sunmari-:ed all follows. The rever_ 

sal i5 attained during the current rhe, lasts 

o 

'w 

o 

li£d 
for about 20 ~lIec and 15 usually li.nIi.ted by f! U ,E l OEVUSA< 

eld difAlsion which cvcnt\lally leadll to :In i.n~t!!. 

bility. As in calle (a) a highly compressed con_ 

riguration hall to be produced before the rever_ 

sal due to tbe large nux rellervoir. Field pro_ 

files before and after the reversal are drawn 

in figure I. The ideal MHO stability analysis 

gives grou fast growing kink mCldell h""106 sec _1, 

k .... 45 .. -I) for the profilell measured before the 

" " 
" 

reversal , ... hel·eall "nly locali-:ed slo ... ly gNwing fig. 1 

llIodes h_105 lIec - 1) are found for the profilell measured after the 

'j 
5 «""1 

rever_ 

sa.l. The radial co .. ponent of the magnetic field showll an instabi1ity, with 

growth rates and axial ... avenumber in reasonable agreement >lith the theore_ 

tical analYllis, starting,..1 ~sec before the IIpontaneOull reversa.l. A.fter the 

strong unstable phase, ... hich characteri:es the period before and immediat!! 

ly after the reversal, a Rl'l' configuration is obtained and the nuctuation 

lev~l of the magnetic signals is substantial.ly reduced (by a factor of 5-10). 

For the cne (c) we report her e the results obtained with 5 and 

40 mtorr of filling pressure. At 40 IItOIT the rellults are similar to tholle 

discussed previously for the case (b). As we see in figure 2 there is a 

clear kink instability before the reversal. 'I1le local BO field mea~ed just 

inside the vacUUII chamber, the sinusoidal coils signal, the radia.l field cII! 

pODent (near the axis) and the light signal nf an 0 II line are ... ell correl! 

ted in tille and all sbow a grosll inlltability. The CWTent e-folding time 15 

about 20 ~sec as in case (b). 

At 5 mtorr of filling prellsure a quite different behaviour is ob­

served. In particulAr, as is lIeen in figure 3, duriDg the whole time of the 

discharge a turbulent behaviour characteri~ed by high frequency fluctuations 

:ift oblle .... ed. "fttft current _folding time :ill leBII by..., .... than a factor of 2 

as compared to the 40 IIItorr case. The losllell allsociated with the magnetic 

field nuctuations L~7J and the anomalous tranllport due to microinlltabil! 

ties are more important in . this case and could then account for the 

observed behaviour. 

The olQ'gen impurity concentration hall been evaluated by measuring 

the intensity of 0 II and 0 III lines. A~ long u the plaSII;L doe~ not hit 

the wall an i.m.purlty concentration correspood.i..ng to 0.1 mtorr is generally 

deduced. This impurity level i~ con~illtent with the limitation3 of the pr,!! 

sent vacWJII IIYStelll. "hen the plallma interacts with the wall the dillcharge 

is in all the callell cOlltaminated by ~everal percentages (J _ S% at 40 mtorr) 

of oxygen. A quantitative difference betlieen tile 'various cases discuslled is 

not deducibl e within the experimental errors. 

Conclusionll: RH' configura,tions gencratpd by spontaneolK reversal have been oJ!. 

tained in a wide rant;e of valuell for the current rise time and the Alfv~ 

time. Different characteristicll in the plalllllil. behaviour have been observ-ed. 

At 40 _torr in the range of "If"""''' 1_ 20 a IItrong inlltability is allsociated 

... ith the reversal. In particular for ""1/"".40"»1 the reverllal clearly follows 

the instability and afterwards a RF1' configuration characterized by a 1"" 

l evel of magnetic field fluCtuatiOnll is obtained which decays similarly to 

prograJllllled RFP with comparabl e parameters L-6J. 

A different regiJlle, characterized by high frequency nuctuations, 

is found at lower values of the fillinl'l presllUl"C (5 IItOrT, "'I/\1'Oi6lJ). The 

situation is in this resp""t SOIll""hat silllilar to the one preceeding t he qui,!! 

IICellt phase in ZETA. but On the other hand it is very different because the 

energy liadt of the lllachine and the large energy losses lead to a very low 

temperature plasllla with short lifetime. 

, 
j 

.~~~~~~~~ 
o. n1620~' 

Fig. J 

>'i,. 
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PEIlFOfIKANCE PIlEDICTIONS FOR REVERseD flELD PINCHES 

J P Chriat i .... en a nd K V Rober u 

Culhllll Laboratory, Abingdon, Oxfordshire , 1fK 
(E ...... tOll!IIItAEA FUlion ..... ociation) 

Ablt .... c:t. Tbe tilllf! .... olutino of two dow uvuud field pinehet h . cudied 

d",ring the ""trent I Ultainment ph . .. . . tanioS frolll • 1ov-8 ton:. free 

T.yIoe teau.. Th .. calc:.ulatio ... "al! .• IDKIID .. quilibr i .... and ditllllioll code, 

y1tll anomalous tran l port coefficient. cbo .. n to simulate a ".nrrd Suyd ........ 

untt.hll! core s urrounded by HIID-.table region \lith enhaneed Ile ctron 

thermal "ooductiv!t,.. 

I . Introduction. the revuu d fidd pinch (lF1') i • • b11h- 8 contaillllt!ot 

confiBIl .... tion. FOrIMtion of a n RFP dud", the .. tting-up ph ... le CDIII"" 

plieated. but theoretical prediction. by Taylor [ I ] and WOIaca.v (2] 

a"glut that a force-free Benel-function UP configu .... tion Ihoutd tend to 

dave lop . a the pl . ... I. e-ri .. a Ca alp; co".~dl a minimum en .. ~1Y I tac... Start-

in. frOll thi. coDfi.untioo 

B,-BoJo(28i) • Be -BoJI(28i) (0) 

IIlMHII equUibd .... nd diftudan code ta atudy tbe evolutian dudn. 

tbe lubsequent current lu.uinme.nt ph.... Her lll Bo i l the .xial magnet ic 

f h ld. a ia th .. ati nor ~adiu., and the. pinch plramet .. r e ;; Be(.)/'i
l

• Th .. 

initial a i s allUlMd IINI I. 

. Conf iguration (I) "ith 8 .. 0 h id.al l1IID . table far 9 f 8
1 

.. 1.587 

.nd turinr..::odl Itabla for it ~ 8
T 

.. I.S52. Limiting value. 8
1

(8) . ST(8) 

can be calculated by .dding pauure "hile connrving ..... netic flux (3). 

.nd the .... ximum Suydam-ar.ble axial 110 ;; 11(0) h abtained by in".rd inte­

lration of th .. urlina H y .table pUllun gradient 

'lPs .. - (r/8110)B/('lP/P)2 

valua et far 6. (Tnring-mode sta­

biUty [3) aquiru ooly llightly 

..... ller 9). Wa a tudy "hich of the 

hip- II configuration. can be reached 

• nd INintained during the ,ultain-

.... nt phase lurting frolll (I) with 

1.2 " 8" 1.6. 

2. MIlD equatian. . Tb .. pi ...... i . 

ducribed by Ihctroll den.ity o . 

t.cap.raturu Te' Ti .nd effective 

!!a..:.! 
Kaxbwo value. (8S . 9I) of (8 ."> 

for the palluu inflate8 
Se .. d functioll -.ial 

(2) 

ch.r, •• nd ...... nUDber. Z. A. It .. vo l vu t hrough a .equenc. of . t.tes in 

punure equilibriUIII " ith the fieldl Be ' 11" Each new e.quilibriUIII o;op .. .:!.X!. 

p .. nk.(Te + Ti/Z) i . r .. ched a fter aolvin. the equatiolll 

a!/ac - 'l x! x ! .. - 0;0 x (~ • 0;0 x !)fuo 
ok/(.,-I) DT/Ot .. - 0;0 • .!. - K + Qe 
ok/(2.(y-l» OTi/Dt .. - 0;0 • !; + l + Qj 

(3) 

''l 

'" where D/Ot i8 a La.rangi.n detivative. . The rel htivity .!!. inc1udu plullel 

and pel"Pendicular tenIUI I\~ . 1\ ... ,: The trlnl venlll thermal fluxu!e' !.i have 

the fo .... '" aT tar. K i . the equiputition rata and the tenu Q • • Qi include 

ohlllic .nd turbulent heatinl and Br .... trahlung. 

3. Tran.port codficienta. The coeffid..nta uaed are 

~" .. II~ ; 11 ... • ~~ + 48 ~o D-r ; "'e .. ~: + nk.(Df+D.) ; "'t .. ~~ + n/Zk Di' 
. m 

where (a) denotu d .. deal. Turbulent diffuaian (T) i a ..,itch.d on 

100011y in Su'd ...... u.n. tebl. reBion' and ia dhc ..... ed in (4]. Moulou. c",) 

.lectron tbenoal conductivity i. Bivell tvO .ltunative faRIII D ... C. D: 

(pleudo-clan ical. D:" ",:/nk). alld D ... Ce De (poloidal Bohlll. De .. ~Te/ 1 6e 

Be)' the conlt.nu Ce • Cs being adjUltad t a nraddle energy-Io" valu .. 

deurmined froal e"",iriell Takamalr. Icalin, law • . 

PINCHES 

4 . UP de"icI par_ten. 'l'Va propoaed devicu HBTXIA and RVX are dia-

cuned, bath u. ing P~OBr"""",,d wall field. Be ( . ) . B
I

( .) , with par ..... t ere: 

Pa rameter HBTXIA !!! 
Liner Rad i us a [.] 0.26 0.' 

Major radium Ra [.) 0.802 L ' 

Curr. nt 11 [KA] 0.3 - 0.5 0.1 

110 I BI (o) [T] 0.6 - L O 0.55 

Lin. de ... i~ N h.-I} 2.'> x 10
19 

2.5 x 10
19 

The RFX calculation. "ar)' the . no .... l au . electron tr . n. port .,.ing 0 " Ce < 100 

or 0 < C
e 

< 0.15 . whil. the HBTXI A calculations vary I z and ule Ce .. 100 . 

(corru pondin, to ... eller., eontahae nt tiale lE be low half the empirical 

Tokamak ·"alu. ). 10 both C ... I Z .. 2.5. A .. 4. 

5. Predicted pufa ...... nc .. . In the u bI .. Be" 16.
2
(rI)W/ba r/) where 

W i . the total pi . ..... e nergy • • nd the. eoDfiguration tillll 'c i a the ti.aae. .t 

which tI > tit. Ti ..... i ...... ,,,ial umplllratutU in .v. Be in:t, current i ll 

MA. Valu .. o f 'E ' Ta ' Ti • Be . n calculated far IiBTXIA at t .. le and for 

HBTXIA 
I . [HA] 

" 
, , T . Ti " 

0.' 0.7S 0.' '14 '" 17. I 
0.4 1.50 , ., · 295 '" 16.0 
0.' 2. 46 2.' m '" 15 .1 

Electron '" the ...... 1 
tr . n.part " 

, , T. T. " , 
Chui",l " 60 ,,. 

'" 16.9 I O.OS I' " 120 .. , 13 . 5 
CB" O. I " 20 '" '" 12.S 

O. IS 11.5 " 60' '" 11.9 

C • { 50 " J2 154 6\1 12 . 5 
• 100 J2 \0 102 '" 11.8 

RFX . t t .. 20 l1li. The cnrrent I,. la ..... int.ined COn8unt. If 1,. i. allowed 

to dec.y 'c c.n b" pralonged hut . t . omewh. t reduc. d temper.ture . 

Tha lllain conclulian i. that HBTX IA should attain centnl tempe r aturn 

of order lOO .V wi th a .rabl. Hf. ri,.,. 1 - 2.... Coru. ponding fiBur .. 

for RPX al'. 600 eV .nd IS - 20 ..... Tb. c.n 11 .. 0.3 HA for HBTX IA 

corr • • polld. to RPl if 11 . cah. with -.inor radiua a, . 0 our re . ult. 

emph .. i ze • • crong dependenca of the perfanaence upon a. 

(11 T.ylor J B (1974). Ph,a . Rev.Lllltt . ~. 1139. 

(2] Kadomt • • " B B (1976). 6th Int . CaDf.oll Contra lied ruaion and Phalli 

Phyaic •• Berchteagadell. CN-3S/BI. 

[3) Robin.ol1 0 C (1976). Ibid . CN- l5/!2. 

[4] Chriatianu n J rand Raber-U K V (1977) . 'Turbulent !f!haviour of the 

Reverted rield Pinch'. Thi . canfa rence. 
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TURB1JUl1n' BEHAVIOlJll OF TIlE REVERSED FlELD PINCH 

.J P Christianllln and K v Rllberu 

Culh ... Laboratory, Abingdon , Oxfordshire, UK 
('EuracOII/IlKA£A Fu.ion Auodnion) 

~. The central tagion of the nversed field. pinch (RFP) h .... . lUll 

ahur but .. high ohmic heatinljl; 1I&ta and i. expected to become S,.yd.am un-

In.bl. during the curnnt a .. atailnllent phase. Thi. p.per di, cune. chi 

turbulent traDJIport coeffidents to be und in .. IDMHD equilibrium a.,d 

diffu.ion code which limulatea the tillll! evolution of the RFP. Arsuments 

are bued on ,,"""'tical calculation. of linear eiBllnmoda. and eltiutea of 

lub .. quent non-linear hhaviol,l ... 

L. Introduction. A qualitative picture of the RPP in lov- II cylindrical 

.pprodllloltion i. providad by the Bet .. t function lIIOdel [11 which nhibitl 

an ... entiaI feature of chi. type of . Yltell ' the ohaic he'''t i ns rate '" 1.:!.12 

h .. .. 1I&I<imum at r .. 0 where the _hear VP ~ 9(~B:rJBe) il zero. DurinB ehe 

currene I Ul t . inman t phlle we therefore expect the Suyd&lll condition 

t I Vp/VPs - 1 < 0 to be consistently viohted n.lr the Ixil In thlt the 

&FP lhould hive In KIt!) turbulent centrll cnre. He.re p 11 the phuII' 

pnuure and 

(I, 
il the marginally Sllyd ...... stable pUIIllr. gradient. 

To. predict the perfn .... nce nf the UP ve fnllow i t a evnlution through 

the. luatalnment phue uIl", I IDMIID .quilibrium Ind diffuainn code £2], 

end thh piper dilCIl"U the turbul.nt transpnrt cnefficients to be Illld 

when t ~ O. Ideal KllO Itlbilicy thenry il used to. cnlDpute growth rltel 

and aigenfunceinna nf unltlbl .. lin •• r lIIOdu and l:Z I __ rhea reaultl 

ft .. nlm!t!rical calcubtinnl. We cnnjlcture in 13 whit heppenl in the no.n-

linear regll!le and utillllte the turbulent tun.pnrt in 14 . The e.volutinnsry 

behlviour i. hnwever expected to. be in .. nlitive en the turbubnt tranlpOrt 

coeffidenta over I vide range and thh h cnnfirmed in prlctic. . NUlDldcal 

valuu rafer to 11 tnenidal device vith -.inor/oaajnr radU 0.6/1.8 Ill, lxial 

field O.SS T I nd central density 3 x 10 19 111-3 . 

2. Prulure-driven inatlbilitiu. Deplrture frnlll .quilibei .... i. deacribed 

by I r..gtanghn dilpllc_nt vector 1 which in the line.r regt- Cln b. 

analy .. d into. eigenaoodu 

r .. E C ~) exp i(1II6+kz-.. t) (2) 
.:.. ... k~ 

each lige ..... de aethfying an equation of mo tinn - p .. 21 .. !(11 where .. il the 

frequency and p the denlity. To. Itudy Suydam-unltabl e mod ... we cnnacruct 

pre .. ure I quilibtil with I(r) ~ 0 in the centre to represent the ove .... 

hutl", due to. high current denlity in e l ......... heer reginn and Inlve thb 

equ.tinn nUllleric.lly. Thil i , dnnl for I leqllenc. nf pre .. ure equilibrb 

with I(r) chnlen .1 

(J' 
Fnr aiv.n (lI,k) th.n h . n infinitl Ill' nf radi.l dg.nfunctionl C I Cl' 

ch.racurhed by nod. numbe r n, bill' the growth rata T d.creas"" e.xpnnenti.Uy 

Il] I, n incru ... In th.t nnly n .. 0 il illll'nrtlnt . Fnr fixed k/a. (Le .• 

given lingular I"rhc. r i ) T re.chee an .. ymptotie IIlIIit u .. + .. [ 3] if 

non-ideal effecta ere ianored. Fig.1 Ih"". ((r) fnr 11" 1,2 .nd S. In . 

rnroid.l device ot .. jnr radiuI Ro nnly 

I"rhc ... vith k .. 11Ro (1 integer) lte 

• llowed, but the critical ..... v.lue .t 

vbich finite La.....,r radiul ltabiliEea 

... de h likely to. be lu.fficiently 

high thlt in ptacticI a IIrge nUlllber 

nf lncaliz.d 1IIOdu vUl cnmpe t e. !!l!..!. 
n .. 0, k ... - SIJ III .igln­

function. nf Suyd&lll uut.bl. 
modea with a." 1,2. S 

3. Rearran!lellll!n t nf field tnpnlogy. When. "",de nf the type ,hOlm in 

Fig.1 ar"", the field .trlltrure undergnea th. t.grangi.n tr.nefnrmatinn 
• !. +!. .. ! + 1 . (~) . 

Eventually the J'cnbiln a!. I~!. C.n becOGll urn Or unbounded In thlt (4) 

• becoaoea lingullr. Thi, IIill h.ppen if th. radial J lcnbi.n 3r lar .. I+at/ar 

.pprnllchu urn corruponding to. \at13r! .. I, IIhich vill nccur when t(r ) 

has grown [0 the nrder nf iU vidth '" in the neighbourhood nf rs' Fig.2 

,tetch .. thl relrrange .. nt of the usuetic: filld Itrucrure which h con-

jectured to occur near the lingular l urlace. Modea which .re nnt If!ec:ud 

hy FtR h.v. comparab l e gr nllth UUI [3] bill' \a log t13rl incres.ea with Ill . 

fnr ,ome. radblly localhed mode 

III ~ 1. Outlide the te.Sinn ra t t., 

the functinna t . acHr rellllin 111111 

!.!i.:! 
In th.t tlle tnpolngy rellllin' un-

el te.ted . Therefnre th r .dial 

QI,o.Ut.tive interpr.t.tinn nf thl 
tranafnrmation (~) corr"'ponding to. 

lac /a r l + I. Arrow. ahow the direction 
nf the field component tranlver •• 

tnA·tr, 

energy i, .xpected to be confined 

to. the iumedi.te oeighbourhood of the lingul.r lurf.c. fnr IIch individuel 

mode, jUl tifying the u .. nt • turbulent diffuaion cnefficient which dapandl 

on the Inc&1 Iubility trit.rinn. 

~. Turbulent diffulinn coefficient. Tb. ulual DI .. T/k
2 

• Tt.
2 

eadute 

fnr tb. diffulinn cnefficient i, difficult to .pply in our c. lculationl 

lince y h expnnentially .... 11 neat t .. 0, In that Dl would start 111111 

and then incre .. e r.pidly .. the exce .. pr."ure gradient built up. A 

lIIargina l st.bili t y atg..-nt i, alln nnt It r .ightforward, lince once the 

aequenc. in FiS.2 h .. nccurrad It.rtinS frnlll I ~ 0, tha turbulent tranlpnrt 

shnuld fl.tten the Inc.l prnfilea relulring in I .. - I. Sublequent 

'he.lin,' nf t he IIIIgbatic 'lIThcea IIIIY raltnra I "0. Hyltarllil lily 

therdo.re be expec t ed 10 th.t the III.Ir gillll condition I .. 0 i, Iltt,H.d 

nnly D6 a n approximatl tiM average. A further complic.tinn i. th.t 

fl.ttening nf the profiles near r. will Iteapen thelll nn adjlcent lur fac ... 

So. tduering nff I rand_ I.quente nf 'lIIl1crndiaruptiODl'. 

Numerical estimatel fnr I IIll1l1her ot IIOdu show that DI il nf the 

nrder nf the Bohm diffuainn cneffident De .. kT/16. Bel in r.ct Ul ing th. 

Bennett pinch relatinn wa Und the , clUng De .. DI(BN-1) where N i. the 

line d .... ity. We IIOdel thl bYltere.sia and healing eff.cta by turbulent 

diffulion cneUidellta 

(t ~ 0 unst.bl.) 

'" (t < 0 

where Cor i •• conatlnt of order unity which lI\Iy be d!.fhrent fnr different 

tr .. n .. port p"OC"I~CO. Tbi. ovitch .. on th. turbul.nt ditfuainn lmoothly .. 

t intra .... fe_ zero.. Relult, frOll tbl . vnlutinnary c.lcuheinnl [2] are 

fnund, .. ellPt'cted, to. b. inaenaitive to. the v.lue. nf Cor over. vide ranS.' 

[I] Tlylor J B (1974). PhYI.Re;v.tett • .ll, 1139. 

(2) Clodltlan.en J P .nd Iobertl IC V (1977). · Perfnrllllnc. Pr ediction. tor 

Reversed Field Pinch ... ' . Thia conhunu. 

[3] Gnedblned J P and Slk.n.b P H (1974). Phya.Fluidl.!! 908 . 
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[XPEkIMUlTAL ST UllV or MAGNETIC FIELU DIFFUS ION IN A 

IIIGIt-Il-PLASHA or A 7 m Il-PIIICH AT lOW OENSIT I ES 

K. Ilothker and J. IlOW0111'1· 

["5tilut fUr Plil5mal'hy~ik der Kernforschungsanlage Jijlic h Gl'lbH 

AHo~iatiun lURATUH/KFA, D ~17 Jiilich. Germany 

Abslrilcl: Ihe magnetic field diffusion of a broad slleath 

(> cl",!>;) f or I ell i" 1 is measured to be two tu three orders of 

magnitude faster than classical. The diffusion seems to be 

faster fur lhe lower B region than for the higher Il region. Tile 

r~sults dre compared with theory. 

1. IntrOduction: The confinement of a high-B-stellarator is 

lugely determined lIy the lime development of -11. [t has e.g. 

~ .. . jor effect On the equllibriu", and ,t3bllity of a hi!lh-Il­

stellarator /1/. It Is therefore of p'!' r tlcuhr interest to 

study the processes which dominate the change of n . e.g .• the 

energy losses by charge exchange neutrals and magnetic field 

diffusio n . The sheath width (>c/wpi ) and the temperature ratio 

(lilTI'> I) in these devices are SUCh that Ion sound turbulence 

i s nut expected. Nevertheless, there had already been experi­

mental IndicHlun that in a sheath uf a hellcally shaped hlgh­

n-plasma with the ~bove lIIe nt io ned properties ... agnet1c field 

diffusion occurs significantly faster than classical {Z1. In 

the present paper we present more det~lled experimental in­

vt:stlgations un the "'~9netic fi e ld dlffusilln. We have done the 

investigHions on a plasma with a luw compression ratio. Which 

i s rC4ulred for a wall stablHHd hlgh-B-stellarator of rea so­

lIallle dimensions /1/. 

~. Apparatus and diagnostics: The plasma is produced in " fl[LlX " , 

a straigh t discharge tube of 900 cm length and 30 Clll diameter 

which is su rr ounded for the pr esented measurements by a 

straight coil of l . lOO cm length and Z R
o

· 38 cm diameter /2/. 

It WH of Interest for the .ugnetic fie l d diffusion studies to 

gt:"er~te an initial plasma with negligible temp~rature gradient 

in the comp ret;sed plasnla . and with neutral de nSity as low as 

p{JsslL>l~ so th~t ch" rge exchange neutrals had no dominant in­

fluence on the sheath properties of the compressed plasma. The 

scattedng of laser l igh t was used to measure the electron den­

~lty n ... and electron temperature Te' Radiation measurements 

wt:,·t: employed on cha rge exchange neutrals to determine the ve-

lucily distribution of the lOllS 

lht: "'''~neL ic field profiles./l/. 

Magnetic probes determined 

J. liesult~ . J.I General prope rti es 1)( lht: fllasma: The filling 

prt:s~~re ~~s 0.5 mTorr lI ~ "'lid the initi",1 dens ity was ne1 • 

4'10 cm Ihe r~dlal COlllfl reHlon ratiO WH lIo/a""Z. The pro-

pertie~ of the filum", at the beginning I1f the Ijuasistatlollftry 

I'"Ht: ",rt: tYl' i cal 0 1 theU pinChes . e.g. anis otropic velocity 

distributio n of the Ions r 111< T 1.1.'" ~50 eV and T I> le '" SO eV. 

A 0o.I-U~(O)/Ole~t "' \ plHru is generated along the a~is at the 

tilDt: of Rld.ximum current. The tiAle developlllent of 60 is shown In 

flg.1. We note that no stays co nstdnt for t> 6/us. CO.rrespon-

d I n9 mCdSurelDents 10' i th the Hme 1nl t I a 1 dens I ty bu t I mTorr llZ 

filling pressure s howed a continuously decreHing 60 . This dif­

ference may be due to the different den siti es of neutrals. The 

average value 6 . 16I:fi~lilln /(r/1I20112ext dec reHes all oJe r the 

obvv atlon time. There is no substantial temperature gradient 

acr055 the radius. This feature persists during the rapid de­

c l ine of the temperature with time eventhough the gyroradlus 

of the ions becomes distinctly smaller than the sheath width by 

the end of the observation time. flg.2 shOWS the decrease of Tj.. 

lie note that the rate of decrease of the local value T~ Is prlC­

tically the sallle as the rate of decrease of the line ene rgy ' [l ' 

which I s an average acroes the radius . 

J.t On the diffus i on of the magnetic field: The she~th width Za 

i,u; rC6Se s slightly at lhe beginning of the postimploslon phase 

dlld sCdles H l""U-U)c/"'pi. lhe ratio vd/vT; Increases across 

LI.~ rddius fro'" 0 dt the center to .. 1 at the edge (vd - azl",uthal 

~rift velocity . VT . - thermal Ion velocity). T..l. I/T I' > 1 for t< 

IO/us "'nU be,om~s tltle<l for t>IO/uS. The diffusion coeffi­

cie nt OM' hdS been ;etermlned by two proc edures. In the first 

one the e\lu dt lon ldll·R'~U/~t . OM tlldR ·I!·jll/{)R2 was evaluated 

for the experj'''enlal ;lrofiles U(lI). Ihe integration has been 

extended to different rad ii 11, to give SUmI' information on the 

radi ,11 deflendellce of the diffu sio n coe f f i cient. lIesults for OM 

are shown in fig.J. ~e ollserve thdl all the measured diffusion 

coeffici~nts "re by more than tw o orders of magnitude la rger 

than the (l"ssic~1 one. lverlthllugh . tht: accuracy of the mea­

surements is exvected to be riot better than a factor Z. a gene­

ral Cha ra cterist. ic can be determined from the measu r ements. The 

diffusion coeff i cient obtained for a larger limit of integra­

tion 11 i s syste"atically larger than for smaller R. We conclude 

that there is substa ntial diffusion of the magne ti c field at 

the l ow-n-edge o f the plasllIa. [n addition. the observation that 

(lo is constant for t ) 6
/

uS (cf. fig.l) indicates that there is 

no significant diffusion in the high-Il-center of the plasma . As 

a second method, the diffusion coefficient was obtained by com­

paring the difference between the measured change in the radius 

of the plasma and the e~I'ected change. The e~pected change WH 

calculated f r OIl the change of 'IT.,L ' dllext' and",N (N · line den­

sity). The result i ng diffusion coefficients are also shown In 

fig.3. These values are, too . at least two orders of lII agnitude 

larger than the c lassical diffusion coefficients; but they are 

systemati(ally smaller than thuse fro .. the first procedure. 

This is expected if t he diffusion at the edge is faster than in 

th~ ce~ter of the pldSma. The Ilohm diffusion coefficient is 0ll~ 

10 cm Is . Ihe collision frequency related to the experimental 

diffusion coe ffi cient from the first procedure is of the order 

of W
pi

' Preliminary resul ts on the electric field fluctuations 

show tlut the turbulence level is dIstinctly higher than the 

thcrA1al one. 

Suonmary and discussion: The measurements show that the sheath 

in the postlmplosion phase of a theta pinch exhlbl ts a diffu­

sion whiCh is by two to three orders of magnitude faster than 

the claSSical one. 

the dlffus[on 

sheath than in the 

The sheath width i s larger than c{Wp ; and 

Is st r onger in the l ow Il part of the 

high n part. Although the sheat h width be-

COllies ", 4 tlllles the ion gyroradius, the radial temperature pro­

file appears to remain uniform in the radial direction unti I 

the end of the observation time. Comparing the experimental re ­

sults frora the first procedure with theory /3/ an order of 

magnitude agreement is found for OM' when fowler's estimate 

for the turbulence level is used . 
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EXPERIMENTS ON END-LOSS PItEtOIEHA AND *-TERIAL 

END PLOOS IN A S-H LINEAR mETA PltlOl 

1:. P. Hc:kenna. R. J. ColuIino, C. A. Ekdahl, k. B. Freeso 
R. Irhtal, 11. E. Quinn, and R. E. Siolllrm 

Los Aluos Scientific Laboratory 
University of California 

Los AI...", Now Mexico USA 

ABSTltACT. End Ion rro. a collhionless theta pinch pIU .. hn been studied 

interferoutrically and with a local prenurtl sensitive dlalllos tiC. The re­

sults are cOllpared with theoretical predictions. End stoppering experbents , 

using quaru end pl ugs , are reported. 

I. INTRODOCTION. The linear theta pinch is an attractive alu.rnatha ap­

proach to a fudon reactor due to iu ena of piu ... heating. high plaSIU 

beta and density, duonstratad plasaa equilibriUII and neutral ,tahiUty prop­

erties, and siaple geoMtry. However, particle and energy loss fro. the ends 

presents a f1,lndu.antal lilllitation on the plasma contdnanmt tiM. Tha Scylla 

IV_P theta pinch WII const ructed to facilitate studies of end l oss physic:s 

and to investigate end-stopperin8 schelltls. 

II. EXPERIMENTAL A.RAAtlGENE/(J". Seylla IV-P has a auiam onera ston8e of 

2 KJ at 6D_kY .. in bank volta8e. Su-hundred 1 .8S-~P capacitors feed the 

SOO-c. lon8 11.2-CIII diu cOllprenion coil. Bank operation at 4S kY illnerateS 

en E& of 0.6 kV/CJI. at tha inner wall of the B.B-a. i.d. quaru dischar8e tuba 

and a poak crowbarrod cosprenion field of SO kG 11 obtainad 1.1 liS aftor db_ 

cwge initiation. Plasu expariMnU were carried out at 4S kV uin bank 

volUile and with a 10 .. Torr O2 fill press\lre. 

Ill. PLASMA PARAMETERS. The plas .. parueters MasUred at the coil .idplana 

at lI&XilaWl comprossion are: 1) pl&llll& dendty .... 1.6 K 1016 
CJI-

l fro. end-on 

interferoraetry; 2) plaslII& r .dius of .... 1.0 CIII frolll Il.IIlIinos lty profilr!S; 1) 

pla5ll& e l ectron telOperature of 600 eY fro. Tlloason sutterin8; 4) piu .. ion 

te..porature of 1.8 keV fr". both preu1,lre balance and prOllpt nwtron 

diagnostics; and 5) plas ..... beta on axis SA :: 0.6 froll excluded flux and 

lwa!nodty data. The plaslall shbllity characteristic at the coil aridp l ane 

wen identifiod with a side-on viewin, struk clllllera. A low uplitude ( .... 1 

plas .. d.h.) .. 1 "wobble" instability was observed with an onset tille of 

4-S ].IS after dhc:har8e initiation. The wobble never totally d&llps 01,lt. 

IY. END-LOSS HEASUREJotENTS. The particle end-loss till!! was obtdned l1Iin8 

tile atandlln:i end-on interfel"O"Qetric technique. [I ,2j I'Jgure 1 presents the 

tiloe history of the plasma colUlllll electron inventory. In the interferollr ... 

deta analysis , tho pi as .. contained in the low denJity "halo" which surrounds 

the .. in pi.,. col ...... waS not i ncluded in the ole.:tron inventory. Also ne­

IIlected were the £rinse-shifts near the discharge t1,lbe wall which are be_ 

lebed to result froln the pl&5l111l_wall interaction It the theta-pinch ends. 

For t (: 5 ~s, the data yield an e-foldinll end-IoU tbo T of 13.1 i 1.0 ~s. 

The period of lorO inventory de.:ay rate. t S 5 ~s, has also been observed in 

prev!o1,ls experiaants. (1,21 The plas .. flow nn.r tho thota pinc:h ends was 

studied with a 2 _ diu acoustic delay line pinoelectric preuure sensor. 

The preu ure probe was inserted axia lly into a 20-e .. di .. , 50 e. 10ftg vacl,nUll 

vusol located at tha theta pinch coil end. Fill\lre 2 presont! the .eas1,lred 

prossure profiles at t ~ 5 ].IS; 2 • 0 defines the coil end and -2 va!1,I" indi_ 

eate positions external to the coil. 11Ie ojected plasu. does not rapidly ex­

pand, as is ..., .... l1y &5sUllled, but re .. in, udially confined with I/e radius 

less than tho discharge t1,lbe radius. "IlIe radial confinellent nf the ejected 

plas .. a results in the initial period of constant elec tron inventory. 

In Pill. 3, taken fro. Ref. [3j, the theoretica lly predicted no .... lhed 

end-loss ti .. e 11 • T/L{L/2) {II/2T) I12 , where T is the total plas .. t eaperature 

and L is the coil length. is plotted against S. The axperiaonta l data , an-

dYled as disc1,lued above, for the present and previou. uperiaents are 

shown as barred points and the X' s .. rk tho results of a recent nl.llllerical 

IoIID ca.putation. (3j 11Ie only experiaencal result which a8rees with theory 

i s that obtained in the collision dwoinated SeyUa I-C device [(i. tho col· 

Usionlass plasu. reSlllu are not well described by edxUng theories. 

V. END STOPPERING EXPERIJoIENTS. In the present experiaent S-ca diu, 3.8 ca 

thick qUartl plugs wero 1,Ised as end stoppers. The front face of each plug 

was inserted 5 ell inside the theta pinch coil ends. Stereo-streak clllUlra 

phot0i1"aph. (viewing the planu. frolll the coil top and front sill1,lItaneoully). 

taken at the coil lllidplane an shown in Fig. 4. Tha plUiS result in the 

stabilhation of tho .. 1 ''wobble'' instability and incraase the lifetiae of 

tho obnrved plasma light intendty 20_10\ over that obtained witoo1,lt plUiS . 

Tne integrated photographs of the end VaCUWD vonel show that the intense 

118ht lensuted by the and flow pl&S118 is COtIIpletoly abient when the plulIs 

are inserted , inclicatin8 that end-flow is eliDinated.. Axially arrayod tille_ 

integrated neutron counters .how that the presence o f the pJugs has no siani­

ficant effect on the total neutron yiold ; a slillht increase in noutron yield 

is observed near the coil ends. The plugs showod very little visible dllJllllse 

a ftar twenty-nine plasll& dischar8es , the plUI surface being sligbtly glued 

with _ 11 pit Arks barely visible to the naked eye. The piu .. energy per 

unit lenlth at the coil lllidplane. a2S
A

B2/8 where a is the plaslI3 radius and 

B the external field , was detenined fro .. excluded flux and luainos ity . ea-

sW'<!lIents. The tille history of the central energy line density is shown on 

Fill. 5. The line oner8Y maintains a higher valuo for a longer tillll and the 

instantaneous de.:ay rata (slope of the curve) is l en with the plugs inserted. 

~ 
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IBVESTIGA'lIOlf OP DOSE PLASIlA HEA.TIliG 1H LIBRAR 
TBETA-PIJI'CS WITH STROBG PAS'l'-RISIRG JlAG1fBTIC J'IBLD 

D.V.EPRBMOV SCIBBTIPIC RESEARCH IBSTlTUTB 01' 
ELEO'l'ROPHYSICAL APPJ.R.l'l'US. LDIBQRJ.D, USSR 

Bur~ •• y V.A., Barlzin ~.B •• ZukOT A.P., Kubaeoy V.A., 
LHunntlkl V.W., Ljubl1ll B.V., OVsj&IIDlkov V. A., 
Sairnov A.G., S.lrnov V.G., J'.d1akova V.P. 

!!STRACT. The paper pre.enta the r •• ulte or tbe h.atlug or 

den.e dluterlua plasma in linear t1 -pinch. Per produoing the 

stroug ta8t riling magnetic fields in the one turn coil the 

iaductivI energy aocumulation has bl,n exploited with switoh­

ing ot the current into the load b1 uaiAg fast foil brlak.ra. 

... charging dlvice tor the induotive aooumulation the low 

induotive condenser bank has be,n applied. 

III r l oent l:r:per1mlnte carried out on B -pinoh "tItro· [1-3J 

1t ••• eho.n that application of atrong ta&t rising magnetio 

tleldtl( 8 .. =40 kp, -r=0.2,..ec) allow. to obtai:a in li-

near theta-pinch without prel~nary i~DizatloD the .uf~iol­

ent~ hot ( T= 1 koY) ud den .. "( ~ = ).1016ca-) pluaa 00-

luaz wlth .... 11 ooe~~icient e~ the radial co.preaaioD 

Thi. paper preaent. the reaults o~ the turther experimen­

tal .tudy o~ the ataged heating o~ the dense pIa ... by the 

.trong ~ .. t rising .. gnetio ~ield. Tbe.e experimenta were 

carried out at tbe discoaaeoted condeD8er bank, uaing which 

the init1al revene biaeed ~ield hall been ~omed i& the pre-

Tioue .et o~ experimenta. Equivalent electric circuit e~ the 

deTioe ia ahown in ~ig.1. Tbe baaic par .. etere of tbe deTice 

·Utro· are pre.ented iD the table below. 

baa been improved ueing ooll~ator. mounted on tbe detectors. 

Tbe aore intense I-r~ emiaaion w1th the energy of quanta abo­

ve 10 keV ha. been obaerved from the region o~ the pleama eitu­

ated between axia and the ohamber wall. Tbi. region lyes on 

the external bound&r,1 of the radial deaeit1 profile at the alow 

riaing stage. ieutron y1eld appeera at the inatut of X-raJ 

aai •• ian peak. Ion temperature 88Sua1ng Maxwellian loa diatr1-

bution haa bae. e8t~ated .. 0,6.1 keY. 

~or aore detailed 8tudy of the initial stages cf the plasma 

~ormation and heatin« tha temporal resolution of deteoting si­

at ... have been 8ubatantially increased. X-raJ and optioal end 

on ob.ervationa were carried out from the axial zone with dia­

meter at about 1 om. Pig.) ahow. the temporal behavior of the 

broadening of 2>,4 line, reoived by uaing of the image oonver­

tor in regime of streak oaaera, plotted in angstrom and in oor­

responding .alu •• o~ pIa ... d.na1ti ••• Tbe instant o~ th. ~ir.t 

maximal plaBma compre.e lon (t.600 naee) correspond. to the ap­

pearenoe o~ X-ray and .NY line 8II1s.ion ~rom th1. zone. The 

aeoond aaximal plasma oompre.sion (t.BOO naeo) correlatea with 

the peak o~ I-ray ami.aion and initiat~on of the neutron yield. 

The heating of the plaema up to tb1a stage requirea the expen­

diture of the magnetio energy ccrreapoDding approximately BO% 

on Baax. The oonaequent deorease of the plasma on the axis 

down to n.= 6.1016
eD1-J ia due to expanaion of plasma colwm. 

Plaama deneity higher than 1016ca-J ia obaerved along the oham­

ber axta at least until the curre.t reveraeal . The typical 

e%8mplea of frame image oonverter photographs presenting the 

region o~ the apectra in vioinity of 2>..s line are preaented 

UOf (xV) 

C, {I'Fi 

Wo (I(J) 

L.Qf (/lHI 

L.
f 

(nH) 

LcD/r (n/f) 

do/tt r,?;) 

40 

288 

230 

2 

'0 
10 

7. 10'0 

I/hlQlt (HA) 

8nrQIt (~(;) 

eC'~i( (cm) 

dc~;( UI77) 

CS (1"" 
U~~ (KV, 

L.., (nH) 

1,2 

,0 
,0 

7 

2 

7' 

40 

Unlike tha preoeeding experiment. the deTioe has bee. .upplied 

by the ayat .. of the gas preio:a1zatioB, aoaaisted of 2 eleetro-

del ••• d18obarge. excited in the Yao~ua ohaaber at the distan­

ce 10 ca fl'OllL the endJ!l of tha .olenoid." 'lbe vacuWl chamber was 

.ade af high quality lIV -quarts. Tba fillillg preaaure wu 

200 .tarr of deuteriua. Applied diagnostl0. werel two frame 

holographic intarteroaetry, .pectr.acoP7 1. visible region 

with iaage ooaversion, I-raT diagne.tios using aluainium abser­

bing filters with lia1ted appertures, neutroa yield .eaaure-

ments .. 
Pig .. 2 shows the oaoillogI'&IIIIII traoea of the currents in the 

various" oircui ts of electrio .et up (L, L' , I,~), X-ray flu 

-.t tted b;r plaeaa ( r ) IIl1d neutroB ;r~eld .. X-ray deteotor re­

gistered the r -quanta with the e.ergies aboTe 10 keV .. Xeuore­

menta of the relatiTe tntenaitiea ot X-ray ~luxes pusing thro­

ugh the aluminium filtera of various thiokne .. (10,,1ooo I'a) al­

lowed to eatimate the aean energr ot electron responsible for 

obeerved I-ray ~lu which haa been found in the range 4-6 keV. 

Seekiag of the aolution ot tho probl .. wieh ~raotion of plea­

lI.a eleotrona really pOSlea by the given s"urage energiea re­

quirea further atudy. Spatial reaolutioa of X-ray .eaaureaeats 

in the inaert to this figure. The distribut10n of the ;VJS li­

ne broadening o. the bight or the frame retleota the diatribu_ 

tion of tho deneity aorosa the chamber. Coef~1cient of radial 

oo.preasion ot the pI .... eol~ in the .tage eonfi~8IDentol.:!l:: J. 

Pig. 4 pre88nt. tlPioal example. e~ holo~ea obtained du­

ring ene diaoharge using rub;r laaer eaitted two light pulaea 

aeparated in epace and tae. 
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FORllATION Dll' UlNG-EXISI'J..DlJB DENSE PLASIU. 

COlIP'IG~IONS IH ZmA-PIHCB 

(~.t10 Press" regime) 

Yu.V ~.tTeev .1 I ell' .KvartekhaTa I 
SuJ:hua1. lnaUtute ot ~aies I.Dd TeclmoloEJ or the 
State Commitee. OD Utilization ot Atomic Energr~ 

Sukhuai ~ USSD.. 

J.bstract. The .~er1.mental dsta are g1VOD. 1nd1c:at1.D.g the 

possibillty ot toraing a KHD .table plUllla corifi.guration eili8d 
• lIIul.tiahe.ll Zeta-pincb.. 

'!!ha anal;ysla ot the exper1aental data has led us to the 000-
clua10ns tbat stable Zeta_pinehea are obserred, as a 1'Ill., in 

the presence ot •• ll developed pl8.SIRB. wall ehells whiah .nee 

u • ruult 01' eecond.a17 breakdowns ot the discharge gap /I/. 
In suoh regimes the central plalllD.ll stable state is aaintain&d 
tor 20 paac. The state arises due to the stabilizing ettect 
ot 8. wall_side plasaa which acts as a conducting caaiDg close 
to the pinch. for stable regimes R/r '" }..4 ratio io ~lca1 
(B 18 the wall-side plaSlla radius and r is the pinch radius). 

States w1 th secondary b~d.owna are Il8tura1 tor pinch 

deYiC8s since there oocurs an incomplste sna.~ploughing o~ gas~ 

the wall is intenselJ bombarded bJ' ultraviolet and soft L..r.,.s~ 
there arise considerable olectrio ~ields at the peripber.T~ etc 
/I,2/. 'l'he eeoonde.r," breakdown procese developes for .... IO- sec. 

Aa a result, the ourrent inoresses at the chambsr o.ll (i > 1012 

aap/seo)~ OTsporat1ng it~ Uter the breakdown. the pinch ie 
turn.d. ott fro. the oxternal circuit. 

B1a11ar ai tuatiou arise in other themonucleBr devices 

(~eta-p1nches. tok_seks) also on increasing the power .lNpp~. 
~s is ono of the diffioul tiea ~or the present stage of in­
vestigations on plasaa _gnetio con:tine.ent. 

In Paper /2/. a dence is o~fered with an. OTaporating pure 

gaaeous wall oompress~ a closed current loop which dOTelopes 
in the Zets_pinch chaaber attor tho secondar,r breakdown. ao.­
pressing the current loop; we oan incresse the currant in the 
pinch and ensure the plssaa. Joule and adiabatic heating. Here. 

aagn.tic proas ratio Pn = PI(R/r)~ is in aotion, whers Pn is 

tho fiold pressure onto the pinch aDd PI i8 the field pressure 

o~to the gaaeoue wall. 

The initial experiaente studied the intluence of wall-side 

pla&aa prooesses on the li~e-t1ms o~ the current loop. A condens­

er bank with • = 10 kJ (Vo " 0 - 25 kV) b.u been used. 'lb.e e:rperi­

.ents have been pe~o:r.ed in a porcelain chmaber with \ the inner 

di .. etor and length equal to 28 CID. and 50 CIl~ rospectivelJ'. 'l'he 
eloctrodes were shortad along the chamber u:is by a copper rod 

("rigid pinch"). 

Dep0n4in8 cn D2 pressure 110 , the gas breB.kdown initiation 

can be displaced in orq haltCJ'cle ot the eondenser discharges 

through the rod (IJ 8 mm). The m~tu.de and the direction ot 
the ~oop-trapped (ro~eleotrodee - wall- side plasma) "exoitiogK 

JUl6I1etic field have bean changed in such a manner. The discharges 

ignited in the t1ret qcle ot the current flow through the rod 

have been studied in more detail. 

Ths gas breakdown in the first quartsr of a Qcle (po" 10-1 

torr) results in subsequent appearance ot two or .three plasma 

ehalI. compr •• I1J:r.g to the taXi •• 'rh. long_exi.etanoe ourrollt l ooplI 

develop turned ott trom the erternal oircui t in the cballber 

atter toraation or closed loops iD the wall-aide la:;yer ( .... 1 cm) 

and does not penetrate the inner regions ot the chamber (Pig.l). 

We obtain a stable YBD c~guratian- a multiahell Zeta_pinch. 

A f'ull period or the o\U"rent loop enstance is 90 p18ec (the 

current o-folds). Diffuse decq ot the plaSUla shells "pressed" 

between the rod and the .all-aide pla.Bllla takes place tor 
30 - 40 paoc. 
The first t8Iell or the ple..ema presses to the rod with all 

average veloolt;y Vaver.,,3.106 C#J./aeo and ensures fivefold 
growth of the current (up to 105 amp) in the first cloaed loop 

(ro~ electrodes .i colllprese.ing pla.Bllla). The second and the 

third plasma shells cOlllpress with less velocities. 
It :follows from results ot Illagnetic probe measurements that 

a masuetiQ. energy cumulation takes place in skin-layers. Thus,_ 
in the thioinesa ot the tirat plasaa shell, a aagnetio fi.ld 

a., , correspoD41Da: to the ourrent I. ,. }OO ka.p (the current 
in the orte:rD&l. c1rcu1t is I = 200 katp) ill :recorded .. !hese 

phenomena ban been diSOUflaft earU.r /3./. In the pz:esut cas. 

the. fiel.d cmNl.ation is obsornd. in an o.or U1.n.-~ ot the 

plamaa shell" 

'!'he condition ot trapping the peak "exoit1Dg- our%Qt (H. 
field) ill roall"e-a. at Po = 2.10-2 .torr. ID this 0 ... d.-o.tOr1D 

breakdown occurs naarq at the peak current in the zod.. Tho 

wall_aide plaallla coapr .. sion takes place in the second hal.:!_ 

cycle up to r = 8 - 9 ca with Vaver. ~ 106 
calAO 8J2d is not 

accoapan1ed w1 th • ~noUD.ced pro .. 1.Dg of the a...gza.et1o field. 

'!he current loop lU ... tae ill 80 psec, 

'!'he cases of fast heating ot the pIa .... b;r shook .. vea have 

been stu41e4 at lower Po and ..all I.zeiting. Reduction of Po 
down to -.c: 10-2 -torr allowed to aocoaplloh gap breakdowns 

at the eDd ot the first and in the Ng1nning ot the second 

haltcycles ot the ourrent ill the rod. The gas breakdown at tho 

end ot the first b&Ucyclo at Ie%C1ting< 0,23 Ipeak doe8 not 
lead to the stable current loop toraation. The pla8lll& eo.pression 

took place iD the sacond hal.:tQcl. and H If' rield rspidlJ' vani­

shes fro. the tirst haltcycle. ID these WlStable regiaes neu­

tron -.1seion generatea (1'1g.2). Gas breakdownS in the beginn_ 

ing ot the second haltoycle ensure the stable regime accompani­

ed with the flush ot 6Cft X-rqs (At = 1 - 5 (l8eo). 

The neutron aiasion characteriatiCB 81'e olose to the 

charactorhtics tound in the nper1Jleats with elasaioal p1.nohea 

(pressure range, duration, occ\U"enoo mo:ments, intenaity growth 

towards the cathode. ete). Now, thll1 .. : are diatinguiBhed b;r 
~ larger intensities (20 - 30 tau) and oocurence 

regularities in the first and the second s1ngulariti •• ~ The 

neutron output was reduced by the rod di ... ter increase up 

to 30 _. '!'he results obtained are contradiotor;, with the 

widel;r spread opinion on neutron generation on developing the 

pinch narrowing (11. '" 0). It's interesting to note that there 

was recordtt a low neutron &II.1s8ion in t~e case ot a quartz 

rod too (IJ 10 _). 

Tbus, model experaenlis indioate the opportunity of obtaining 
e MHD stable (to ~I and .,,0) plaama formation _ a multiahell Z­

pinch (Pig.3). The unique festure ot' a Z-piDch as a trap and its 
higher KHD stability result in the necesaity ot further exploring 

this design. The calculations show that in an energy balance ot 
the closed current loop, the main kind of losses ia represented 

by the emission Nom the wall_side plasma (Tot IOeV).Tberetore~ln 

the experiments with the multishell Z-pinch pressed by a purel;r 

gaseous piston.plaSlla pa.rmaters (T and"C) increase. To thi. end, 

•• have constructed a ehaaber called "Condensste" where the operat­

ing gas on the wall ean be treezedi The gaseous piaton used tor 

pressing the plasma Will allow to create multishell Z_pinohes in 

toroidal chambers too .' 
We would like to thalIL.D.;V..l'hillppov tor indicating the neutron 

gelleration ROde. 
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88 PINCHES 

THB FORMATION OF HIGH DENSITY PINCHES 

by 

Davld Potter 

PhYllcl Department, Imperial College , London S.W.7 . 

~ 

The formatlon of a z-pinch 18 analy.ad theoretioally. 
A s l ug model describing the plasmll. betw •• n ahock and 
pilton is developed and the final pinch atructure 
resolved . It 1, shown that such a fOrlll ation 
ineVitably produce. a weak compte"ion. By profiling 
the current 1n time, quaIL adiabatic compre.alon can 
be produced and pl.lmall of very high denllty and 
temperatu:re achieved . 

Introduction 

An_Iya ill of the plallM lOCUli luqq •• t that, in the abaencI of an 

Incr,.lIed Voltage, 10411n9 of the conditione of the den •• pl .... a 

18 very weak. On the other hand, the technoloqy of BIWIIlein 

aource, now permit, the production of pinchee at vary large 

voltagee and current._ over _hort. t.1./IIeecales. The fo~t.ion of 

such a pinch has been delllOn_trated exper1lllent.ally (Choi .!! !l., 
1971). Thia paper analysel t.he formation of such a pinch 

t:heoretieally. By profiling t.he current in time, thermonuclear 

plaelll;Bs of den_it.y n • 10 20 cm - 3 and t.emperat.ure l of T • 1 kll!V 

IIIre obtainable with current_ of "00 kAmp_. IIInd volt.ages of 

800 kvolts. 

The conventional snOWplough model of the formation of , a pinch 

i_ inadequate in describinq the tranei"Bnt plaema structure, t.he 

final pinch radiua, or the final pinch _tructure. A alug 

model of the formation of a pinch haa been developed Which 

defines the plaslIIB structure in apllOJ!land the final pinch radius. 

By varyinq t:he applied cUl:'rent in time, very lal:'ge compl:'elsiol'l8 

, and a denae pinch of slll811 I:'adiue can be obtained. 

Slug Model- of' cne formation of a Pinch 

Streak photograph_ of III fully ioniaed hydrogen pinch euqgest. 

t:hat, unlike the s nowplouqh model or ehock reflexion models, 

t:he pilton comes uniformly t.o r eat as t.he shock meet._ t.he axia 

(C,hoi ~ !l., 1977). This suqgest!t.hat al t.he shock approaches 

the axis it e!IIi t, outqoinq sound waves wtiich slow down t.he piston . 

Any reflect.ed 'hock ie very weak. Comparinq the Ullln,it. t.ime 

of aound waves bet.ween shock and piston wit.h t.he pinch time suggest 

a 'luq model in which the plaSJI'UII preslure bet.ween pist.on and 

ahock 1:. unifoiln in space but. not t.ime. At. IIny il'lstint ,in time, 

the volume V of plaama between the shock ra4ius r s(t.) and 

piston radiua rp (t) i. COlIIpresae4 adiabatically 

ypdV + V dp .0 

*tIera accordinq to tha atrong ahock boundary conditionl impaled 

at r,(t): 

.nd 

Crp drp - 2rs drll) 
-;+I 

4V - 2n 

where ia the ratiO of lpecific heate. CO/IIbininq these aquationa 

w,it.h t.he pressure of the currant I at. the magnetic piston to 

give an express ion for v. t.he valocit.y of the ehock, 

v.- {,.)~ iY +l)~. I r. ~p , 

yield for the constant cUl:'rent. ca e a relationahip between the 

ehock and pilton radius 1 , 
(
T.:! + .! r \ d r _ 2 r 41:. 

y y -jrpT'+l....!. 15 
rp rp 

It i, apparent. that. for y> l, as the shock approaches the axia 

(r,/rp + 0), t.he piston velocity tends to zero. Furthermore, 

t.he plalma comes to rest and the final pinch radius and .truc -

t.ure are defined. The aolut.iona for the piston radius and 

ahock radiue are drawn in Pigura 1. Solut.ion of the above 

~ ' ... 
I ... ~ ... 

,:,1 '" .. 
o.3oee , ... , 

, 
~ 

Pifure t. Piston an4 .hock radiue 
;~d~~~~ on of time, ro 11 the wall 

Pifre 2. Profilee of the density 
an t8l!lpel:'at.ure as a funct1.on 
of I:'adius in fi nal pinch, 

.. 

, . ., 
•• 

~ ... 
-. 

.. 
---------------------------------------------------------------
Iqustion shows that the final pinch radius a i _ siJllply related 

t.o t.he wall radius ro and yl 

• -, (l..}-ifr 
o y+l 

Por the important limit T - 5/3, a - 0.31 ro '0 that the 

cOlllpression is very weak. With the aid of a Laqranqian solu­

ion we can solve for the density and te!llperature as a function 

of radius, the solutions of Which a ra ehown in Piqure 2 . 

.!J.!i!I Compl:'ess i on by Progr8l!lllling the CUl:'rent. in Time It has 

been shown above that when a , z-pinch is formed by a larqe 

constant current, a weakly compressed pinch is formed when 

y - 5/3. This is due to t.he PFoperties of a stronq shock 

across which a limit.ing value of the compression ia reached 

of ", To produce a hiqh compres.ion . _11 rllldiu, pinch, t.he 

compression must. occur adiabat.ically. If we conaider the 

limit.inq case where t.he lIlovinq piston produces a aeriel of 

inwardly travellinq adiabatic pressure pulses which only meet 

at t.he axi" t.he comprees i on will be a maximum. If u is tha 

velocit.y of the pist.on and the plasma ad :i~cent to the piston 

and- v t.he velocity ,of eound wave. there, t he condition for 

COincidence is,1 d d. 
whe .. ~ t is the time at. which maximum. compression occur I • Wit.h 

the adiabatiC hydrodynamic equations, we obt.ain t.he solut.ion 

for the required pressure o f the piatonl 

p (t) - Po (1 - 1) 
t y+l 

and t.he required profile s of tha current I 

I(t) -
.b 

I {(~) (l-! ) Y+I 
o , 

where ' Iei 11 the initial current and Ra tha init1a.l. \I.II.llaJ:m. 

pre.,ure of the plaama . V-SI] 

(Piqure 3), To apply 

1:;.hese conditione, the 

plasm.a IIInd field !!lust. 

first be in equilibrium, 

The init.ial equilibrium 

is produced by ehock I 
format.ion wit.h cUl:'rent. 

1
0

, Thereaft.er the main OS 

str onq compres.ion is = 
produced by such a rillin9 rt\ 

current (Figure ")' 

Reference I 

Choi, p" Folkie.ki, A" 

0' 
~ 

,. 
'78 

o 

and Oangor, A. E. (1977) ~ 

=~:'-- -privat.e communication t::::::- ~" __ _ 
Figure 3 (top). Cur- 1 ~ ('''- _ ~~--:--:: 
rent profila for ein- lit. I+ ________ .... ~ ~_ :::::---:-.:_"":::: 
qular compression . 

Figul:'e 4 (riqht), 

Suqqested current. for 

maximum compression. 
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BETA 

Abetrsct. Various regiJDse of a denee high- j3 plasma coo11ng 

are considered . The energy confinement time le estima t ed 8a 

8 function of plasma parameters (density, temperature, magne t ­

io field) and dimensions of 8 system, 

The hlgb- ~ plasma le suggested to be used in different 

types of fuslon systems. In this report we examine BOIllB pecu­

liarities of sucb a plasma in solenoidsl devices with nonmag­

netic (or wall) confinement. The detailed survey of these in­

stallations l e given in [1J • 

Let us consider infinitely long cylindrical tube of ra­

dius R with homogeneous hot plasma and axial magnetic field 

Ho. PlSBnla density and t empel"8ture are no and 1;, • Magnet­

ic preesure ie small : J3 .. "'!I! 16lfrl.T./H!~1. The only role of 

the ~egnetic field is to euppress transverse heat conduotivi­

ty. It meano tha t plasma ie strongly ~agnetizied, 00 even for 

i~ns th'e parameter d .. =(WML tJo ':l'> 1 . Plasma density decreBB­

BS in time due to heat conductivity Bnd bremmetrahlung (radi_ 

Q -A 'T<' . aUon power per unit volume I" r1 ). It turns out tha t 

the energy confinement time lE io quite different for plao­

mas with j.:S 1 Bnd j» 1 . The reeeon is that oonfinement ti­

me for the caeeo of practical intereot greatly exceeds iner­

tial tilne ~/Cs ( c, -'sound volocity). It means that for 

high-j JllaollUl'3~("TJ"Ois valid every moment . As a result , 

plaoma flow to 

diation losoeo 

wells aris es while cooling. Besideo that 

increaoe becausa Or is proportional to 

the ra­
,3/, 

upon the condition 11 T= ~t and radiation beoomes large in the 

cold boundary layer. 

To eeparate varioue regimee of oooling for plaoma with jJ:91 
it is convenient to oonsider dependence of l'f on radius. For 

emall enough R radiation is negligible and heat t ransport 

equation takee the form [ 2] : 

3-a("T)~_.L 2.,,«5".T1T- Z"'~z) (1) 
')-t 't 'It. 

( 11 - plaBllla radial velooity , ;if - theItllaI oonductivity). As 
.r/ 

I1T"caut. the whole heat tlUl[ ~:::: S-"Tlr- Z rat en 't . Near 

the wall where if goes to zero, heat conductivity contribution 

ie principal. In this near-wall layer whose thiokness L.l is 

much less than R we have : . 

q~-"'-'%t ~ =t (2) 

Plasma hel!!. ~ oonduotlvi ty .:E "ooontlally dependlll on the ion 

magnetization parameter 8", w".: To: (/] HT~/n . The magnetic tield 

changes due to plaema motion. The oorresponding aquation 10 [ 2]: 

.L (li) __ <_~ .. ( c' ~ + c ,:r"Tj ) 0) 
ji n 11'1. '<I't l{/i"(} '3't e." Ilt 

.T 
( 0- - plesma condUctivity, !i,.. - ooeffioient oonneoted with 

Nernst effeot) . Per high- j plasma Nemst effeot is more im­

portant than magnetio field diffUoion. But magnetio field r e­

mains spproximately fro~en into tho pl88l1Ul : .1(~)~ *<~r: The 

reason iB that oharaoteristio time oorreaponding to ion heat 

oonduotivity io amall enough . 
O( I y. -¥, 

SO S .. O" ~r.1. PorT;>"4 -,-;8a , when 3>1, the heet 

eonduetivity J!. .. II.X~(~ r· ( X. - hot plasma temperature oonduo­

tivity). And for T< 1;" we have ;;e",n;Xorfolr/T.r~ After t ha t 

PLASM AS 

from eq. (2) lt 18 easy to rind the profiles of T, nand 

the boundary layer. Let ua write the oonetant in eq . (2) 

q ~ CCltSt" J.rI.X';Y;;/R . Then the total number of partioleB in '~ 
layer is Mo. _n,,'i,Vi.tt'l J.. , 00 the heat flUl[ to the wall muj 

la~e enough : 

In the hot plasma with T ... T" the heat oonduotivit 

ia small and ouoh a flux oan be provided onl y by oonveoJ 

flow of the plaama. For the time of the order of megnit 

i t a density drops, roughly speaking, by one-half, ao th 

number of partioles in the layer WA beoomeo of order f10 .f, 
monno that J.. - O. and the energy con:tinemlilnt tue 'tt-
The thioknees of the boUndary layer .4 "" RI8:J

• 

J This ls valid until the total radlation losses vv. 
2IT ~Qr- rd."L are Ieee than q • The main oontribution . -., 

oomes fi'0I'II the ragion ... i th t8lQpera ture T ... T. 8. where 
"",,/ 3 I, f, W(""'"l1oT. I\. Vo 'rl'"( 'll""" 1I,T.rAII_ To - radiation oooling tirn 

the hot plesma}. So the radiation beoomee importent for 

Per ~ ~-;r., T,..ft. energy losses may be desoribed aa "0001 

ve N motion from the oold walle to the oentre [31 . It m 

that enargy radiated from the boundary layer la oompens 

the oonvaotive energy flux from the hot plasma. The ge 

~y be oonsidered aa plane. Then for the etationary NO 

wave" we have: 

.. r J (z eJ:) Q 'noVo ;-x" iX J..X - r 

( n. and 'if. - density and veloolty of the hot plaema) 

eity 1[. le dete:nnined by the totel radlation losses: 

;1I.To r QrJ.X • It is eaoy to obtain that the main 

bution t o radiation oomea from ( region with temperature 

and the hot plasma veloolty v;, ... 3o"Y'J.o!'tr fL. Por tu, 

time we have lE"" R/v;.'" R(Trlx..i',/&:" Time 1'c inorea 

nearly with R until the total hot plaema radiation ie 

than radia t ion fro~ the boundery layer. It is so if R< 
Per large:r R time 'tf becomes aqual to 1:"1" 

All previous estimati ono were obtained for the pI 

negligible magnetio pressure, that i9 for larga enough 

suoh a oaea the time "rE doeBn ' t depend on J. , and the 

parameter ie the 10n IIlBgnetizatiOD value J", Tba trane 

10W-.J plaema ( } . ( 1) ooours ae followe. Por the froze 

ic field ita preaeure increaaea when temperature droplI 

~ (T./T)1 and beoomes equal to the plume pressure at 

Sinoe the whole pressure PitblT le homogeneous, it mea 
-.. 

forT.(T.j.deneity rr and megnetio field H beooMes 00 

andJ< " • It ie obvioue now that our previous resultll 
wt'Ji wfJ' fl.. 

lid it thie temperature T.j. is lees than To 8. or ¥I> + 
~ ,,~ l 

the opposite oase the region with T-1;,J. io important 

8<' '" muat ohange the quantity .. on~.. in our formulae. 

Theee peouliariti es of the high-jJ plasma oooli 

of oourse, oonneoted with the oonorete dependenoe of 

hea t oonduotivity ;;e on niT and H • They may be abeent 

dittarent ct(n,T, tfJ, for example, of Bobm type, when 

In oono lueion we want t o mention that our nnalyt 

matione for high- ~ plasme oooling are in good agreem 

oomputer resulta [4J 
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BETA 

Abetrect. Various regimes or 8 dense hlgh- 13 plsB1118 coo11ng 

ere considered. The energy confinement time ls estimated se 

a fUnction of plasma parameters (density , temperature , magnet­

lc field) and dimensions of 8 system. 

The hlgh- ~ plaama le suggested to be used in different 

types of fusion s ystems . In this report we examine some peou­

liarities of such a plasma in solenoidsl devices with nonmag­

netio (or well) confinement. The detailed survey of these in­

etallatlona le given in [1J • 

Let us consider infinitely long cylindrical tube of ra ­

dius R with bomogeneous hot plasma end axial magnetic field 

HG . PlSEIlIlIl density and tempereture are 0 0 and To • Magnet­

lc pressure is amall: J3 .. ~d61l'11.T./H!~1. The only l'Qle of 

the magnetic f ield ie to euppress transverse heat conductivi­

ty. It meana that plaeme is etl'Qngly magnetizied , so even for 

i~)ns the parameter do ~(fJ" ~ tl.)a ~ 1 • Plasma density decreas­

es in time dus to hsat conductivity end bremmstrahlung (radi7 

ation power per unit volume Qr " An2r f
l.). It tuma out that 

the energy oonfinement time ~E is quite di~ferent for plae­

mas with .J:S 1 and J» 1 . The reason i8 that confinement ti­

me for the ceeea of practical interest greatly exceeds iner­

tial time ~/C s ( c, -·sound velocity). It means that for 

high-JI plasma '3~(IITJ.OiS valid every moment. As a result, 

plasma :rIo" to 1fBlle arises "hile oooling. Besidee that the ra­

diation 10es88 increase because Or is pl'Qportional to ,."f.2 

upon the condition I1T=~t and radiation becomee large in the 

oold boundary layer . 

To separate various r egimes of cooling for plasma "ithJ:t1 

it is convenient to oonsider dependence of LE on radius. Por 

small enough R radiation is negligible and heat traneport 

equation takes the form [ 2J : 

3o(nT) ~_J.-2..;-d.?'TlT-:;e ~~z ) (1) 
'It 'to 'it. 

( 1f - pl asms radial velocity, ;f - thermal conductivity). As 

T .TV 
IlT.afUt. the whole heat flux ~ = St1 1I"-:;e nt en 't . Near 

the "all where 1r goes to zel'Q, heat conducti vity oontr ibution 

ill prinoipal . In tbie near-"ell layer "hose thiolcn.88e Ll i8 

much lese than R we have: 
(2) 

l'lasma heat oonductivity <£ esslIJntl.lly Ilependa OD the ion 

I118gnetiution parameter 8", W"i. To:. (/) HT"/n • The magnetic field 

changee due to plasma motion. The corresponding equation is [ 2] : 

.L(H.) .-<--:!. (c< '?!l, CI\.·T~T/) (J) ii n n't 'aZ'to t{i/Ir?'t- e." I}! 
oT ( er - plasma conductivity, !1A - coeffioient conneoted "ith 

ller:nst effeot). Por high- j plaema Ner:net effect 18 more im­

portant than magnetio field diffUeion. But magnetio field re­

mains appl'Qximately frozen into the plasma : A(~) ~ *<~f: The 

1'9aoon ia that characteriatio time corresponding to ion hea t 

conductivity ia emall enough . 
O( I -? -0/, 

So d-Oo T.T.I. PorT::-T.; --r;.do , when 8>1, the heat 

oonductivity ;l!, ... n.r.oC!f j'- ( X. - hot plaema temperature conduo­

tivity). And for T<~we have Z .... n.Xo301TfT.l'.LAfter that 
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from eq.(2) it i a essy to find the profilee of T, nand H in 

the boundary layer. Let ua write the constant in eq.(2) as 

q"CDJ\5t ... .,L n.x..l;jR .Then the total number of particl e e in this 

layer is NA .... n.r;.2.Jo"'/J.. . eo the heat flux to the wall must be 

lar-ge enough: 

In the hot plaama with T ..... To the hsat conduotivity 

ie amall and such a flux can be provided only by oonvective 

flow of the plaema. Por the time of the order ot magnitude LE 
its density drops, roughly speaking, by one- halt, so the totel 

number of partioles in the layer MA beoomes ot order fie, R2.. It 

(I" f: means that J.. - o. and the energy continement time 1:f .... RIX.80~ 
The thiokness of the boUndary lsyer L\ ... R.I er;J. 

R Thie ie valid until the total radiation l osaee Wr • 

2ii)Gr r J.!t are less than q • The main oontribution to Wr 
come's from the region "ith temperature T- T.8:~Where tlltlLT,-1: 

()l~f/J! 3 / 1 fl Wr ... n.T.1\ Vo '!""r-{ 't"r'" 11,T./AII. To - radiation cooling time for 

the hot plasma). So the radiation beoomes important tor R~t;.t 
Por R"»("Xo Lr!J. energy losaee may be described as " cooling "a­

ve " motion from the cold walls to the oentre [ 3) • It meano 

t hat energy radiated from the boundary layer ie compensated by 

the convective anergy flux from the ho t plasma . The geometry 

may be ooneidered ae plane. Then for the stationary " oooling 

"ave" we have: 

5"n. 1T. ¥X. M,,£;)-Qr (4) 

( ne and 11;, - density and velocity of the hot plaema). Vel o­

city v: i8 determined by the total radiation loe8ee: If .. ., 

;n.T" S QrJ.'X • It is easy .to obtain tha t the main oontr1~ 
bution to radiation cOlllee fl'Ql!I <region "itb temperatur e T- T~J.:1 
and the hot plaema velooity v;, ... 30"YJ../"rr)"L, Per tbe oooling 

time we have le .... RI-t!"o .... R ('"[dr.. )",/ 8:' • Time 1'c inoreasea li­

nearly with R until the total hot plaSllla radiation i e l ese 

than radiation from the boundary layer. It is eo if R<J'.'"tr:zJ 
For larger R time 'tl' becomes equa l to 't,.. 

All previous estima tions were obtained for the plasma with 

negligible magnetio pressure , the t 1s for l arge enough JPo • In 

such a oaee the time 'te doesn ' t depend on j. , and the lerge 

parameter ie the ion magnetization value 6 .. ' The transition t o 

lo,,-.J plasma (J.~ 1) occurs ae followe . Por the trozen magnet­

ic field its pressure increasea when temperature dl'Qps : ..t!.:l '" 
H' (1:( ):1. 81r - f,l. i1r • T and beoomee equ:l to the plasma preeeure atT- T.90. 

Since the whole preaeure JitbT is homogeneous, it Blesna that 

-" for T.(T.j. density fI and magnetic field H becomes cons tant 

and~~ ~ • It ie obvious now that our previ ous results are va-
-(J --f.§ (60 (lfilJ 

lid if this temperature lJ. ie less then T .. S. or J. >,.. (I •• Por 

-" the opposite case t he region "ith T-T.J. 18 important and "e 

8.1/j ". muet ohange the quantity on j30 in our formulae, 

These peouliaritiee of t he high-~ plasma oooling are, 

of course, oonneoted "ith the concrete dependenoe of ol&eeic_l 

heat conductivity ;z: on fl,T and H • They may be abeent -for BOme 

different zt(n,T, H). for example, of BoluD type , when ;LU"J nT/ H. 

In conclueion we "snt to mention that our analytical eati_ 

mations for high-JP plasma oooling are in good agreement w1th 

computer reeul ts [4] 

Referencee 
(1] Budker G.r . Proc. VI Eul'Qp.Conf. on Controlled PUaion and 

Plasma Physics , vol.2 . p.136 (Moooow , 197J) 
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4J Vekstein G. B. et al. Paper IAEA_CN_35/B-21 (Berohtesgaden , 
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The Influence of Anisotropic Ion Preswre on Non...t>.xisymmetric 

Toroidol High-Beta Equilibrio 

J. Neuhauser, F. Hermegger, M. Koufmann, G. Schramm, J . Sommer 

Mox- Planck-Inslitvt fOr Plo;rsmoph)'5ik, 8046 Garchlng, Fed .Rep. Germany 

EURATOM Associolion 

Abstroct: Th ll inflUllnc;e of an anisotropic ion prenul1I on nonaxisymmetrlc 10l'OiOOl 

high-B l!I'Iuilibria, o,g. tha Hid1-B Stellorolor, is disc:vssed. Experimental resulh con­

cemin; mi rror instabilities and isotropic or slightly onisotlQpic; high-beta d" llorator 

equil ibria ore presented. 

Int roduction, Toroidal high-B Ilollo(Olor equilibrio were I;CIkuloted lII ing smoll pCI/U"",· 

'e. expansiON and, .. "enlly, 3D-computer codes. These ca lculation. Were ""«Od on th .. 

Idl'Cll MHO equot ioru and assumed (I Icolor isotropic p~ure. ExperilTH!lntaliy, high-B 

siellarulor equil ibrio were establ i!lMtd in modergte ly hot torcida l theta-p inehes for a 

limited time becal,ue of the occurntnce of m). I instabilities [e<g< ~ < One feature In­

herent In the shock heating scheme is that initially only the pel'Jl<'f'dicular ion energy Is 

increased, while the parallel energy rises on a re laxat ion time scale govemed by colli ­

sions and instabilities. An i"1lortant consequence is the oc,urrence of mi rror instablllties 

(shart wove length m '" 0 model). In addition, the onisotl'Clpic ion preuul'1l will Influen,e 

the amplitude of the periodi, corrugations in' toroidol high-bela Ilellarators ond will 

d-oonge the toroldol farc::e bolan'e. 

Mirror instabllitiel in theta-plnehes: Mirror instabilities were Iheoret i,olly predicted 

long ogo and observed for the first time experimentally in the lSAR I straight 1.5 m long 

theta-pinch [2J. T~ey were 0110 found in the 5.4 m theto- pin,h and re,ent ly in the 

lSAR T1 a toroida l high-ll ste lloratar experiment for the lowest filling pressure « 10 mtOlT O2) 

and a bonk energy of 1.5 MJ. At present, a taroidal theto-pinch (or screw-pin,h) is being 

operated on the lSAR I bank, ,oiled TORIX (R '" 1.35 m, r ,oil = 11, <:rn, rtube = 8 cm), 

where the preionbaUon and shock 'OfI1lre5lion for HaS II-like ,onditions [?J il invest igated . 

Even with a reduced bank energy of 0.5 M.J a hot plasma is obtained with a 'omporatively 

low fi lling pressure af3 mtarr O2 (preliminary data far t ~ 3~: Ti ~500 eV, Te~ 300 eV; 

n Q\ 3 x 10
15 

cm -3, axygen impurity 'antent: 0.5 '*'i ion-ion ,alli5ion time t" .. ~ 5 vs). 
e 11 L 

Mirror instabilities were indicated by strong varia tions In local measurements, e.g. 0 

ro, tar 2 for the fringe shift af the infrared interferometer ar 0 ro,tor af up ta 10 In the 

o VI and C V spectral line Intensity. The line intensity af lower ionization stages (0 Ill, 

IV, V) occurring earlier (t < 2 t!s) was le5$ pronovn,ed (less than 0 ro,tar 2l. As proof 

a mullislil window (14 slill) was used ta observe the pla!mO shape in a 134 mm long seg­

ment. In Fig. 1 framing pictures ore shown for filling pressures of 3 and 10 mtorrat 

t '" 2, 2.5 and 3 es (exposure time 50 ns). Mirror instabilitilll are dearly oblerved for 

3 mtorr with 0 wavelength cOfl1larable with or longer than the plasma diameter . The for­

mation time is below 500 ns. For t < 2 ~s there o re no large a"'f' litude mirrors. As In OUt 

linear axperimen~, the plasma 'olumn Is not destroyed by the mirror instabilities. Thll$e 

Investigations are being ,ontinued. 

Toraidal equilibrium in ISAR T1 B: A toroldal high-ll I le llarator equilibrium was a'hleved 

for 0 wld~ range of plasma parameters in ISAR TI B (R = 135 'm, Bmax'" 30 kG) 0, 4J. 

Fine ,orre,tion of the equilibrium was provided by L '" 2 windings in additIon to thel '" 1, 

.t: '" 0 and L '" 2 fields prcxlu,ed by 0 shaped ,oil . For Ti < 500 eV the 'OSTe,lIon fg,tor 

01.. with respect to the $harp boundory model (al defined in [5], Se,. 9) ,was 0(.= 1.4: 8:~, 
while there was rough agreement with ,."ent resull$ of numerkal 30 ,odes [6]' However, 

for TI .. 500 to 600 eV and t' H = 1 to 3 .5 r on axis the plaJlllO wal rapidly driven inwards 

with the some external fie ldl, and for equilibrium 0 lmaller /)(= 1. 2 was derived. The 

di ffe rence in equilibrium between the coll ision dominated '0111 and that with t"'ii > I es 

might be due to a moderote in,1'IIOIII in B. But, experimentally, a very strong O/lJ'ipara llel 

biOI field (Bo:r:::. 400 Gau5$) producing 0 a to. 1 on ax is instead of 6'"" 0 . 65 was ne'e .. ary 

in order to produce a ,omporoble effe,t at I,ow ion temperature. We suppose, therefore, 

that the a-dependen,e of the equilibrium is weaker than predkted by the sharp boundary 

model, and that the ion preswre anlsotropy Indi,ated by occasional mi rrar instabilities 

couses, at least partly, the 'honge in the toroiOoI equilibrium. 

Discussion: The dOIll ,onnection between mirror instability and the existen,e of 0 periodic 

high-ll equilibrium il quite obvious: The equilibrium ,orrugatlon represenll a finite plasma 

disturban,e whi,h is unstable above 0 ,ertoin degree of anilotropy . A s!Tong change of the 

pla~ ,orrugation is a lready expected for 

a prellure anisotrcpy below that limit . Th is meanlthat an equi librium can again be ob­

ta ined by adjwting the external magneti, field, but it wil l be quite different from that 

with an 1I0tropi, pre5$Ure( P.L=PII)' 

In order 10 demonstrate this behaviour mare quantitatively, we treat the stn:ilght bumpy 

the ta-pinch (1 '" 0) in 0 very ,rude model (sharp boundary; mirror fQl'l;e included;X'" 

wall rad!V1 rw / plasma rodius rpi' normalized bu"" a"1l litude J;,« 1; rw' rp« period 

length 11.) and get for fi xed ",all shape (F ig. 2) 

With in,reasing an ilatropy but fixed exlemoi- .magnelk field corrugation, Ihe bu"1l 

a lso in,reases and blowl up when the anisoll'Clpy opproa'hes the mirror stability limit 

PJ./PII OOX.2 / [ a ~ -1)] . Beyond this limit we get formally an unstable equil ibrium 

whi'h is of no physical interest and doel not exllt in 0 mare rtKIliltic; model. 

The ,urvatu,., of the magneti, field IInel, whkh is le 55 sign~ ficant for!," 0, must be 

included forl~' symmetry. Straight gu iding ,entre plasma equilibria with L = 0 [7J 

and 1 '" 1 [a] symmetry and their Itab il ity were investigated and again 0 stfOllg in­

fluen,e on equi librium and m - I stabl ! ity Is found. 

Experimental ly, It is well documented thotlhort wavelength mirror imtabilities ore 

hormle5$ and may even he lp to o,ulerate the relaxat ion proceu . The question is, whether 

longer wavelength m'" 0 modes, espedoll y the mode 'OITe'flOllding to the external 'onv­

gat ions, can rea,h 0 dangerous o"1ll itude be~ the ion pre5$ure onisatropy Is sum,ient­

Iy reduc;ed by collisions, short wavelength mirror instabil ities or other turbulent effects. 

Taking only c;ollisionoll'1l lQxation as the WOllt COIe,' it is required that the ion-ion self­

collis ion time be smaller than the growth time of the long wavelength mirrar instability, 

whi'h, for large anisotropy, is approximately equal to the wavelength divided by the 

perpendl,ular (ll ion velocity. This'condition would be violated for H8S Illtanderd 

parameters. To study this qUl.!sllon in more detail, on opprcpriot,e ly designed experiment 

with 0 lingle bump will be ,ondu,ted in TORIX. 
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ST,u1Z TOROIIlo\L MIlD IlQUILlBRlA WITH I!OTATIONAl. TIWISFORM 

AND WITHOUT LONGITUDINAL ct.IllRENT 

D. LoftS. J. NIlh .... nberl 

KarPlanck-lnltitur fUr PhllUphy.ik , 80106 Garchina bai Klnchln 

Fldnal bp\lbHc: of Gt!noany 

~ SUbh roroidal MIlD equilibda with rota tional tun.fona IIIlci 

without curunt dlodt)' on the ulneri" n1. a .... invuti,ated . Conditionl 

an fOf1Dllllud for the panibility of obtainilli hiah .table. JI-vatu.. . New 

.~lieit axi.tenc" condition. for thna-dimenlional "'1uilibria with 

rational rotational tun,fon. on the mllnetic: Ixil are talculned. 

BETA 

Thcu-dimenlional coroidl1 lU,necohydroltatic "quilibeh rai .. vldolll 

que, doni Which Deculi tate • v, du,. of invuti,ltion "",Chad. [j-(l. hI 

thh p'pa t .. I UIe thl I xpandon of • tocoicld configuration arou.nd tu ... , -

netic axit to Itudy th' Iquilibril,llll and Itability of three-ell_"f ioD" 

eqviHbria [6J with rotuional tr .... fortl ... d without euuent dlnliry on 

thl ",,,,Itie uh. Thl lutu c:ondition al lov, UI to un 1 , "fBdlot IU-

blUr), criur ion [6J whi ch provid .. , cOlllp1en It,biUtr with I v.cu ... 

IlIrrOlln.H11I the pI ..... colUIIIII. 

Thl .Il-valu .. which c:.o be! obtlin .. d in th .. , iqllut type of t · 2 

Itllllutor DJ IDd in Iquillbril with vlnishing routionll tr .... fortl [g] 

In nthu 1001. Th .. thlory of th ... implut 1· 2 . tllllntor without 

eurnnt dl ndty on thl IU&n .. tlc uh [7] is dolllin . t .. d by th' follo"ina 

tlct.. An incre ... in ·rot.donll cunlform dace .. n ... tha plrt of thl ... g-

nlcic .. Ill th l t h indlplndlnt of th .. third order form. of the H" .. l urtle ... 

A dlcn .. 1 of thl routional tranlfortl , .. ith fi .... d pte .. un aradtlnr (p(0[[ . 

ine u .... thl ... dtudl of the tran.vun field • • IDDV ... the Itl.nldon 

pointl in thl third ordlr flux lur f.ell to ... rd. th .. IIIsn .. tic ... h and thu. 

d.cn .... th .. IquiUbriUII I-value . POf1lll11y , thi . cuy bl ... In fro- thl 

follovi", equ.tionl: 

b" i(K;-ol')b . _ «pU,,)c:~x(e-I (ct3 .. _ielsUt.t) (l) 

(' a dj.l.l, l ue 1enlth aloo. the ........ tic Id •. , Ko(L) - /(. (0) roUtion.1 

tranlfo",oo axh UClpt fo r I n inn ... r. o(.turuio. InSll of thl allipticll 

cro" - lIeti"on ot h.U-..... utio " . Co field on eril . ";If."t" c"rvltun Ind 

tortion of the IIIlnltic axi.) 

'0' 
:0: 

whir. l: • (S~. ~~. 6"", .5*) dncribll the third order d .. fol'Wltionl of the 

HII •• lIrhe .. . .(. 11 I linllr differential operator in .I. I nd Find Gl 

In f\lllction.lt ot the qUlnHtill indicated . Eq. (I) , hOWl ch.t thl equiH-

brill" it 101C .. l .... 0 . .. hlch e:.pun ... the hct th' t the 9 • con. t . ur­

flcl' Ir l cu.ted b)' rotltional tr.n.form alone. 

'or ~.o e'l.utllbd. [a-l0J rhe .it,,,,t;nn I, .,ui~ •. • li ff . ...... nt . TII .. 

dutlbUili", dftctl Inodlted .. ith tho ... qll ... titiu Slnlutina rotltionll 

tranlfor- (currlnt dlndty on the 1III&Iletic azh . .. ', t:" ) nl.b .. nt. In the 

litaplllt Cl ... K.a DC. ~t""" 0 ell.' (1) i •• olved by impol1na In ioUlnl 

tide condition Oft ":It . e . c. : 
f~,.-le·lrJ1. 0, J,.' = Xc.-1c- 1 

Thil !H.n. thlt thl sroll ph'lII fo rti i. cho.en in , "ch I .. IY th.t ? blc"" 

lutlonlry on thl IDIsn.tic ",it .. ithout the help of rot.cional tran.form. 

Nev. rthlllll thl Itabll a-valll'" n l not hiah ( 10% for nllonlbl l SIO_try) 

beC'UII th . condition th.t ~ be • fllnction of volume 110nll. to th .. order 

requirld in the fr_ork of thl pr ... ent theor,. 

9" 9(oJ ~ 4(o)V + o (v l) 
(3) 

i"'PolI' • ,evere . ddition.l i ntearal dde condition on the choiet of fune-

doni cOlllpltibh .. lth f (0)/ ? (0) < 0 ( " hich i . nec ... ury for luhility): 
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(4) 

Obvioutly. I po .. ible " ')' out le providld by kllpinS thl conditionl for 

Itltionlry ? . introducing 11 littll rouciond tran.fo", .. pOllibh. and 

.. IDIIch .. in nece.llry to reil .. condition (4). 

AI I fint Itep in the procedure Olltlined ebovl "I check .. hether the 

~-vllu , become. larger if .. e drop thl .idl condition (4) .. lthout conlider-

lira .. , •• il .. eo from the followi". I xpple. Chooti". 

le .k1sUc.. .. , e. . e .. (1+111 .2a. (QSJ(( 1 , C. o( cl, s~ · S;(.O) _ 
.. e obtein for I toru ... ith 20 period., eo " S • 1·0. 1, I p-vllue ot about 

1 for I 10cIl upect ratio .. hich 11 .t hIlt .bout 2. More deUill .. ill be 

pr •• lnted .t the confer ence. 

v. now h.ve to make t he Ibove procedllrl coftlht.nr by cl1cll1&t1", tbe 

s.n.raliution o f the lide condition (.) for 111111 viluII of L. To thi. 

end .. e obuin tbe condition. for Iq. (3) to be trul for rltional vdu .. of l­

on az·i • . Th .. I_ut order cnnditlonl , LII. • • th.t 1 bl lutionlry On axil , 

[ 9 .10J 

f1tco-i(eis,n.","so,.K., +£-Lcn o(..c4Flko}.:U " 0 

f")C C.o - i (e. i .f~o(, Co-) Ko - e -I. C(}'Jo( sin. ko) «l • 0 

10 that che vniablu X and «. lIIIIy be . limini.t l d: 

,) e l (k~'ta.\ko - ~:w..Ko) 

(oi e-l. (k~ ,1,' .. 1< .... k; CoIlk o ) 

..here le, and kl are arbitrary plI.rlodic fllnction. of l . Th. n .... t order 

conditioo, Ippear to b .. uther t.dioul. v. hlVI drlldy .hovn thlt they cln 

be .. titten . , dir .. ct senlnliration' of Iq. (4) .nd nl intlSrall involvins 

e . C. , t', k",k" kl and th .. tbird- order 'I.u.ntithl !/, 5~ 4: .s"'. bplic1t 

fo"",,"1I. vill be prnented It thl eonflraflu Ind vill .11"" not onl y the 

ton.htene)' of the ahov .. P - C.lClllltion to bl di,cllllli. but al , O. IDOra 

senerllly . .. xhtenee propertin ot llOX>th thrH-d i!Hl1Iional Iquilibrll "ith 

r ldonll rot .. tional tranlfors on lxii , . uell 11 .tlthr.tor . .. ith Ind .. ith-

out ohmic he.tins cur rent and r leltrlck tok ... kl. 
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RBDSACI: STABILIZATION UPI!JlIMENTS USING 1 -

EQUlLIBRIUK IlINDINGS IN Scrt.UC 

R. R. lIaruch. E. L. Cantren, R. r. Gribb le. 1:. I. l'neu. 
L. 11. Handy, a. Itrtltal , C. Hiller, W. E. Quinn 

to. AI..,. Scientific Labontory 
I,hlven.lty of California 

Loa A1amoa, Hev MeJ:1co USA 

BETA 

~. TM confinement ct. iD the Scylhe Sectclt" Feedback Expert_lit ha. 

bun extended with. pre-procr_d equ1Uhr1U11 COlq>f!o .. t1on fore. . 1h100 

force vas produced by drlv10l • current vith a flexible "ave'fon ln .. add! -

tiona! set at I. • 2 lfindinp. 

1. UITllODUCTlOH. Sc:yllac C.edback esperillellca have h een pecfoDled OD • 120· 

,.cto'!' of the 4 ...... jor-radiu. toroidal thata pinch. 1'1 .. _ parUlllten for 

the prelent .et of u;pert.eata era the._ u previously reported. III The 

configuration of the initial dbcharge has been altered frOll that of [1] to 

.Ullinne tb. heUcal oeeilhtione of the pI .... colum. Thh h .. been accoa-

plhhed by the un, of • belie&! dt.charge tub, which perlliu tha initial i ... 

ploe1on to er .. te the ph .... col ...... in the heltc.l confilUrAtion whicli it 

vo1.lld othe..,b" dynamically approach in ti ... (2J The t .. 0,1 a.ctor , which 

la .hoom ache .. tica11y ln Fil. I, hu 13 vavelenlth. of the equiUbdUCI fi.lda 

vith a 5 poeition feedback .mBor .yace. which 10caUy dr1v .. tha t .. 2 fe.d-

back vindings to 'tabl1h .. the I onS wavelenlth, 11'"1 inotabiUty. (l1 An addi-

tional prosramlllllbl. forc. ayat.1II lIIIinS an additiooal let of 1 .. 2 vindiop ia 

incorporated to allOll for optiahation of tha aquilibd \llll. 

n. SEC'roPi END r:rn:crS. Slnca tha pI .... bahavior in the end r.lionl of the 

eector b char.cterhed by lerle duplacementa and accelerationl, confine.nt 

tl ... Ullit.tion due to the propalltion of 11'"1 V.vel froe thl .nd 1:IISlonl to 

tha center of thl ay,te. hu b.n invaltipud. [4] The calcuhted tujectory 

of the plu_ col .... h .. bean coapand to the _ .. u .... d chanla io column 

trajactory .. t ... v.ral poaitiona alOl1& tb.a ,.ctOr whllQ a aup' 'function forc. 

la applied to vavalaolth 10. Tb. _ ... ured ..,d calculated traj.ctory a t the 

lac:atioo of poaltion detector Mo. 1 ara ahovn in Fil. 2 , ..,d lUuatraU that 

the propaption of Iron-colum IIIOtlon dl.eturbanc:.e. 11 at app ro:ld...,tely the 

Allyeo velocity in alrae_nt vith the .h .. rp bound .. ry theory. 

ut. 1!9UlLUlllUK STUlIII!S. Anelyala of col\lllll trajectorl., io tbe plane of 

the torua h .. indicated the o •• d for . ti..e-prolr_d foree, in addi tion to 

the feedb .. ck forc., to counter .. c t an .qu.l1ibriUlll forco i .... hnc.. P .. ctor. 

which influence the nbaetved .quil1briUII forc. illbdance ere ( .. ) tranaieota 

in the toroidal .quilibrila forc., 'I," due to .t .. 0 .hap. oadUation. of 

the pI .... cnlu.\ , [5] (1)) the dtffu ... radial prnftle of tha .xper'-t whicli 

r.ducea the '"I force frOll. the aharp boundary d .. illl valua, [6] (c) aector 

and .ffecu pr op.satinS ioto the center of the ayete .. , and (d) dacra ..... of B 

due to, for e.u.ple. l08a of particle. fro. radial dtffu.ion which. for the 

Te .. 100-eV Scylbc plea ..... Clln c.uae .. 10% drop iD B 10 U Ill' b .. ed on 

c1u.ieal e£f.ctl alone. 

Jon ... -rype circuit drlvinS 1 .. 2 trl..tnl en1Ia vo ... d on top of the 1 .. 2 

feedback coU. . P1 .. ma tr.j.ctode. Ill1d 1 .. 2 trilllldnl field .. for two db­

cliarlea are IhOllO in Fi,. 1. A ,.eU ch_le in th .. ampUCudl of the rriaminl 

forea 11 obaetved to drutica11y alter the traj.etory. The teIacionahip b.-

twe.o Che appllad force and ·th, nb,erved _tlon can be interpret.d UlOiDl 'harp 

boundary theory 10 cerae of an effactive p1 .. u ·B, which 101 _ 1/2 of the B 

on 0;1, deteno.inad hOll thl! pl_ di&:l8 .... et1l111 and lum1noaity profile. Th18 

eau at leut p.rtly be attributed to dHfu., profUe efhcta. 

IV. PllrnBACJ: ST.uILIZATION IU!:SutTS. Thl! f " dback .yecelll for atabl1iution 

of th, 11'"1 lonl va""le"lm h .. b, en opl!rated w1th the pI ..... coltlllln held "e ar 

ita e'l.uillbrlua pol1t1on by th" trlaaainl ayatelll. An improve_nt in 
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confin._ot Ci.,. to 40-50 ).la b ahoom in the .. traak photolraph of FiS. 4, 

viler, the colU\lll 18 oherved to rea..to c.ntered in the dhcliulI tube for 

uny inlubll1ty Irowth tillee with feedback atabl1ha tioo applied. The. fe.d-

back aynea can laurete force' on th, ord.r of 0.;: of the toroidal equU1b-

n .... force od h ..... rieeti1ll8 of 0.4 ci .... I:he lIIatabil1ty SrDlfth ti..... The 

feldb. ck lJ)'''u. 11 arranled in 5 independent .rraYI alons the 1.01th of rh, 13 

wava1enlth. 120" a.ctor for eaeh of the orthogonal traneverae coordin. t .... 

V. .. .. 1.2 CONFICURA.TIOM. The SqUac feedbaclt •• ctor h ... bee" converted to 

t .. 1.2 e'l.uillbrl ... configur .. tion to eliminlte tran81ent effecte on the tor-

oldal force balmc. due .to me 1 .. 0 fi"ld and provid" • 1eea B-depeodent 

,qu111hrlUII. Tb. hlllcal ah .. pe of the pl .. _ en1um hu bean incre .. ed to a 

bIIlle&l r adi ue of _ 1.0 all to II1ni1a1u the srovth tate of the 11'"1 inatablllty 

and locre .... e the aff.ctiven .... of the feedback aub iU,.. tion. Tbe aector h .. 

been lenltheud by 40% to an arc lanlth of 168" to locre .... e thl ti_ b.fore 

eod affecta influence the pI ...... behav1or . The feedb .. clr. ayau. for the 1" 1,2 

""ctor includea the capabUity of drivinl each v .. ",.lensth with an i ndividual 

a lana1 vIt1ch teprllentl the 8UID oe the required feedb .. ck forc ..... t that 10ca-

tlon for all un'table IIIOd .... 

(1) r:. L. CantreU. E . g . • Sav."th European Con f ,rence on ControUed Pueion 

and PlullS Phyl1ca (1915, Vol. I , p. 48. 

[2J !. 'lmfer, K. hUfaallll , J . NeuhaWler, C. Schra_. Seveoth luropean Canf. 

on CantroUe4 Fuaion and PI ...... Phyeic:a, Vol. 11, p. ill. 

[1] P. L. Ribe and K. N. Ra.enbluth, Phya . P1uidl g. 2572 (1910). 

[~] E. L. CaIler.U, !.!. !!C • • ubllitt.d to Muclear Fuaton. 

[51 C. Miller, to b. publhh.d, Phyaic:a of Fluidl. 

[6) D. C. JI .. rou Md J. U. Jlrackblll . to be pubUahed. Nudeer Science and 
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AnomalOl,lS TrolUport In Shodt Produced PIQSmQJ 

R. Chodul'O, C. T. Dum +J, F. Stlldnel', IC-H. SIOIlIel' 

Max-Plonck-Ins tltut fur Plolmaphysik, 8046 Gorchlng, Fed,Rep .Ger. 

EU AATOM Auoc:iQllon 

Ab$tyacl: FaIt .ho.;k healing In (I 1000idal belt-pinch produces Cl highly elonljQllId, weakly 

compressed high-6 plasma with .Iectron and ion temperatures In the k.V range. £lec:11QII 

Mot ing 11 attributed to ion .ound turbvlenu. The eff.clive drift velocity for WGve growth 

;. In<:r.a,ed due 10 distortion of the .1,<:Iron distribution by .Irong derulty and 'empel'O:lture 

groell.nll. The measured IfImperoture-, denlity - and magnetic n.ld profile. ora in good 

osrumenl with numerica l relulll of Cl f1uld".art1r.: le hybrid code which Incl~ellhe grodient 

effects ond the influence of the neulral backgrc:o.ond gcu . 

In thl. popeI' we report on fusl.hoc:k heoling of Cl low densIty loroldol plasma to k.V 

.Iectron and ion temperature. , The .I.ctrons Qre heated by ion 'OUnd turbulence. We 

show that the dl,tort lon of the electron dlltrlbution function by density and te~rature 

grodlentl significantly chgngel IM onomolous resistivity gnd heat conduction . The gra­

dient effects gs welt 01 the inflWf>C. of neutra l porticlel ore Included In g hybrid code 

which, then,fih raIMr w.lllh. eJCpllrlmentolresulh . The experimenh we .. perfofmed 

In th. Ggn;hing High-Voltage Belt-Pinch /1/ which jl a lhodc heoted hlgh-6 tokolnClk 

with highly elonggled cn.l-Hction. Th. shod< c~,,"lon has be.n Inv.ltlggled In 

de lgl l for twg COIes with Inltlol d.nsitles of 1'1 '" 3 . 1013 cm -3 gnd n • 7 . 1013 cm -3, 
eg eo 

respectlv. ly. The IllCIgn.llc fI.ld pen.'rat. lhe en'ir. plgslllCI gt the lower density gn:d 

gn gv.rage 6-volue of 0 . 04 11 obtglned ofter c~ressloo . The . I.clron temperature rises 

up to 1 k.V with lhe incomlng_an.t ic fi.ld. In ,he sheolh r-alon the .Ieclrons gre 

heated to 3 keV. Allhe higher Inltlol density th. rodiol IllCIl lon of the magnetic piston 

It 'Iowed down by the P* .... ,. of the compl"tised plasma gnd 0 central B- 1 plosmo h 

fotmed . While the . Iectron temperature Itgys low In the central B- 1 - plosmo (T e'lflO 

50 .V), strong electron heotlng Is cobserved In the pilton region with t.mpen::lturw up 

10 I k.V. In both cases, ste.p . Iectron tempen::l lure grodlenh gr. retoln.d ofter 

1"1'101101'1 . 

Electron heoting ond IllCIgnetlc fi.ld penetn::ltlon Cgnnot be explolned by Cgulomb 

collisions . There ore 0 number of ot.ervoti_ froI!I which w. conclude that loo sound 

lurbulenc. shguld dominate the 1"1'IO$lon phose /2/. The el.ctron tempen::lture is lorge 

compored to Ihe ion bulk tempen::ltu ... The Ion diltribution dev.lops g week tcllI which 

relulh In g crilical drlfl velocity for Ion lound of Iypicolly v crll =:s 2.5 (T. /mj)I/2. 

For Ion .ourd Ihe e leclron dlllrlbutlon is expecled to relglt from gn 11'111101 Mo:.xwelllgn 

to g flol tapped distribution /3/. This kid gnd the distorllon of the dlstribullon 

function by gradients In te"1'en::lture gnd dens ity ore gf CNclgl Importgnc. for wgye 

.ltcltotion gnd gnorralous I1'OI'ISfI0rl . Fgr this dIstorted funct ion the effective drift 

v. loclty vd,eff for waye growlh gnd momentum lra",fer R. - - ne m. y.ffvd,.ff 

dlffeB very lubftonliglly ~rom the relgtiv. e leclron- iOfl drift Vd,!, os seen from fllI'.I,2. 

Y<I.tff:: (!-II1 )'YoI,J - J""'~'t'". "'lTc'~ , 

where Yv", (V1i:J. V~,/l't.I1' i/III )( Y t" "'" ~) I Vu, .... (Tt 1~)"/2 
ond the iJ gre transpori coefflcl.nts depend.nt on I' effLfle Ule .. . I.clron gyro-

frequency) ond th. lhope of the energy distribution . In -foct, only the grodl.nt related 

hllms rrKlk. instgbility oy.r the enllre pbtOfl region p<)$Iible, l$jMciolly for higher 

Inlllgl dens lly (FIg . 2). 

Slnoe Re enler1 o lso mognetlc field penetrallon and .Iectron healing rote (Re y d,I)lhey 

or. also modified correspondingly. Th. heat flUl< for th. self-consl,lent dlltrlbullon .11 

relgted, in a similar IllCInner gs Re' to the drift ond the gradients of tempen::lture and 

density. Illhould be mentioned thol IM anomolous tronsport th.ory for Ion lound /4/ 0110 

ellf>loird the reduction of Clltlal heat flow / 5/ and the rolgtion of the speclrum with 

.. spect to vd, j ot.erved In Ilneor o.vlces. Claalco[ In::IruporI domlnat., In front of the 

pis ton ond onomalOUl tn::lnspo:lrt In the unstclble .heoth region where Veff /Il • - 0 (I) . 

It Is not pOlllble to li~ly add onorralous gnd clgss1col transpori . 

An eorller fluid~rticl. hybrid code /6/ ho, been macllfled therefor. to provide g 

trons lt lOfl between closslcgl gnd anamolouslransport which o.pendJ on Ihe loo;g l n::Itlg 

v d,.ff/v crit' The Iolgl effective col llllon frequency far all tn::lnlporl eff.cts •. g. 

taka th.form v,1I" "' Yet" Y (1 _ e-(v"'<4J'/v,o{j}') 
-2 .... 

where )1 eff - 10 W pe from 11 ...... lollon ruulh /1/. A similor translllon Is carried oul 

for lronsport ~ In momentum lronster ond heat nUl< . Th. fWltch on/off condi­

lion for onamoloul tromport moy be juslined by the klct thot the growth 11,.. of the 

Instob1l1ty illhort compored to the portlcl. tn::lnlit time I1 rhrough the turbul.nl piston 

region ltt ".15. FurthermORl, rhe code has been el<tended Ig Include the eff.~1I gf 

1000lzegtl0fl, mult iple chgrge exchange ond neutrol port lc le diffu,IOfl. Th. nlutn::ll 

hydroaen atO/Tll 01 reIl are treated as 0 fluid and the fast charge el<chonge n.utrals 

gr. treated 01 portic:les In the J.Ome manner as the ions. 
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The dynamlcl of the pis lon i, slowed down ond damped considerobly due to th. Inter­

gctlOfl between pig...., ond n.utroll. The compreulon Iheath Is broadened gnd ggAl .. 

much belter with ellf>erimenlgl nndlngs. The mostl.ns itiv. feature Is th •• Iectron 

t.mpen::ltu~· proflle,. 01 seen In Fig. 3. Th. enbonced .Iectron d.",ity due 10 lonl ­

zgtlon and Ihe larger o.nsity grodlfi"lt reduce the .ff.cti .... drift v d,eff In the fronl 

.. glOfl of the plslon resulting in Cl small.r cgllislon frequency thereby low.rlng the 

.I.clron tell'plrotu", due to reduced heatIng ond rgdia l hoot conduction in thot 

",glon . 

Concluslon,An onglysis of shock .xperlments gnd comporl son with theory of Ion lOUnd 

tvrbo,o lence show thot th .. effectlv. dri ft ve locity for wgve growth differ1lubftgntlg lly 

from rhe relotlv. e lectron-ion drift due tg distortion of the ellClron dlltrlbutlon by 

density Clnd 1.""" ... lur. grvdl.nll. Simulation calc;ulutiOfl> with a fluld~rllcle hybrid 

cod. Including onOlnlllOUl heating and lronsport and the int.n::Ictlon betw"n ploslllCl 

ond nevlra' hydrogen background show good ggreemenl with the .xperimenlol ruulll. 
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SECTOR EXPERIMENT OF THETA - PINCH PLASMA IN MODIFIED BUMPY TORUS 

Y.Osanai. K.Saito, I.Nogi, H,Oesso , O.Todorokl, S .Shl1ns 
H. yoahll1\ura. 
Department ot Physics and Atomic Energy Research Institute, 
College of Sclence and Technology , Nihon University. 

Ksnda-aurugadai, Chlyodaku , Tokyo, Japan. 

Abatrclct: I n !indined !!umpy Torus , the toroldal equilibrium 1a 

achieved with maln surface distortion of l-tl magnetic fields. 

The results of l/~ sector experiment IIhow the confined plasma 

1s in stable equilibrium at 3 mtorr tilling pressure and unsta­

ble weakly to 111-2 like - mode at 10 mtorr filling pressure. 

Introduction : The 8aYll\llletric toroidal equilibrium of high-beta 

plasma has been achieved In ScylIse and High Beta Stellarator 

with main surface distortion of 1-1 helical field(1,'·2) . The 

confinement time of highly comprelllled plasma 111 limited by m-l 

mooe instability. To confine a more stable plasma. we had pro­

possed a new type of magnet i c configurat i on with the main sur­

face distort i on of 1-:1:1 magnetic fields , Which has no rotational 

transform and different fr om M&S configur ation with the main 

surfsce distortion o f t-O bumpy field. In order to examine the 

existence or M.B.T. equilibrium , the l/~ sector experiment wall 

carri ed out , f ollowing the experiment in linear geometry(3 , ~,5J. 

The preliminary results showed the p l asma was in stable eQuil1 -

brium(6] . Here a r e reported the more detailed experimental re _ 

sults and discussed comparing with theoretical pr ed ictions[7]. 

Experimental Arrangement : The schemat i c arrangement of l/q sec­

tor experiment is ahown in Fig . 1. The device parameters report -

ed here are list ed in Table 1 . The magnetic field distortions 

of t - 1l , 12 . etc . "fields are induced by means of inserting a 

Fig. 1 Schematics of 1/4 M.B.T. 
sector devi ce . 

Table 1 DeviCe · parameters 

Torus major radius(R.) 150 cm 
Coil arc length 230 cm 
Co il bore radius 8 cm 
Shell radius(r.) 6.5 cm 
Gaped angle of shell(e,) 120' 
Main bank voltage 35 kV 
Main bank capacitance 31.S 1.lF 
Eel . at~.5cm 98V/cm 
Rise ttme of mag. field 2.2 liS 
Crowbar d e cay t ime(L/R) 25 1.lS 
Avg. mag. f i eld 6 kG 
Preheating(z- type) 20 kV 
Preionization(Electron Guru 15 kV 
Filling pressure(HI) 50- 3 mt 

gaped copper shell. whiCh 

modif.1es the t-O(bumpy) 

field produced by the 

z-dependent, per i odical 

theta current fed to com-

presslon COl l. The indu-

ced field distortions 

depend on gaped angle e . 

• Shell radius I'll . peri­

odic length L and mirror 

ratio R.(on coil axis without a gaped s hell). The value of gaped 

angle, 0 . -120' gives a relatively large surface distortion of 

1-:1:2 fields. 

Experimental Results: Streak photographs taken through horizon­

tal(top view) and vertical(side view) s lits showed the plasma 

behavors depend on initial filling prellsure. 

At 3 mtorr filling preSllure, the confined plasma wall in sta-

ble equilibrium. The m-l mode inatabi lity was not observed 

during the confined stage. The equilibrium pos1tionll of plasma 

PLASMAS 

column were nearly constsnt: with time . kept to be 1 cm outer-

side off coil ax i s at z-O plane (convex region of field linell) 

and 0 . 6 cm inner- side at z-L/2 p l ane (concave region of field 

lines). Photographs i ndicate also a large ellipticity of plaama 

column crosll section. T~ compare with these experimental results 

• the constant surface of J-%! (integral of magnet1c spec ific 

volume along field line) was numerically ca l culated under the 

assumption o f near - axis and low- 8 approx1mations(2ltr/L ...... [r/R. J.t , 
- an . as shown in Fig . 2 . 

The numerical results 

are qualitatively con-

s i stent with the exp-

erimental resultll . 

although the plasma Fig.2 The constant surfac e of fdl/B 
at each a-plane. 1'-0 is pos i­
tion of coil axis. 1'>0 outer­
side. 

co l umn s hiftll as a whole 

to more outer - side than 

observed equilibrium positions at any z-plane. The Quantitative 

deviation can not 'yet be sufficiently explained . maybe as a high 

beta effects. However it i s remained all prob l em to resolve ex-

perimentally and theoretically. 

At 10 mtor r filling pressure . streak photographs showed the 

plasma split into two parts a nd contact weakly with tube wall. 

Fig.3 shows the radial profilell of the diamagnetic s i gnal in 

horizontal plane . measured with method of cancelling the signals 

of internal and external magnetic probes. It is found that a 

m-2 like -mode instability occurs and then the plasma contac tll 

weakly with the outer- side of tube wall. Furthermore.the decay 

rate of diamagnetic signals is larger at z-O plane than at z-L/2 

plane . This fact indicates an axial plasma dynamic.s so that the 

DJ 

0.' 

~0.5 
• .7 

• 9 

Pig.3 The rad i al profiles of 
diamagnetiC: signals in horizon­
tal plane at both planell of z-O 
and z-L/2. (10 mtorI' pressure) . 

plasma contracts to z-L/2 plane from z-O plane . 

Discussion: The total temperature of confined hydrogen plasma 

111 of 30- 50 ev depending on initial filling pressure. de t ermin_ 

ed from the simple toroidal drift observed. The maximum value 

of B, ratiO of plasma preSllure to magnetic pressure , is of 0 . 2 

from diamagnetic measurment. The Alfven wave velocity is of 2.5 

x 10' cm/sec in maximum. The small surfllc" di"toI't lon{~l""""l) 

model predicts a growth time of 2-3 Jlseo against m-l mode inst­

ability for sharp boundary plasma. Therfore. the observed IIta~ 

ble plasma may result from some stabilizing effects as end eff­

ect. axial plasma dynamics a nd finite surface distort i ons . 

(1) 

(2) 

(J) 

(4) 

(5) 

(6) 

(7) 
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Pulsed Fusion Reactor with Evaporating Wall 

Tetau Mlyamoto 

Department of Physica, College of Science and Technology. 

Nlhon University. Kanda- Surugadal, Chlyoda-ku,Tokyo,Japan 

~: An evaporating wall 1s proposed 1n order to abate 

the radiation damage of a first wall 1n a pulsed fusion reactor. 

The evaporated gas can compress and heat the plasma. 

General Concept of Evaporating Wall: In the common conoeptual 

deaign of a fuslon reactor, the first wall receivea intensive 

rsdlatlona directly. It Is well known that the irradiation of 

the fa s t neutrons Is severe for the wall. This la even more 

seri ous for the pulsed fusion reactor. In the present paper 

we propose the evaporating wall of the following roles 1n order 

to solve th1s proble~ and to give a prospect for the pinch 

fusion reactor. 

(1) The evsporating wall protects a vacuum wall in terms of 

slowing down the faat neutrons and absorbing them. 

(2) The wall material evaporates to produce the high temperat-

ure and high pressure gas which expands inwardly and compresses 

the confinement magnet1c f1eld and the plasma. 

(3) The resultant gas and the res1dual wall further absorb the 

fusion power and transport the energy to a heat engine. 

Condltions for Evaporation: The wall materials must naturally 

be a good moderator of neutrons. Teble 1 shows properties of 

few good moderators . It is necessary for slowing down neutrons 

that the ice wall is only about 10 cm in thIckness . 

In order that the wa1l evaporates and the evaporated gas 

can compres~ the plasma, the neutron energy em1tted from the 

reactor Pnt must be larger than the heat energy requ1red for 

the evaporation of the wall material. We aasume that t he wall 

material evaporates instantaneously after it reaches the crit-

ical state at time te(see P1g.l). Then we have 

Pnte·Vpi·tts~r ~ ~.2·106 ( 65~ - Tgi)'Sgi~r 
where Tg1 (DK) and Sgl are the initial temperature snd the area 

of the inner surface of the wall. Hereafter, we conSider the 

axially symmetric configUration of infinite length . Then the 

inequality gives 

t '8 9 1041 / 2 nTinDi e ~. r gi r pi 

n~ite ~ 1·5 10
43 

r gi/r;l 

for the 

," 
for the ,,. 

DT reaction, O2° 
and Tpi• 10 keY 
OD reaction, H20 
and Tpi - 50 keY 

for Te1 • 173 OK. The condition for the 00 reaction is very 

severe. In the following, ' however, we assume the instantane-

ous evaporatlon. Because it $eems to be possible to evaporate 

the wall by alternative methods. 

Moderator H2O °2° " 'm) 2.0 

Macro scattering ts(m- l ) 90 43 '., 'm) 1.8 cross section 
Macro sbsorption ta(m- l ) 2 . 2 0.009 , 1 'm) 1.3 cross section 
Energy logsrithm , 0·92 0 . 57 nnl (m- I) 10" 5'102, 

Slowi ngdown ", 135 ower 26 T i (K) 10' 10' 

Fermi al!ie t (7) 0.003 0.012 te (ms) 9.5 0.36 

Diffus ion length 'd (m) 0.029 1.0 r nl (rn) 0.76 0.41 

Migration length 
' m 

(m) 0.064 1. 01 n 1{m-3) 3'1022 5' 102; 

Slowing down ts(\ls) '.8 35 Tnl (K) 3'lOtl 1~ time 
Diffusion time td{ms) 0 .21 53 , (ms) 8.1 4.3 

Table Table 2 
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Free Expansion Process: The innsr surface of vapor implodes to 

the axis with the thermal speed from time te till 1t becomes 

conductive in terms of the 1rradiation, t he surface dis.charge 

and Joule heating by the induced electric field (several kV/m), 

and 50 on. We d1stinguish the gas and plasma quantitiea by 

the suffixes g ·and p , and also add the suffix a to quantities 

at t1me t - tu' Then we can obtain 

T • T {l + 3nl/2q (r _ r )/c3 )2/3 
gcge gel!ics 

Pl!ic· (Nl!ikTgelVgeH 1 + 3"11112q (rge- rgc}/c; )2/3 

at the end of the free expansion process (rg• rl!iC and t • tc)' 

where q • Pn/mgNg , cs· 2kTge/mg • and rnl!i and Ng are the mass of 

imploding l!ias molecular or atom and the number density of gas . 

Compression Process ; If the pla'Gma pressure Ppc is less than 

the gas pressure Pgc ' the plasma is compressed after t ~ tc' 

In the simplified csse t hat the magnetic field fr ee ze s to the 

plasma and the inner surface of gas. and that the production 

and conduction of heat can be neglected, we can obtain the 

compression ratio of plasma. 

vp· VpIVpc • (1/2)«vpl+ vp2 )+(Vp2- Vp1 ) sin( w(t-tc ) - ~}t 

where Vpl and vp2 are the ratio for the minimum and maximum 

volume . When PPC/Pgc« 1, they are g1ven by 
2/3 - 1 

vpl .... (2/3)(l -VgcIV0)(1- (VgcIV0) ) (VolVgc)(ppc/Pgc) 

vp2 - (]/2) ({V olV I!iC )2/3_1) (l- V gclV 0 )-1 

The angular frequency w, t he period t and the phase angle ~ are 

T • 2"11/1<' 

arcsin({vpl+ v p2 - 2)/{vp2- vpl ») 

For simplic i ty, we 'put y • 2 for the plasma in the avove treat-

ment. Using these 
'2 

p/ppc· vp 

results we have 

/ .. -1 and V IV - 8 18 • v 
Tp Tpc· .p m mc c p 

The plH~ma is finally quenched by the vapor. Table 2 shows the 

estimations for the OT reactor and the 020 ice . 

Conclud ing Re~arks; The evaporating wall can be applied only 

to the pulsed reactor in principle and l!iive a new prospect. It 

however, seems that an alternative evaporator of the wall is 

requires f6r the 00 reactor. We can . point out a laser fusion 

as an example of appropriate evaporators . The break- even ener­

gy balance is not required for this laser fusion, but t he neut": 

ron flux of > 2'107 Sl!ii joule will be required . 

~:;;~====~~=====:=-=--=-=-=-=-:-:-:-:::-:-=--=-=-~-=="'""-----

~"':F---------------~_ 

Ph .... 

'. L--------7----~~--~----7_ 
t. t . t , t, 

t - t. t - t . t > t . 

Fil!i. 1 
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P08sibility of Astron-llke Theta Pinch 

Teteu Mlyamoto 

Oepart~ent of Physics, College of Science and Technology, 

Nlhon Un! vera! ty . Kanda-Surugada,l . Chlyods-ku. Tokyo. Japan 

~: It Is discussed to produced the Astron-like configu­

ration 1n terms of a theta pinch with a multlpole field. 

IntroductiOn: The reversed field configurations appears at a 

theta pinch. They are magnetohydrodynam!cally unstable. In 

the low initial pressure regime the reversed fIeld also van18h-

ea fastly due to micro-instabilities. Therefore, they have not 

been noticed with a view to confining plasma. They can, Howev­

er, be produced e8s11y In the linear machine and suppress the 

end 108ses. They are S8me magnetic fIeld configuration with 

the Astron!) in which the reversed field i s produced by the 

relativistic E-layer . On the other hand it is produced by the 

diamagnetic current consisted Mainly of the non-relativiatic 

el~ctrons in the theta pinch. If the relativiatic electron 

components can be produced in the theta pinch, the stability of 

its reversed field configuration will be improved. So far the 

high energy electron components have been observed in the low 

pressure regime of theta pinch~,3) It is the purposes of th18 

paper to study whether the Astron-like configuration can produ­

ced by the theta pinch, and to propose the theta pinch with a 

multipole field aa one of the methods. 

Requirements for Astron-like Theta Pinch: It is necessary to 

accelerate electrons to a relativistic energy at any phase of 

the theta pinch in order to realize the Astron configuration. 

It will be the initial phase where the field varys rapidly. 

However, the field is reversed at this phase , so that the plas ­

ma expands outwardly and is pushed to the wall. Thus, it 18 

necessary to satisfy the following requirements. 

( 1 ) The plaSMa (or a part of it) must not be dissipative but 

reactive at the accelerating phase and region. It means there 

6a- 6cl>~ 6r o~ n - 2.7xI0136;2 and ~ » y 

where 6
a

, 6cl ' ~r ' III and y are the characterist i c width of acc­

elerating region, the collisionless skin depth, the resistive 

skin depth, the characteristic angular frequency of pinch field 

and a growth r ate of current driven instabilities, respectively. 

It is po ssibls by increasing the initial plasma temperature to 

satisfy Ill ' » y. The above density seems to be very severe for 

a theta plnch. However, it will not be impossible in the fo11-

owing scheme . 

(2) The accelerating electrons must be confined during the per­

iod of field reversal. It is promissing to apply the multipole 

fields for this purpose~) They sre independent of the theta 

pinch fleld, so that they can exert the pressure on the plasma, 

even if the external field vani shes. We are especially Inte re-

sted in the multipole fleld accompanying the azimuthal closed 

field with a view to the electron acceleration as shoWn in Fig.!. 

(3) The end losses must be suppressed till the fleld revers es 

completely. Even if no method to suppress the end losses is 

applied, this will be satisfi ed if the characteristic time of 

"field reversal tr« L/vth where L 18 the length of system and 

vth is the thermal speed: 

enough long. 

Hereafter we assume the system is 

Theta Pinch with Multipole Pield: Let us consider the theta 

pinch superposed by the multipole fI e ld of Fig.l. We assumed 

that the high temperature plasma is produced in the interior of 

the inner multipole rods at the initial phase by any method. 

Then we can eJ[pect the followings: (i) The density. is enough 

lower in the exterior of the inner rods than in the interior , 

and the plasma is low 8 in the eJ[terior. (ii) The high tempe-

rature plasma is confined in the interior of the closed azimut-

hal field line during the phase of field reversal. (Ii1) The 

field changes mainly in t he region between two sets of current 

rods during that phase. (iv) The betatron condition are sat is-

fied at some piace, and the eiectrons run away along the aZ1mu-

thal field in other region,too. (v) When the external field 

increases sufficiently , the accelerating electrons are pushed 

into the interior region in terms of the sim11ar process with 

the retarded theta pinch?) Each rod current must be enough 

large to be able to recoil the accelerating electrons frOM its 

neighbor. If these eJI:Ilf!Ctation are satisfied, the theta pinch 

superposed by the multipole field as F1g.l can be one of the 

methods to realize the Astron-like configuration. 

Schmatical Model for Fualon Reactor: It may be claimed that 

the use of such inner conductor is inadequate to the fusion 

reactor. However, we notice that the reactor concept of Fig.2 

is also possible . The evaporating wall will be useful at the 

burning region . 

References: (l) N.C.Christfilos : Proc. SecOfl1 U.N.International Calf. 

' 00 Peaceful Use of Atanic Energy, Geneve E (1958) 279; (2) K.Ssto et a1 

: J .Ph,ys. Soc. Japan 12. (l96ll) 12114; (3) K.Sato <It al : KakU,yugo Kenllyu 

(in Japan1se) 21 (1968) 121; (4) ''i.Nog! an:! T.M1,yBlOOto : J. Pl'!ys. Soc. 

Japan J!!. (1973) 1059 ; (5) an:! (6) T.M1yarooto : To be presented in this e<:nf. 
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Abstract: It 1s proposed and studied to retard the implosion 

of a theta pinch 1n order to increase the energy coupling 

between the plasma and the call. 

Introduction: The fast theta pinch Is a powerful method to 

produce a fusion plasma. The technical difficulties, however, 

increase 1n order to obtain the large amount of a high tempers-

ture and high density plasma. The energy coupling between the 

call and the plasma (or the mutual inductance) decreases with 

the implosion of plasma. In order to strengthen the energy 

coupling. we must retard the implosion of the plasma (or the 

current layer) till the magnetic field increases to enough 

large value . The retardation of implosion happens naturally in 

some- theta pinches . A fast' theta pinch and a reversed field 

configuration are the examples . In the former the magnetic 

field increases to a large value before the implosion finishes. 

On the other hand the implosion is not retarded by decreasing 

the initial pressure, though the high temperature plasma can be 

produced. There are several limitations in these natural reta-

rdations. For example, the reversed field is mainly dissipated 

by the electron heating and triggers instabilities. The theta 

pinch, in which the implosion is artificially retarded, is also 

possible. We call it "the retarded theta pinch". The staged 

theta pinch is a sort of retarded theta pinch~) In this paper 

we propose the retarded theta pinch by the multIpole field. 

Retardation~ df Implosion by Inner Multipole Field: Let us con- . 

sider the multipole field produced by two sets of longitudinal 

current rods arranged on the cylindrical surfaces, as shown in 

Fig . l. It 11'1 independent of the theta pinch field, and exerts 

the average radial pres sure on the plasma layer2~ Figure 2 

shows sc~ematically the whole processes presumed in the theta 

pinch with the multipole field. The plasma will be produced 

between two sets of rods at first. The inner set of current 

rods enclosed by the plasma layer can produce the average out-

ward pressure which supports the inward pressure of pinch field 

and interrupts the implosion Of plasma. When the number of 

rods 2N is enough large, this pressure can be approximated by 

Pmult~ uo(IN/nrp )2 (rm/rp)2N-l 

When the pinch field increases and the inner set of the rods 

can not support its pressure, the plasma collapses to the axis 

through the separations of rods. In other words, the collapse 

happens when the impedance along the a~imuthal current path 

becomes larger in the path enclos ing the inner rods than in the 

unenclosed one . The common theta pinch starts after the curr-

ent path changes. 

When the current of each rod flows to the opposite direct-

ion as shown in Fig.l alternatively, the multipole field has 

the tendency to interrupt the electrical break-down . The reta-

rdation time is not only limited by the outward pressure of the 

Tods, but also by the cusp losses. When the current flows to 

the same for all rods, the closed azimuthal field appears out-

sides of the inner multipole rods and the break-down become 

easy, but the outward pressure becomes weak. It will be useful 
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to choose ,the appropriate combination of r od currents. 

Simple AnalYsis of Retarded Theta Pinch: We are not int erested 

in the detailed proceases but in the total energy which the 

plasma can obtain finally. Therefore, we conSider only the 

difference between the initial and the final states under the 

following assumptions. (1) The plasma is perfectly conduct~ve, 

cylindrically symmetric and infinite in length. (2) The initi­

al plasma energy is negligibly small. (3) The external flux 

increases to maximum value before the start of implosion, but 

is constant during and after the implosion phase. (4) The pla­

sam is sustained initially at a radius r pi by some forces and 

results to an equilibrium radius r pf finally after the forces 

vanish instantaneously. We distinguish the quantities in the 

initial and the final states by the auffixes i and f. We have 

the final plaama radius from the conaervation of total energy 

anf the preasure balance. 

~~ - 1 -~i(l - t i )l/2·(~i + bi(I_~i»1/2 
where ~ - rp/re and bi - (the flux trapped in the plasma)/(the 

external flux). The ratio of the final plasma energy Wpf- Wmi 

- Wmf to the initial magn~tic energy Wmi is given by 

W IW ( ,4 _ b2 (1 _ (2);)1,2 
pf mi· f i f f 

Both quantities are" displayed as a function of ti an~ bi in fig. 

J"and 4. The results Show that a few><lO percent of total mag-

netic energy can be transformed to the plasma energy under sui­

table ~arameters, not taking Joule heating into considerations. 
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S'l'ABILlZAT!OJi OIl' DRIPl'-CYCLOTROH LOSS CONE INSTABILITY 

IN THE TRAP WI'l'H AlllIIlIOLAR MIRRORS 

Abstract. 

A.A .lvanoT , G.V.Hasly.kav 

Inetitute of lfuclear Physloe 

6J0090, Hovoalblrak_90, USSR 

I t 18 shown bere th.t the contact between oold and 

hot "cone" pIaemas l eads to nOl"'alaI mode of the B:TStem. "1 tb the 

w.v. length along the magnet i c fie ld of tbe Rame order aa the 

bot pluma larl8th. It this lena:th la 8111811 enough 0.." R,). the 

plaema denaity gn,dlent beoOlllBa uniMportant and inatabllity 

turna into the high- frequency oonvective "108.-00ne" mode . 

One can hope to get great values of a =10+\01 in open trap 

with IIIIIblpolar mirrors proposed by G.I.DiI!Iov 11/ in the abaen­

oa of inetabillties. H~avBr. t he elementary components of 8uob 

a devioe are two a%trellB 1II1rror tHpa containing plasma with 

ion veloc1ty distribution of "lOBe-cone" type and t he question 

a riaea we t her plaha will be atable .. One or the JIloat danger­

ous inII t abil1 ty in mirror trap ie the drift- cyclotron loss co­

ne inatability (DeLC) 12/ • Por driving or this instability 

eurfioient ly small deneity gradient is needed. The presenoe 

and poslllibility of damping DeLO were dsmonatrated in experi­

ments on open t rap 2.X1I6 131 when a hot oonfined plasma with 

Ti ", 10 keY oontaoted with a oold plasma ( Te '" 10 eV) if the dan;-­

lII i ty of cold pl asmB waa the same order of magnitude as III hot 

plasma density. In these exparimenta the confinement t ime of 

a ~irror-oonfinad pla~ has baen greatly increaaed . This me­

thod of atabllizin8 DeLO instability can rl!ll!lult in great en­

ergy 101lllllelll in usual mirror maohine. On the other hand, in the 

'caaa of a devica with ambipolar mirrors the oontact of riI'lll ' 

"lIIazwallian" plasma oonfined in the central trap (the plasma 

produoelll the 1118in. part of tharmonuolear power) "ith " oone" hot 

plasma in extreme traps i lll an integral psrt of the expa ­

riaental soheme . The present u:planat10n of s tabilhst i on DeLC 

meohanism in 2~(B eXperiments /31 is oonnected w1th penetra_ 

tion of amelI amount. of oold i ons in t he trap. and ba.ad on 

t ha IIItabili:r:ation method by partial filling of the loss cona 

with oold plasma propoeed in 141 • It muet be mentioned that 

the den.ity gradient in 2.)(JIB devioe is high enough and in ac­

oordanoe with analye1e /6/ tha drift- oyol otron inetability IS( 

must ocour even for Marwallian ion velooity distribution. 

In present paper t he attempt illl made to explain atabili­

zati oD DeLO in presenoe of the oontaot of hot Moone" plaems 

"ith oold plesma "ithout aSlllumption t hat s ome amount lll of 

oold pl asma penetrate into a hot one. Stlllbilization ia due to 

the fao t t hat in suoh systems unstable flute- type dri ft wave 

(1:.=0) oannot ex1et. The presence of longitudinal wave number 

(1:.;fO) leads to convection of tbe perturbation along the mag­

net1c field lines. Thus , ins tability will not be ot importance 

for euffioiently ehort plasma length in the absence of reflec­

tion at t he ende of plesma. 

Let us oonsider dense "'~n.~;o l " cone" plssma with 1;, =0 
and density n~ bounded to the left from. point l -O by vaouum, 
and to the right from 1 -1. by cold (Ti.T.:=O) plaame with denll1-
ty n • • Disperiion rela tion for DeLO a t k.'" 0 is 121(_f,...,,\.-1J/) 

f .... = it- nr: - ~1e~t + (1<~S' + k?!;5l<)cot~::O; ( 1) 

Mewdng eOlllS l ongitudina l variation we have equation ror per­
turbsd potentiel in t h! f0

1r
' 

"'(1- ~) -~:'f ... 'f'=Oj ( 2) 
d~ (,.0,1 ~ 

Then, putting 

continuity or potenti al and 

for oold pl ... a and utilizing 

(1.-~) it over t he bounderies 

"e obtain the dispersion relation for localized mode. in hot 

plu~ 

0) 

Here t~~ is given by eq. (1) and ~"t is taken into aooount. 

Let, firstly, W')ll'"l and ~\i:.r..L~'»1 ' then we have from (3) 

e~~-~ {'!Nt:!h1.<;:;: O· ( ~ = 0 1 2. .. ) W 
w1.~ I " 

This dispar8ion x:o l at i on differs from (1), it oon taine ten. 

describi ng l ongitudinal eleotron oonduotivi ty and 

corresponding to t he s t anding waVe nth K.'" 11.1;~n:t 
~\ (1.Nti{ 1. ~ ~ 
WT lj I(d': :il: 'h W.fu. K1) 1Qv()R..: gradient becomee unimportant 

.It 

and 
instability turne into oonvective 1088-00ne mode discussed 

praviouely in 17/ • This corresponde to t he conditione 

~~g.~·a.» 1 and !t.g::~' ~»1 I here "e define R,=E.-l. . U 

~k.J,~)It.«i we bave suoh dieperaion relat1ons€.u,-~fI$=:O;(N)I,l..) 
snd ·£J.~-i\t~~(~Y'~o.The first relation correeponde to (4) 

with s omeWhat dirterent value of K. , and in the second One 

gradient oan be nsglected if oonditions ~~~'l~>,>1. and '* -§t(~(o.;)f:' >') i are tulrilled. Let us note that the oase 

W>.Q.l oorresponds to wave refleotion from oold plasma (on tbe 

length - (~\ • If lA) <. ne wave penetrates into cold pllllll_ 

ma and in that case disperaion relation becomee 

"'- £:.\"'" .... (g £,,\ K,L) = -, '" I"l<\\..l."l. w,.. 'i)~ 11~ \M:, 5t<. 
AIIaUlling K.o.l.(~IJ.* « 1 "e mey put the diaparsion reletion in 

the f011ll £J. ~~- i.(~)~<Wi. t.:- ~. When g;, ~lJ.t >'>i tbe gradient 

t erms may be neglected and the remaining instability i s the 

same as it hae been inVestigated in /8/ • In particular oase, 

when I<~L~'lit»l diSpereion relation is sn analog or (4) . The 

conditions obtained above conta in..,,1(o. and for sstimation it ' a 

natural to take lIIJ:treme frequenoy and K~<ilo,)for instabil ity ar-. 

ising from radial deneity gradient. It critioal density grsdi­

ent ia greatly exoeeded, DeLO described by (2) occurs for 

k...<#l<)~I:J.«li),.,I"lttS~~ t hen ~..,,,,:r,,,WIO:n.:'K6a.>(~): Por previous oondi-

tions thia implies that f~»11 ftl(~l~J ~(~\»~,~{~»~ 
respectively, end these expressions should be valid for t\c~h. 

snd R,-1. , Thus, if the conta ct between oold plaema and hot 

" cone" one with R,-1. exilllts inherent looalized modes havs the 

dispersion equation "ith gradient te~ which may be neglect ed 

and , therefore, the instsbility has to transform into high 

frequenoy one /71 • Such perturbetiono ere absorbed at the end 

of the machine and it eoole length is euffic1ently emall, t he 

inBtability will not ariSe. Thie ques tion hae bean disoussed 

previously 191 , the stabllization criterion ror all inhe:rent 

modes of high frequenoy instability hae been obtainad. This 

oriterion requires plasme l ength to be euffioiently amall. 

Ws have benefited from usefUl disoussions with G.I.Dimov 

and M. E.Ki.hine1fBky, 
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STABILIZATION OF THE DRIFT-CONE INSTABILITY (DCI) 

BY LOll_ENERGY IONS 

M.S, 10fCe , a,I.Kanaev , V,P. Poatukhov , E.E. Yuah~.nov 

I.V. Kurchatov Inat1tute oC Atomio Energy, HO_ODW, USSR 

The PR _6, PR-7 and 2XII ezperimenta (1, 2 ) have demoDatre_ 

t a d the poasibil ity o C .t.bili~ing Del by a oold plasma .tream 

or by neutral gae. Tho.a two motllod" are baead on the Poat '" 

idea t hat a amall addition of low energy ion e to t ho hot plae -

raa a h ould atabil:l.:IIB DCI (J), It should be pointed out, however, 

that t b o ...... .,1:1. ...... :o:peri ..... .. t .. l ..... ,""1t.,, OAnnnt. I" . nnnA1dRrB" eR 

oono l uatve evidenoe of tbe reali.:IIotion of jU&t thia atabilizing 

meohanism, beoauae the inatability wea only partially a upprea _ 

aed but not fully at.billzed. ~t may be caused, in partioular , 

by the low eleotron temperature establ iahed there aa a result 

of oooling t h e eleotrona by the plaallla stream or by n fl utra l gaa 

rat~er than by t h e modifioation in t he i on distribution funo ti~ 

Thia pe.per reports rasul ts o f ne .. PR_6 experimon ts which 

a llowed tu! to oatabliah with suffioient oertainty the II t a bi l i _ 

zation effect due to • alllall alllount of a l ow iona intro duoed 

into the plaa~a. Aa in our earlier experiments , the hot hydro _ 

gan pla s ma ia oreated by KF hea ting and trapping the ions from 

a pia.llla s trealll injeote d ~ially along t h e magna tio field. The 

plasma parameters were aa followa : t h o initial plasma density 

no= 2 . 10
12

0m-J , Ti= 200eV , Te= 10eV , plaama diameter = 100m . An 

i n ten se buret o f DCI i a developed as usually on PR-6 d uring 

t h e plasma fre e deoay 1,0- 200mseo efter the begi nning of t h e 

deoay. Special experimenta have s hovn that the . delay of tbe 

instability res ults from a stabilizing aotion o f tbe r e sidual 

plasma s tream wbioh pene trates into tbe trap after tbe e nd of 

the disoharge in tbe plesllla souroe. If tbis stream is out off 

t h e instabi l ity a ppears illlllled i a te1y with d eoay. Tbs outting 

off is provid e d by a s lll81 1 p u lsed ooi l breaking tbe s t ream Just 

hefore it e n ters tbe trap. 

The out. off teohnique'enab1ed u s to repeat tbe previou s 

expe riments on DCI .tabilization by the anis o tropio overheated 

e 1eo trons (4 ) unde r De w and lII ore clean oondition. end to cbeck 

the given explanation of the o heerve d stabilization eff e ot. 

This e ffeot was previously attributod to the aooumul ation 

of alow ion e in the e l eotroatatio well, forllled dus to the pre_ 

senoe of a grou p of fa s t eleotr on e i n the oentra l part of tbe 

trap. I t wae as s umed at the a allle tlllle that tbose ions origi_ 

nats in the ionization and oharge exchange prooesses in the 

r ea idual neutral gaa. 

However , tbe present ex peri~ents si~ilar t o tbe previous 

onos exoept for using the out-off technique revaaled that thie 

oODoluaion wae erroneous. They have aho .. n that if the after_ 

injection strealll ie out off boforo tbe lIIiorowa v e power pulso 

for eleo'r on beating is turned On the instabi l itY 'remaine to 

be unstabilized in a pit e of tbe oonditions for f orming the po -

tential we ll and filling it with ione forllled fr om the neutra l 

g a a .antain the sallle ea before (Fig.l). Suoh reaulta are o b_ 

tained under tho vaouua oonditione typical of PR_6 (th e baeio 

pre esure of 2.10-8 torr , frea h l y gettered vacu um eurfaces .) 

The y indicate that the iona trapped fro", t h e aftarin j e otion 

• tream oould be t h e determining factor in atabi l izatie n under 

thelle oondit i ons rathllr than tbe ions {'orllle d in the n eutral 

gas. Anothor conclu llion may alllo follow CrOIll tboa o obeervati_ 

ona. If a potential woll i a r oally forllled Ilnd the Poat 'a idea 

about atabilization of DCI by a a ",all IlIIIOUDt 01' alow iODS la 

va l id it s h ould b e expected tbat by cutting off the after in_ 

jeo t ioD s trealll the s tabi l ization would s e t in with deteriora-

tien o f the vacuulll oonditions . To verify this oonolusio n ex-

perialente have been perf orm ed , in which the afterinJeotion 

a tre am wae cut of l' while the n outral gas pr eesure is oontrol-

lably raillod from p ula e to pulse. Hydrogen wall used a e a neut _ 

ral g a a i n the tIIain s et of the experimente. The r ea ults jueti_ 

fied Our e xpeotations; the instability diseppeared a s the pree_ 

aure wa ll increalled. In thie oaae tbe depe nde noo o f the oaoil-

latio n amplitude on the hydrogen preSllure was found to have a 

a t e p l ike forlll (Fig . 2a). Becau ee the dens ity of the ions aocUlllu-

late d in the potentia l vell d ue to ionization and oharge ex_ 

ohange ie propor tiona l to tho prellll ure , e uoh a II teplike ourve 

s hould be oonsider ed aa an evidenoe of a threa hold tran s ition 

r"". >n*SO,."IrIi. 
""""o""onoi .. It1>/<1<'./ 
II-_;"p-<·...,I..,,~ 
~ ... i""_._,..". 
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Fig. 2 

I'rolll tbe uns table to atable s tat e taking plaoa ae eoon aa tbe 

elov ione reacbed s quit e d e finit e oritioel density. Thie d e n_ 

eity can be evaluated by the kDovn bydrogen preeaure at tbe 

tranaition point and the para"'etera of h ot p l asma. In th i e oa _ 

ae i t wa a f ound to be J-!i~ 01' the hot plaellla dena ity , t h is ia 

oon sisten t witb numerioa l oal oulation s I118de fur aillli l ar piallma 

oonditione (J). 

Experiments with argon aa a noutra l gas a re also of inte_ 

res t. Aa the argon ions strongly differ Crom tboa e of hydrogen 

in their cyo l otron frequenoy , they do not aeelll to ba a "aut_b1e 

lIIat e rial · for i8lprovlng the iOn diat ribu tion funotion of the 

bydrogen pla sme. ThereCore , no ai8lilar relation llhip betWeen the 

oaoi l lation a ",pli tude and pre a s ure sbou l d b e ex peoted i n t hia 

oaae . I n faot , instead of a ateplike trane ition to t h a stabl e 

a tate a t e oertain oritioa l denaity the oeoil lationa slowly 

weaken with preaaur o , beginning with high er preaa ure than tbat 

in the oaae o f hydrogen ( Fig. 2 b). Tbe ourve in Fig.2b indioa_ 

L ... , ttu>.t it 1 11 praotio .. ll.y i"'VU."J,bl. .. tu .. ta1>ll.J,,,, .. <1 t lJ .. J.n. ta-

bility witb argon COlllple t e lYi the inatability only oan b e par_ 

tially suppressed. 

In oonolusion; it is ahown in aocordance with tho t b eore _ 

tioal prediotions that , in faot , DCI can be stabilized if a bot 

plaama ia a dded with a amelI allloUDt of e low iona of tbe aa..,e 

kind (not l esa than J-5~). Unl ike the previoue experimenta the 

s tabi lizati on o bserve d oannot be ex pla ine d by aOllle oth e r fao_ 

tora exoe pt a n addition of l ow e n e rgy ions. 

1 . Yu.T.Baiborodov et al. , 6-th Eur o p.Conf.on Controlled Fuaion 

and P1811111a Phya ics , Moaoow , 197J , v.2, p.122 . 

2. F U.Coensgen et al. , Pbye.Rev. Lettere, J7,(1976) , 1468 . 

3. R.F.Poet , Liverlllore Report UCRL_70681. 1968. 

4. M S.IofCe et a1. , Zh.Eks p.Teor .Fiz., 67 (1974), 214!i. 



100 OPEN TRAPS 

SUPPRESSION OF mE LOW DENSITY PLASMA CYCLO'mON 

INSTABILITIES BY EXCITED PLASMA OSCILLATIONS 

V.A. Zbil'teov , V.Xh. LlkhtenetelD , D .•. Pancv, 

V.A. Chuyanov , A,G, Shoherbakov 

I . V. Kurobatov Lnatitute of Atomio EnerBY, Hoec o~ , USSR 

~perlment. ~ere carried out at the Ogr. - J devioe I l /. The 

plaama wae initiated by injection oC 20 keY hydrogen atome b~ 

into a magnetio field oC a s imple mirro r oonfiguration, a fi e ld 

strength in the trap oente r being 21.6kO. The plasma radius vaa 

by beam dimensions and vas J-4cm. A flute instabillty oooured 

at the dens ity oC LzIo
8

om- J . It oould be 8uppres8ed by a feed _ 

baok s y s t e m/ I / . Two regione of oscillatioDa on the fundamenta l 

oyo l o tron frequenoy have been round in t he inv96tisated dens i­

ty range /2/. The first region thres hold ie _3xl070~-3 and oor -

responds t o the oonditions f or deve l o pment o f an aniaotropio 

oyo l otr o n ins tability ( ACI) Vpe:¥ VUi ' i n th:ls oa6e ':rIfi -::;0.8, 

K.&.~i -::;0. 7, azimuthal mode m::l and t he oeo illaU.on 6truoture is 

s immetrio relative to a osntral plane. The second regiOn thres_ 

ho l d depended on the pla6111a anisotro py and waa ( 0.4_1)xl09 0m- 3 . 

There wsre two osoillation branohes in thia regio n. ~e first 

branoh frequenoy was lower than VUi i n the dev.ioe oenter- YBi ( O), 

K~i<:tl, KJ. ~ i'=l!O. 5 , 111=0, the eeoond branob :frequenoy was higher 

W8i (0), and Kx:r~izl, KJ.~i~0 .7, m::l. These two branohes had 

threahold valuea o l oae t o eacb otbe r alld they oause d the lilll1-

tation of tbe plasma density. 

In the present work the influence of tbe exoited plasllla 

osoillati.o n " on oyolotron instabilities has beell inve.stigated. 

The soheme o:f tbe experiment ie pre sente d i n Fig. 1. The eig­

nal rrnm the generator (G ) was amplifiad (PAl and supplied in 

o ppoai t e phaee t o two ringa dispoa s d at tba devioe e nda. Fig.2 

ahowa tbe amplitude ~ diatribution of the exoited osoillati ons 

along the magnetio tield. Dot t e d line re preaents the distribu_ 

tion or the oaoillati on po tontial without plasma. It oan be 

aeen that large - aoale oeoillations have been exoited , tbe 

oeoillation amplifioatio n by a faotor of 10_2 0 takins plaoe i n 

tbe plaa ma. Fig. 3 repreaents depende noe or the denalty region 

o f the oscillation exoitatio n (shaded a rea ) On the ring v o l ta _ 

ge U
g 

and On the generator frequenoy Vg' The lowe r threshold 

of tbe exoitation region in the density band oorresponds to 

the oondition Vg '-"'Wpe' where in the oal oulation of Vpe an ave _ 

raga plas ma density n was taken . The upper boundary depends 

nonllnearily on the a mplitude U
g 

snd inoreaaea with the in_ 

The tnrluenoe or the exoited plaema osoillatio na on ACI 

ia ahown in Fig.4. The ACI tbreshold ie lowe r than that o f tbe 

flute instability and therefor feedbaok system for s uppresion 

or the flute instabil ity was ewitobed off. Under these oondi_ 

tione 1 08aes due to ACI were observed to be approximat e ly 

equa l to tho oharge _exohange loeses. In presenoe or the exo i_ 

t e d plasma o"o illatio ns oy0 1 0tron loseee disappeared (Fig.4). 

ACI s uppreeaion hae been obs erved over 011 the region of 

the osoilla tion exoitatio n et a suf:fioiently high valu1 0f U
g

, 

the oyolotron osoillation amplitude A hae been deoreaeed by a 

raotor of mOre than 1 00 . 

The i nfluenoe of tbe exoited osoillation " On the oy01 0 _ 

tron oaoi11ationa i n the seoond region et denaitias _ 1 0 90111-) 

iG ~ore cD~plio&ted. Osoillations ~itb azimuthal mode m=O have 

been fully s uppr eaeed , but m::l osoillationa were presented in 

the explored region of Ug(up to LOV). The pla ama density in_ 

oreaee d by _20~ but i t remai nod limited by m"l oyolotron 

oaoillatione. 

ACX and maO osoillation suppreaion i a likely to be OOn_ 

neoted with be ating or the e l eotron e by plasma osoillation s 

and a bsorption of tbe oyclotron oaoillation" due to Landau 

damping. Remaini n g m"l ins tability wae identifie d ae a mOdi_ 

fied negative maas instability. 
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PLASMA. DRIFTS IN THE POlYTRON 

H. ChuGq.ol 

BIClckott laboral«y, IrrJlerlol College, London SW7 28Z 

~, The outward loroidol drift In ,he Polytron has bee" II,lwaned by th. 

addition of Cl verlleal mognetic field, none thco Ion wrlieol dr1fh are present which 

prevenl further Hall oculeralion. 

Previous r.sults (1) ho ... shown !hc!1 ,he plo",,,, colulM in lhe Poly!,,,,, ho, Cl 

loroidGl outward drift. Th. addition of Cl vertical field prevent. this drift. None-

theles" 11 decreose In. tlle .-.gcllon force on ,he cusp calls and lar<>rd,,1 vergeltl .. h 

ObMfvN, probobly due 10 Cl vertical.hllt of the plolmll. 

Th. Polyt'oo is a taroldat Halt acceterotor with 36 cusps. A schemotlc of the 

oppgrotu, I, ,hown in Figure 1. The accelerating electric field ;. provided by dll-

charging a capacitor bonk throvgh 0 aet of Induction rad.. Thi •• et of rad. 01,0 "..ovide. 

rhe vertical magnetic field whIch prevllflh the radial outward toroida l drift (2). lonl are 

preferenllally occeleroted as Ihe ion lo.mor radiul il larger rhan the CUlp aeparo!!on (for 

argon I1 the present devl«), where electron Lormor rodiu. I •• moll, except near Ihe CUIP 

magnetic OX;I where they con flow freely. Off axis the electron. Ofe tied to the mognetlc 

field line.. For perfect conductivity, the mognetic field IInel ore effectively equlpo-

tenllol.. T .... " thi. e lectric field con exist only in the ring CUlp region. (3) 

The radial and verllcol malion of lhe plalmo in the minor CrOst JClcrion hove been 

invutlgoled by measurementl of the distribution of line emllllon from All, Am, and 

AIV and by external mognetlc "..obe,. The line emission measurementllhow a well 

defin.d ~ow channel ( l.cm diQmltle~ lholstays cen!..ered on the moJor radlu., 

but Ihow a verticol drift df up to 8mm ot lole times. Figure 2 Is 0 typical plot of 

plasma position with r .. pecl to thn.. Wl lhln the lTICI,gin of experimental occurocy 

Ihe vertica l thlft doe. not seem to depend on the direction of either the torol.:lol 

electric field or cusp magnetic field. AII') lhown in lhe flgure I. the readion 

force on the CUlp coil. From these moCtluremonts the decrease of the reacllon force 

on the cusp coil ....... to be ouocioled with the voMicol shift, presumobly duo to 

the fact thal the Hall cUITenh in the ring cusp con no Imger close. 

Figure 3 .how, the Ion toroidol ve locity a. 0 function of 11"", . The Ion velocIty 

meolurement WOI obtained by 0 differenllol Doppler shift melltod (2). Note lhot tlie 

Ion ve locity change. only ofter the ,eactlon force begins to decrea.. . At thll time 

Ihere appears 10 be 0 reduction in Ihe Ion number denlity on oxl., o. Inferred from the 

AlII and AIV line emission, .hown in Figure 3. Thi •• eeflll !o be con.illent with the 

verllcol drift ohown In Figure 2. 

Une profile measurements.how thot there 110 Doppler broodenlng whIch I, larger 

near the ring CU$P region tlol at the point CUIpi!. This Indlcot .. that the broadening 

i, nol wholly thermal, but thot there ;1 0 lorge contribution do. to directed Ion motIon 

in the ring cusp region, In agreement with particle 1nl1ectary coleulotions (') . 

lOll of particles through the ring cU'P ond thIckness of the 1011 region hove be.., · 

inve.tlgated by 0 faraday cup probe positioned noor the wall. The .. milosurements 

.how that oAer on iniliollou (I.S to 3 ~.)Ihere i, little fvrther loa . The loss 

width 11 betwe~ 3 and 8 mm, which Is betwlln on e lectron and ion Lorm« r<>:lll 

and Is con,IIIent with r .. I,lIve Ihooth colculollon$ (3). 

The measurements Indicate that the rad ial outword ITICItJon hOI been supprelled by 

o vertical magnetic field. H_ever, there I. a vertlcollhlft which limits further 

HolI occelerotlon. The observed .hift. are comparable with the radlul of the plolmo. 

column. 

1. Kilkenny, J . O., Dangor, A . E. , HQ;II.', M. G ., Plolma Physica, ,!l. pp 1197-

122.0 ( 1973) 

2. Chuoqul. H., Ph. 0 n..,l., London Unlvenlly (10 be ,uimlltlltd) 

J, Kilkenny, l,D., Pro<:. 5th Conf. on Controlled Ful10n and Phmno Physlcl, 

Grenoble,1 101, (1972) .. Kilkenny, J . D., (19n) PhD. Thul., London Uni .... r.ity 

FIGURE 1. SCHEMATIC Of THE POlYTRON 
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LOif PRESSURE DISClllHGE .l1' ECB. Ill' 'l'HB tiGlmTIC BOTTLE 

V.D,DOUGiB-JiBON.I.S.GOLOVARIVSIY,V.D.SCBEPlLOV 

PlaSIIB. Pb1.sice Iaborator;r 

Patriae L~umba University 
Mosoow W-;DZ, U.S.S.R. 

! possibility ot oreation ot three-dimensional .811 tor 

ions in the mirror oo.nt1guratloD,sdded by h.t. field OD eleo­

tron cyclotron reaoIlllnCs (mR) •• e ~~entall.,. 1Jwsstigated. 
-5 

Experiments were catied out w~tb hydrogen atprsssure? 10 

torr.lt was eb.Gwn tbat such a potential well with a depth of 

50 - 60 v was formed a.t tbe gSll81'8.tor power level. 75 watt. 

This work presents the ezperimenta! inVestigation of one 

ot the possibilities of creating three dimensional electro­

statio potential well for ions by acting on tbe magnetised 

electron comp~neDt by external microwave field near electron 

S)TOresoIlBDOs.Tbe idea ot tbe ezper1msnt 1s as follows.Let 

tbe plaSlDlL be contJnoo in a magnetic bottle ,in the oentral 

plane of whicb is oreated a miorowave field with tbe electric 

oO!'IPonent pl!.1'peDd1oular to the magnetostatic field. Since the 

field in sucb a t~ is ra4.1al.ll' iIlhOlllogeniOUB tbe condition 

w:;: Wc e is realized on a certain ..nalll' symmetrical surface I 

the radius of which mal' be varied.. 

Perpendicular beat1Dg of eleotrons takes plaoe mainll' on 

tbis surfaoe,bence the eleotron mean energ;r bere w111 be co~ 

siderabl,- higber that ill tbe other regions of plasma. Due to 

intensive dittUeion of hot eleotrons,plasma on resonance sur­

face acquires a positivs potsntial witb respect to the cent­

ral part,thus creatillg a radial well for ions.In the lo:cgitu­

d1nal direotion,an1sotropicalll' beated electrons are held 

back b,. the 1.ncreaaillg magnetio field,lIIhich eMblee to hold 

baok ions e1ectrostatioal,. in tbe lOll6itud1na1 direction. 

In this oue the IHe t1Jle of' ions in such a tbree-d1meD­

sioDal well should iDcrealle b,. ~ (ze I(/k!ri ) t1m~s,wbere Z~ 

the ion cha.rge, if - height of potential barrier,'i- ion temp&­

rature,&lId the ions nOlI' froa the well decrellllllS b7 the 88JIIe -. 
Elperaenta were carried out in a airror dev.lce with B=11J. 

Ba1n~(a50 - 860) g8.In the oeutral part of tbe t~ is si~ 

ated a o,.l1J:rdr1oal oavity,iD..whioh 'rExu right haDd rotat1Dg 
10 -1 · . 

tiel.d atW= 1,5 10 880 ,P = 75 wt ... as Ea:Ditad.D1aoha.rge 
gan -5 

iD. h1drogen waa investigated at a pressure 7 10. torr. 

!rhe rad1aJ.... distribution of eleotron temperature IUId de~ 

sity are pres.nt~ iD .rig I.1Ia.X1.muII. eleotron tea;perature wall 

o 

~ 

./ 

r-..... 
,~ x ........ 

"- pc. T • "-
-... 0- n 

~ 

• 8 12 16 

Rad1&l distribution of' ne' 'fe 

"" 1 

8 

• 

20 

ob~erYed. iD. tile r1.ng zone with r .. 10 ma.In tbe ... e r.:one 

·X - ra,. rad1ation,oor8spond1..Dg to eleotrons of 5 Eev energ;r 

was also observed. Radial distributioD ot plasma potential is 

pressJXted in 1"1g 2.In Pia 3 Is given the lo:agitud1.Da1 distrl-
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bution of plasma potential.At pressure ~er than 1 10-4 torr 

iD. the coDd1tion of' our Qiler1unts 10ll6ituIU.naJ. potential ia 

not formed.:In th1e wlQ",1.naide tbe oa~ty at eu.f't1oientl,. low 

eleotron oollieion frequenc,.,a tbree-diaeDtioDBl potential 

well for ions 111 formed with a depth 45 ..- in the 101lgitud1.nal 

d1.reotion~and 60 v in the psrpandioUla:r direotion. 

The UiBtance ot a tbree---d1.meutiona.l potential barrier 

for ions re8Ul.te in aD. 1.Il.crease of d.eDSitt in tbe central r.­

gion of d1scharge.In our nperialente the pla6ll& density ia 

a1% t1aes higher in the well than iD. toe bot ring aa ehown 1n 

tbe P'i6 1. 

Since the aa1n cb.aDell of oharged partioles 10 •• i. dit­

tua.1on,lIe oan eBtiMte the ion IU. time b,. the opreealoD 

't a s..!.. 
I 

wbere DtV aDd I are,Hspeoti..-el,..the pla8lllll densit,.,volUlle &lid 

tbe f'ull ~ion flow out of this voluae.Thi. ~on ion 

loss i8 Oo.pensated f'or b,. the ionisation of neutral atOllS 

which tuee plaoe trougbout the plasaa "YOlume,Witb the 

sroatoo1:l intenait,. 1.D tbe r.:o.ue gf ~ p01:lent1.e.l.Tbe 00.1_ 

culated iOniaation flow into tbe tb.re&-d1mentional well 

agree. lIi tb tbe uper1aeDteJ.,. •• !leured, now of ions troa the 

wsll.~. ion llto time • ..-e:mged over tbe woll "YOIUllle iB 60 

.lllCSOO~This is over 10 t1.aes the ion IHe t1.D.e outeide the 

well and 1.n tbe 88JIIe volume. 

Thustit ie operaentu,. shown that mR d1ecbarge in tbe 

field o~ airror bottle at BUttioieDtly low preseU:te formes a 

thre~eDtlonal potential well f'or pooitive iODB,tbe depth 

of' which is determined ~,. tbe aiorawave power level and the 

magnetio tield geometry. 
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RADIO-FREQUENCY PLUGG ING OF MIRROR AND POINT CUSP ENDS 

T.WATARI, R.KUMAZAWA, S .HIDEKl/MA, T . AOK1, M.lNUTAKE, S.HIROE 

A.N ISHIlAWA, J:.ADATl, T. 5ATO, H.OBAYASHI, T.HATORI, T.WATANABE 

K.TAKAYAMA 

INSTITUTE OF PLASMA PHYSICS, NAGOYA UNIVERSITY, NAGOYA. JAPAN 

Abstract: Mirror end lo ss CBn be suppressed by applying an rf 

fi e ld at the mirror throat through low impedance coils. This 

method is verified to be effective even when plasma density 

amounts to 1014 CI1I- 3 , 

When an Tf electric field is applied perpendicularly to 

a IIBsnetic fi e ld, the co.bined e ffect of the electric fi e ld and 

a spat ial variation of the magnetic field is such as t o exert a 

force on a charged particle in the dir~c tion of decreasing mag-

netie field. Such force is applicabl e to suppress the end loss 

of an open system:. In so far our experimental works( l ) have 

been I;onl;entrated on plugging of the line I;USP end. In this 

paper we confine ourselves to the plugging of an open end of 

cylindrical geometry like lIIirror and point cusp. There are two 

typical ways to produc e an rf electric field: electrostatic 

field by a pair of parallel plates, and electromagnetil; fidd 

by a coil. I n the plugging experiment on the li ne I;USP, the 

forme r type has been used. I n th'is experiment, however, we 

adopt the latter and three type s of coi l shown i n Fig.3 are 

examined. Type 1 is an ordinary 7-turn solenoid, t ype 2 a pair 

of half turn I;oils. Type 3 i s sillilar to the one used by 

Ovchinnikov et a1. in the heating of a stellarator plas .. a. (2) 

The experiment is ca rried out in a mirror lIIagnetil; con-

fiauratio n (see Fig.l). The magnetic field intensity of the 

throat and the center of the mirror are 5.84 kG and 1.8 kG , 

respel;tively. A hydrogen plasma is produl;(ld by a TPD sourl;e 

for the density le 55 than roll 1;111- 3 while an }'IPD sourc e(3} 

is used for higher densities. It is known that the ion and 

e lel;tron temperatures of plasllla produl;ed by these plasma 

sourl;es are nearly equal . The plasma is introduced through one 

of the mirror throat into the cent er of the mirror. An rf 

field is applied on the other mirror throat to reduce the 

plasma l oSS. The rf field is fed by a 500 kW rf oSl;illator. 

Applied rf frequenl;y (6.2 MH:t) is Lower than the local ion 

CYl;lotron frequ e ncy (7.55 HH:t) inside the 1;011. The plasma 

density at the I; enter of the mirror is lIeasured with a 70 GHz 

_it!r owave interferolJll!ter , 11 diamaenl!tic loop and a double probe. 

The loss flux is llleasured with another diallgne t ic loop set up 

microwave (70GHz) 

plasma J 

'( 
Fig.l Experimental setup 

probe 

coil 

diamog. coil 

multigrid 
energy 
anolyzer 

behind the rf coil and lIIultigrid energy analyzer used as an 

ion I;ollel;tor. Figure s hows the signa l of the multigrid 

Fia; . 2 Loss flux 

with and without 

rf field. 

, 

= • I'll ~ It ~ 
Ti_e scale: , 

~. ~ III ~ I 
200 lIs/div. 

zero level+ t--t :!iiI! . 
. _J_~ , 

- . 

analyzer. It must be noted that remarkable decrease of 1055 

flux is al;hieved when rf field is applied. Relations between 

the plasllla density nand rf voltage Vrf to keep a aiven va lue 

of the plugging efficienl;y is experimentall y obtained and 

shown in Fig.3 for the three coils. It is read that Vrf "' n O. 9 

for type I, Vrf « n O. S for type 2, and Vrf c nO. l for t ype 3. 

Type 3 coil needs the least rf voltago for high density plasma. 

Both type and type 2 coils produce rf field in uillluthal 

direction and there is no intrinsic difference between thelll. 

Type 2 coil is lIor e effel;tive than type 1 coil, because induced 

elel;tril; field is inverselr proportional to the nUlllber of 

turns. Type 3 coil differs frOIl the others in produl;ing a 

non-vanishing electric field I;o ... ponent inside the plasma, which 

is effel;t i ve for the plugging. Type 1 and 2 I;oils give the 

electric field vanishing on the axis. The result of type 3 

I;oil is remarkabl e in its very weak dependenl;e on the density, 

and this is quite ... eaninaful for the future applil;ation of rf 

pluas to fusion plas.as. 

~ I 
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Fig.3 The experimentally obtained relation between the plasma 

density and the rf field when lo ss flux is suppressed to 10 •. 
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R. F. Plugging and Hesting of a MlIgnl!tized Sheet Plaama 

Ita:."y" 1Il!hara~ At!y"a! Itakura. Shige" Hagiwara and Shoji Kojima 

Institute of Physics, The University of Toukuba . Ibataki, Japan. 

"'Divl8ion of Thenlonuclear Fusion Research, Japan Atnfldc Energy 

Research Institute, Tokal I!atabli shment , lbarakl, Jeplln. 

Abllrract: R. f. plugging and heating of 11 magnetized Sheet pIu ... is confirmed 

expert .... orally to be effective at a frequency of a aeries resOnance in the 

t . f. circuit including the plaSIIIII, the sheath and the oscillator. The frequency 

1& Dot the characteristic frequency of infinite plasI!Is. 

Recently a radio frequency !!leerric field 1n a plasma haD come to play 

an icrportant role rith respect to stabllizatioo of instabUities. heating and 

confin ...... nt in plalilD8S aillLing at the thet'1llOnuclear fuaion reactor . Many 

.. fforts have been III&de to supply r.f. pO>lets to give energy to the charged 

particles in plas ... a. Wh .. o th .. r.f. e1 .. ctric field Ep is .. xcited in the 

plas .... the plas"", fOllll8 squad- potential 4> . which ia ~reaoed byl) 

where wO·C(r},r} -'.'} w2
,)/(W

2,-+I.I2 »+112 and EO 18 a dielectric con.tant in pcepec pp .. 

vacuum. Therefore. wheo 4> ha. a d .. rivative with respect to the space. that 

is. the Bpatial gradient of th .. lllllgoetic field and/or of the dellllity erlatR in 

the plas .... the charged particlee in the pla .... should feel a ,ponde:no.otiv .. 

force F-V 4>, and are acceler ated effe ctively. At the a Bme time the pI .. "", ia 

heB~A~~ ExperimentBl inveatis.tionV. however. do not c01IIpletely .upport above 

predictiona. When the die1e.ctric conatant become. zero. which h the elS"" 

reSOnance of the pIs ...... the ' total illlpedance of the r.f. circuit becOlU's 

infinitely larse and the ,e fficlency of a power absorption into the plallllll 

is not always good. While, when the . .. ries l'esonanCs of the ay.tem occur •• 

which corn8pondB to th .. CBae of the 8heath reson8nce. the r.f. field in 

the plaSIllll becomes larse . Then. the plaSM pluSSins ia vel'y effective 1n 

ths reSOIlllOce. In this psper. tile experi .... ntal a tudy on the .heath 

tee'Ollance is r eported from the a'peet of the 1' . f. pluSSinS and the heatinS 

of a munethed sheet J>laa~~ S) 

Expe1'1mental appuatus 10 ahown in Fig.l. Msgnetic fi .. ld configuration 

is a .. irror type with a ratio 2.3. A plas"", produced by ECRH near the mirror 

point diffuses out to th .. lIirror cente l' and in "",de a sheet type by a pair 

of s11linium l Wtets inserted p .. rp .. ndicularly to the · ... gnetic field. The 

parallel electrode o for RupplyinS the r. f. POWel' are placed in the region 

wher .. the III&goetic field gradient is larSe and the spacinS of the electrodes 

can be chang .. d widely RO as to vsry a sheath thiclmeos. The f1e~d strength 

at the center of the electrodes is about 1.0 kG. I. grid type electrionatic 

en .. rsy snaly.el' ia placed at the down IItteAIII of th~ plas ... 1n order to "111-

1II1ne the part1cle los ll . IInd the ion sensitiv .. probe in inoerted in the lIIirror 

center. The plas!II.D denllity at the mirror cent ... r i8 about 1010c .. - 3. and the 

electron IInd ion t""'p .. r sture at the Same position are 5-10 eV and 0.3-0.8 eV. 

re.pectively. 

Pollov1ng result" lire obtained When the oe1'1ea reaonance occura in the 

et1"Cuit. the tOtal impedance of the aylltl!lll takes lIIinilllWll and the phase shift 

of the r.f. current to the voltage becDlDea z .. r o . then the 10n saturation 

current c" the allo lYller decreases r .. sonantly. On t he other hand. the ion 

saturation current on the ion sensitiv .. probe increases correapondinSly to 

thill decrease. and the increment of the ion tellperature is also obol!rved. 

A. IIhown in FiS.2 and FiS.3. these Ullonance mquencies change by varying 

the IIpacinS of the electrodea d. where the plasma porAllletera s re kept COllatane. 

Th .. resonane frequency ill clearly above the ion cyclonon frequency and be-

10>1 the lO>11!r hybrid re.onant frequency. 

Above experi .... nta l resu.!.t a CSn be e"pIained by uSinS a oimple .. odel 

of the sheath and the plaama. The equivalent circuit Is assUllled as aho",," 

in Fig.1. For si"plicity the sheath is aallumed to be co .. pletely vacuum. 

The i .. pedance of the sheath. 2.
0

' and the plllsma. i
p

' ue ia - 1 , jWCs and 

2.
p 

- I , jWC
p

' where Co and C
p 

are the effective capacitance of the ohellth 

IInd the plllllllll. respectively. Then Ca - EOA 1 R. Cp - COEl.A 1 p, where 

A is the area of the electrode. a the sheath thicknesa. p the plao .... th1ck-

ond c ... the perpendicular dielectric conlltllnt. Aa the total impedance 

of the ayste .. 18 deacribed by Z _ 2i.o + i:p + r • the r.f. electric field 

ill the plssllla is expreased aB Ep - ( ip 1 i. ) ( V rf 1 p ). where V rf 18 

the voltllge IIpplied between the parallel electrodeo. The value r 1n 2. 

18 the real r ee t a t .. "ee which .... y eontai" tha total r f . eireui t. The 

plasma fOIllI8 a qWlai-potentl8l der1ved from Ep 

where WLH , ~H are the lower an~ upper hybrid reaOllant frequency ond "\.G' 

"'uG are the frequency o f the aheath reoonance. When W - "\.G' W .. '"uc: ' 

then i. take8 1II1n1lll ..... value a"d Ep • ~l IInd F takea the !II.D"11Du .. vlIlue. so 

the r.f . plugging and the heating of the plas .... OI8y be expected lit theoe 

pointll. wLG verous G ia ealculllted Snph1caUy in Ftg.4 putting the denoity 

118 a parAllleter. where G ia the ge ometricll1 factor G - p/d. When the 

sheath is abaent ( G - 1 ), then ~LG beco",es Wet and when the plallma is 

absent ( G .. 0 ). then "'LG beeo .... a w
LH

' 

The inn hestinS h well explll ined by a Joule heatinS prOCl!lIB of 0 

tIIdio frequency reaiatance. Fro1D the equation c.f the enel'gy blllance and 

usins the conductivity in 11 OI8snetic field. the incl'e1lll!nt of the 10n teDl-

perature ia elltilllBted e 2 1':2 (3) 

liT! .. --:-+ \I Tic 
"i W 

.. here \I 10 the collhion frequency. "i the IIIBB S of iona and Tic ia the 

eoersy confine .... nt time of ions. 

In conclusion. an r. f. pluSSinS and heati"s of 11 ... snetized sheet 

plas .... occurs IIOre effectively at the oheath l'eaonllnt point. but not 

at the 10n cyclotron frequency or lit the lower hybl'fd frequency. 
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Abstract: An Dl)1I.1ytica.l expression for the eh.ctron heat conduction in a 
hnear pLasma column of cooatant preasure predicts an increase in the 
energy confinement cL .... of roughly a factc ... · ~(Z/~) "h ... ll endplugs are 
used; A i. the fnctional length and Z the ion charge of thl! endplug . 

Introduction: In linear fusion experiments such as laser or REB heated 

plasma solenoid. the energy confinement ,time is determined by electron 

heat "D"duction along the IIUlgnetic fidd [Green et aLl. In ClUe the par­

tide lifeti .... ill determined by multiple mirror ugneri" confinement 

(Lichtenberg et al.l one Can sholl that the ratio of energy confinement 

time TE and the particle ' 1058 time Tm is given by [Benford; Budkl!r et al.] 

'" 
"hl!r~ Z is th~ charge of th~ plasma ions . Eq . (1) sh0\l8 that T[ « Tm ' 

unleas Te « Ti ' valid for linear a-pinches. To reduce the electron heat 

conduction it has been auggested [Dallson et al.] to uSe endsectiona fil­

led with a heavy gas such as Kr or Xe. tbe coefficient for elec tron heat 

conduction "n is proportion~~ to the electron-ion collision time Tei and 

therefore proportional to Z , 

If the heavy gas i s multiply ionized, the large value of Z reduces the 

electron heat conduction and T[ ia increased. In [-beam hea ted plaSlJl.aS 

Te , reaches values above 1 keV within a few nan08ec (Jurgena et al.l. 

In pluma lIith Te ~ 1 keV and ne _ I02Zm- 3 onl! can obtain Z"IO [Mattioli ] 

in abou t 100 l1li, "hich ia presently the duration of [-beam injection. 

tberefore it is "orth"hiLe to look carefully at the influence of high Z 

endplugs on the energy confinement time. 

Formation of endplugs, E- beam heated plulII8a are ideally suited to do er­

periments lIith gaseous endplugo. tbe beam is injected into the plasma 

chamber through a metallic foil separating the plasma area and the diode 

from "hich the E-beam io extracted. If the beam current density exceeds 

.. 1.5 I<A cm-2 , these fnils are ruptured during beam injection. Two foih 

in succession make up a gaa chamber. On firing "the beam both foih are 

ruptured" and the gas is released and is ionized by the beam. tbis "ay an 

endplug is establiBhed "ith precise.ly knOlln initial values such as den­

aity, location and type of gas. 

Reduction of heat conduction: Because ~m » lE we asaume that the parti­

cle d~nsity is cnlllltant in time. In cue of E-be8111 heating electrona are 

heated preferentially. Therefore lie do not take into conaiderBtion the 

plasma ions. · Further"",re "I' asSUIIII! that the kin~tic pressure IIkT ia only 

"eakly dependent on the axial distance 'z . BecauBe nf the houndary cnndi­

tion that the temp~rature at the endB of the plaalJl.a colu:mn ia very small 

"e have the kind of z-dependenc~ for n and T aketched he1O\1. 

~ n(x) 

"', 

/: 
T(z) 

endplug l118in plaBma endplug 

In the main plaama "I' have Z - ZI' In the eOOplugs, located between z -! 

and z - L, "e have Z - Z2' We ass .... e a sharp interface between plasma and 

endplug with no mixing of particles. We alloll for the formation of a 

shea th with a j .... p in dens ity and temperature but "irh pressure conti­

nunus. We neglect Bny dependence on radius. 

tf only electron heat conduction is considered snd all other 1088 mecha­

nialCS are neglected , it is possible to derive an analytical expreuion 

for th~ endplug heat 1088 reduction. When the electron heating pulse ia 

over, the energy flow in our one-dimenaional system is deBcribed by, 

3 nT/at _ d a ZT7/2/ 3z2 ; d . 4~1I/21k. (3) 

Because n is time independent "e have an equation in T , whiCh Can be 

,olved by separa ting the temperature in a time and a pos ition dependent 

(4) 

where A is the .eparation constant. tbe time dependent par t can be inte­

grated directly and the s patial part can be integrated if we assume tha t 

nTz ' which i, essentially the pressure p, ia a knOlln function of z. The 

boundary coOOitiuns taken i ntn account are, 

1) At z-1 both pressures p and heatfl"" q - - "naT/az are continuoua. 

2) At the interface at z -1 a sheath may deve lop. We define a parameter 

0;; {T z1 (1)/TZZ (t)}5/2. Suba cript! 1 and 2 refer to main plasma and end­

plug, n is treated as an ullkn""" which muat be derived from other consi­

derationa. We aSSIllDl! 0 is constant in time. 

3) At x-a, Tz1(z);; TzO ' 31zl/3z - 0; at z-L, Tz(z);; T,,' tbe initial 

presB!,re in tbe centre of the column p(O,O) - n(O)kT(O,O) i s taken equal 

to n(O)kTz(O) ; Tt(O) - I. 

With these conditiollll the solution for the tillle dependent part Tt for a 

plasma column with endpluga becomes , 

lIbere, z 

8(1) - J p(z' ,O)dz', 

, 
C(z) - J B(z ' )dz', 

, 
c*(Z)-JdZ' , 

" J p(z" ,O)dz". , 

(5) 

(0' 

In' the limit that 1 ->- L and a ->- 1, eq. (6) gives the .olucion fot a uniform 

l.1-pluma column . A decay time for the temperature i s obtained from 

Tt(O)/Tt(~) - e, giving t - - (e512 _I)/A. Nellt "I' cal~ulate the ratio of 

the decay time ~ in a homogeneous colUlllll and T* in a column "ith endplugs. 

Simplifying the result by tak i ng T,,_O and a constant pre88Ure p(z,O) - PO 

"e find, 

i. _C£+c,7l5 ~ (1_£)]. 
T L2 d 2 L2 

With Z2 ~ 20 and ZI -I "e have d l / d 2 .. Z2/4 '" 5. Then taking 1 -0.8 L and 

a - I we ohtain T* " 2 . 5 T. 

Conclusions, At first aight endplugs help in reducing heat conduction 

l(>BBeS but marginally. 

The ratio T-IT ia proportional to Z2' tb;. ratiot*/T is proportional to 

a 715 _ (T 1/T Z)7I2. Q C0llll!8 f r om the temperature jump at the interface of 

ZI and Z2- plasma. tbe kind of jump aketched in the figure i, favourable 

for energy confinl!1llent. Because of the hrge 7/Z pO\ler it i s "orehwhile 

to develop methods to enhance this effect. 

tbe preuure profile has littl" influence on T*!T . 

Remarka: tbe uaeful length of the endplug i. limited by the demand that 

the heat flo" from the main plasma is convette d to the end "alIa and not 

lost by other ml!aM such BS r adiation. 

tbe lifetime of the endplug is limited by diffusive mixing of the iOIlll 

from the ZI and Zz plasma. 

tbis work "88 performed as a part of the research program of the 88soeia­

tion agteement of EURATOM and the "Stichting veor Pundamenteel ch.derzoek 
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BD'DDlU!,u. S1'UDDS 01 L.lBD-PRODUClD PI.1SJU8 ot plau. upandoD W.rll obtahe4 b1 .. e .. ot ... ok-Zatmder 

WIfHD 'fBI SPHDICAL .uL!IPOLB !UP 

J.Barano .. tl, S.ChJrCsako •• tl. I.C.ana. I ••• l •• ott, 

_.Sado •• ti, I.Skla4Dik-Sa4owata, and B.Ogol ••• tl 

.. tltut. of .~ol.ar B ••• arch, 05-400 Otwoot-~.t.rt. Poland 

tractl !ba p.par raport. iD ••• ti,aiiona OD pl •• ma produotiOD 

OODt~Dt witbia tbe .pbaricel multlpola /sMl trap. le­

h of 1nhrl'aro .. trl0 aD4 .paotrcaoopl0 •• UUftMnta are p­

o 4 leakage aperture 1. dat.raiDed froll probe •••• ure .. at •• 

• pherioal aUlilpola I~IV oont1lUratlon. ha •• b •• n a%tanal.a­

in ••• ti,_'ad /1.2] einca tb., form true ~-B trap. witb­

linaar lo •• -gap •• !ha OODoapt of pI .... OODt~Dt with 

b-orier aul Upob U.Us IV hu alae bean e:w:pld ted in 01-

4rioal .. chiD •• 1"3] u •• d for ba.io studi •• of qui.ecant pl .. -

• ID. our 1n1 Ual upert.nb [1. 2} witb "tha S. t1elda and 

.... produced bj 1D~eotol'. l1li. 1.D.ore .. e 1.D. the OODtaina .. t 

.• w .. obeernd a. oOllPared witb a ooZlftlnthnal .piDd.l.-.uP 

It ••• but .or. dd.ibd inT .. U,atiOJUl /i..51 h.T. Gown tut 

., • portioD of pl .... iaJut.d iD ... tb. S~ rhld cu ~ .f­

,tiTel, oaptgr.d. tb.r.fore it ... of int.r •• t to 1D •• st1&ate 

1.1' •• thod. of !illiDs up the trap. PartioUlar .ttentioD ... 

. d to a la •• r •• thOd .aoe it proTide. a rdatinl, ob .. 

I .. a and .at •• p.ssible to r.duo. a part1cl. leak ~6J. In th. 

• •• i1,ationa to be de.oribed, u •• w ... ad. of a n.w Iakt~. IX 

'10. frJ. .l lqout of th1a taoU1 i, t. ebOWD in 11".1. 1!b.. 23-

.i.d •• ph.rioal oh .. b.r h •• b.en .quipped witb • new oil-I ••• 

,uu. .,..t .. l1li.4 a •• t ot 1II0dllhd SII oo11s. !he •• ooU ••• re 

)p11ed :rr. a 2.0oo~. 10 kV, ooad_er bank IUld .. de poss1.­

:ri".1. 

ble to pa.rate 

pUl .. d aap..Uo 

n.lda up to 

100 kll at th. 

oheaber wall/B.l. 

file e%pui.uDt 

d •• orib.d h .. 

ho.eTer b •• D 

perforud .ith 

• lds up to 24 kQ onI,.. Pla .. a .a. ,.ner.ted ~ 1 J, 40 n., 

b, 1 ... 1' pul.e. toou ••• d on a pol,.th71.ne-toil target pl.­

d at the c.nt.r ot the trap. Sino. the HIHK ot tbe SII-ooil 

~nt pul.e ... about 1 •• , the masn.tio ti.ld dur1Dc l a.er 

1 ••• a. praotioall,. OOD.tant. fIliokn •• s ot t~ target ••• 

rrhd tro. 25 to 250 p. Wh.n a 250-p to~ 

• u.ed, .0 •• a • .,. •• try in int.gral Ti.ible 

diatiOD I ••• Pi,.21 ba. b •• n ob.erT.d, but 

lar,.r portion ot 1 ... 1' .u.r"," ••• tb.n .b­

rbed. £11 tb ••• a~ ••• t ••• 1'. p.rfor..d 

a pre.sur. of 10-5 fr. to .n.ur. appropri- P1g.2. 

• reprodu01bi11t,.. l .. er .n.rg,- ... oontroll.d and th. target· 

• ab.1t'hd • littl. at'hr .aob Got • .l photo ot a in10al la-

I' orat.r i •• bown in rig,). Tb. dark pl.o.a oorr.apond to oar­

J1g.). 

bon lq.re, and the c.ntr.l hole proT.e tbat 

pI •••• oould penetrate through tb. t.rg.t im­

m.di.t.l,. .in MOunt ot bydrogen .tom ••• por­

i.ed durina •• bot, .e d.termiD.d trom tb. 01'.­

t.r dimensions, •••• bout 5 z 1018• More de­

tail.d intormat10n •• bout tbe initial .tag. 

int.rf.r ... t.r I ••• P1g.1/ ud optioal spaotrosoop,.. ! "p10al 

1Dtarf.rog", taka. at t • 40 1111, is ahen. 

in I1g.4. !b. tr1D& •• bUt. ob.arT.' oorr •• -

pond to tba maz1awa .l.oiron OODo.ntr.tion 

_ 5 % 1017 0.-) and th. total nuaber at .1.0-

trona _ 2 x 1016 • !h ••• numb.r. oan b. ~o.pa­

red with r •• ults ~f .p.otro.oopio •••• ur ... at. 

p.rfOrMd at Tariou. di.tuo .. tro. tha tar •• t I ••• Pig. 51. !be 

.l.otron oono.ntr.t10n. d.t.rmin.d tro. the H« lin., are approz • 

on. ord.r ... ll.r tban tbo ••••••••• d trom interf.ro •• tl'1 11 •••• 

1.4 z 1017 0.-) .t tb. toou •• 0.3 z 1017 0.-3 at a • 0.5 .. , 

and 2.1 x 1016 0.-3 • t •• 1.0 mal. '1'b1. oan b. interprets! by 

Pig.5 • 

an inOH". in 

tN!p.ratura an4 

.zoltaUon et 

carND ioa. • 

R.no., 1t oan 

be GOwn that 

durine th. in1-

tial at ... ~ •• -

perat1ll'tl. ih-

or •••• d tr~ 1 .T to 7 .T. It .hould bow.T.r be not.d th.t .p.o­

lro.oopio ••• ur ... ata baT. al.o 4 •• 0I1lltrat.d oarbon i.n •• x­

pandiDa .itb TIle01ti •• of 5 z 10' oa/a. ·wh.t oorr •• pon'. to 

.n.rgi •• of •• T.ral ~UDdr.d .T. Sub.tantial 1n!ora.tioD •• boat 

pI, ... int.raotion with th. S. ti.ld •• re obtain.d .1th a oo.b · 

probe and ion ooll.otor. plao.d .ithiR the lo •• -oon •• ragion., 

a •• how in Pig.1. ftpioal aignal. obtain.' ho. two dUter •• t 

plne ot a oo.b prob., are pre.ent.d iD 

Pi •• 6. R •• ult. ot .. tail.d probe .... u­

r •• anh p.rforaad wUb and w1 thout the 

aagn.tio ti.ld, are .nOWll ta· P1g.7. It 

oan b .... ,. ••• n that the balt-widtb at 

the l.akag. ap.rture ot pI.... 10n. ..- rig,6. 

c.ping tbroU&h the point ou.p., .a •• bout 0 , 9 ca. 'l'h1 ... ana 

tbat the l.aka,. .pertur. ... ao.-wh.r. b.t ••• n tb. hybrid 11-

11 roradiu. Ir.r i / 1/2 tor oarbon ion. and 

F=I:::::I:::::t,-t :~teG th. iOIl CJl'orad1u. r i tor proton •• Tbi • 

·i 12 i. pr1noipally oon.1atent .1 th tb •• n.t· 

.~ 1ng th.ory and re.ult. ot oth.r 1 ... 1' 

~ I,I-+-+~I--+-''+-
.zp.rt..~t. oarried out .itb a .tandard 

epind.l.-ou.pad oontigur.tion !6]. In or­

d.r to obeok whether 1t 1. po •• lbl. to 

r.d~o. the l.akag. ap.rtur. in tb. ~ 

FildiI1
4

di'laftCO ' (IM'I) 12 tl:"P b.lo. th. h,-brid urorad1i, it i. 

and .n.rg,--analr.i. ot .ecaping iona. An 1.Ilprov •• ent in .pb.­

rioal .,. ... tl':J of th. ezperlll.nt •••• 11 •• m ... ure_nt. to~ 

lar".r TalU •• ot p, are aleo requir.d. Purth.r inT •• ti,at10na 

on th.e •• ub).ot. are b.ing continu.d. 
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7. World Surv.y of Major P.o. in CPR, Suol. ru.ion Suppl . 1976. 
8. X.Oz.u., M.Sado •• ki, Proc. 6th Intern. Cont. on Map.t T.ohn., 

Brati.laT. 1977 Ito be p~bli.b.d/. 



ENERGV DEPOSITION IN NEUTRAL HYDftOGEN av AN INTENSE RELATIVISTIC 
ELECTRON BEAM 

A.I<.L. Dymolce-ilrocb'-, A.E. Dangor, J.D. Kllk.nny, L. J. i'hillips 
Black,1t Laboratory, Imp.rlol Col lege, London, United Kingdom 

Abstract: MlCllur.menll of the ener"y dllllpattod by the re turn current Induced 

wh .. an intenM relotlvislic electron beam It injected into n.utrol hydrogen are 

cornpgred with Ih. obMrved plOlmo dlomo"n.lism and the , I.ctron energy 

obtained by laser scattering. The.e show that Ihere i. either 0 high .nergy 

e lectron toll or that the ion. ore healed pr. ferentiolly. 

In a pr.vlous paper (l) we reparted thot the enersy d'pOIlttd In 0 plaltnO by 

o relotlvllll<: .I.ctron beam In j.cted Inla n.utrol hydrogtfl was prlmorllt due to 

.eturn cu"en' dlsdpation, the evldenc. being a cion correlation belw .. n~WOHM 

( .. .(Jp' Er. .dl) and WDL the plasma dlomagn'll c energy. In this pajW we reporl 

further .vld",ct for this and _sur."",nll of low a(='IJ'k. I. ri .call.rlng to determln. 

Ihe el.ctron nurrbeor density and I h. Iow .nergy el.ctron v.loclty dlstribvtion. 51_1-

lonelllA W OHM fIIIOsurements were performed . The radial dl rtrlbvllon of Be ClVlllde 

the beam channel has bun inveltlgaled by 0 double probe orrang.ment. 

The beam, whase par_a_ten, o. In (1) ore 350kV, SOIeA, IOOnI, 2 cm 

diameter, h InJ.cted Ihrough a 12 . ~ . 1I'I alumlnlsed mylor foil Inlo 0 7.6 cm dla .... t ... 

chamber i ...... rsed In on axia l magn.tlc fi. ld of. 1.5 Tesla. Filling preJltlres varied 

from 0.1 10 1 Torr hydrogen. Scoll ... lng WOI performed with ° J,OOMW ruby laMlr 

incident perpendicu lar to the beam. The light .cattered perptMllculor 10 bolh t-he 

10Ml' ond the . I.ctron beam WOl 'P'clrolly resolved with 0 7 chomel palychromotor 

over 12 nm on the blue .id. of 69-4 . 3 nm. Scattering wo .... trlct,.:l 10 filling 

prenures in Ih. range 0. 1 to 0.2 Torr where high va lues ofW
OHM 

have been obtained. 

probe meolure_nll indicate lhal the 01110 1 curr.nt outsld. the beam channel 

• 
I ~ smoll, typically 60a"'P'lcm2 at 0.1 Torr , campared with 8kA/cm2 In the beam 

channel . Thl. confirms the ollUmptlon mod. for CCllculotJng WOHM In (1), that 

the .".turn CUffent Is confined 10 In. beam chann.l. Analy.h .how. lhat the re,l,­

tivity I. 10 n ·cm, giving ne _<1 0-.4 n.n.utrol oulllde the beam chann.L Thl. 

resisllvlty I1 0 foctor S tlmellorger than can be derived from data In (2). 

Results of IOme shot. 0 .. lummorhed In Table I and lame typical tCOlledng data 

shown In Figure I . Thi. show. ° non-Maxwelllon vebcity distribution a t early IIn'lI, 

which ha. b"n Interpreted a t 0 two t.mperoture COIT"flO".nt plolmo. Figure I 0110 

• howlthat 01 lot. lime relaxation lo o Maxw.lllon I. obierved. Ionization great .. 

than 20% WOI obl ... ved in Oillholl, Increolln" to "/;.50% at lot. tlmel. The ob .... ved 

energy W
th

• (Including ionlr.ollon) In lhe .I.ctron .... Iocity diltrlbutlon IOmpled In 

the .cotl.rlng 'llpIfiment is _ 20% of W OHM 01 can be lien In the loble. Th. 

loro .. t IIOlu. of W OHM meosuritd wOI found 10 be associated wllh 0 low degree of 

lonlzotion . 

MtosuremenhofW
OHM 

ond peok W
DL 

OI.hewn In lhe Tobl. ore In reolonabl . 

og"emenl. So" their t.~l varlollon 01 shown in (1) . Thh indicate. that 

Ih ... e Is no rapid 1011 of ..,.rgy from the Iylt.m due to rad lotlon or lhermol conduellon . 

The dhcrepancy In Ihe oblerved en.rgl .. , W
OHM 

and Wtne , mUlt be due either to 

en ... getlc Ion. or to 0 very high v.loclty tall in the electron dbtrlbulion. 

Electron 1011. have been predicted, (3) and lhere I. IOme 'xperlmentol evidence 

for this from X ray .miuion, (2). How ...... , 'P'clrol prom, mtosuremenh of the 

H" and H B emlnlon linO$ which w •• e prevloully reported, (J) sugge,t that the 

energy could b.ln Ihe ions. Th. llnll ha .... typical f.w.h.m. of O.S6nm. H . . 
brood..,lng I1 0 foctor of I 0 lorgor than thot due 10 Ih.rmol Stork .fNctl for the 
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mealured n. If Ihe broadening il interpr.ted 01 0 Doppl ... width Ihi. correlponds to 

energ lel "/;200 ev lhu, occountlng for lhe observed discrepancy. A high 11 

Icott.rlng 'Kp8r1menl is in prOAr'u to measure the Ion I.mperoture to check thit. 

(J) A.K.L. Dyrnake-8.adlhow, A. E. Dangor, J.D . I<llkeNly 6th IAEA 

Conferenct on Plo,..., Physics and Controlled Nuclear Fusion 

S.ptene.r 1976 

(2) 0.5. Prono el. 01., Physlcllnttmolionol report PIFR-557 f ebrvary 197.5 

(3) L.E . Thode ond R.N. Sudan PhYI. Rev. Lelt. ~, 732 (1973) 

K. Popadapalous Ph)'l . Fl uId., 1!., 1769 (l 97!i) 

~. 

Sho "OHM WOL Imax) ne (t) T. , T. 2 Wthe 

'0. -3 
.V~ .V~ 

-3 c::m- 3 Ins) eV .V eVc::m- 3 

1 .0 . 10
17 

'.0 . 1015 (170) •• 2 1.1 . 1017 

2 . 3 . 1018 1.6 .1015 (120) 0.9 10.7 3.6 .10 16 

3 5.0 . 1015 (144) 3 .• •• 4 1.2 . 1017 

• .. .1017 • • 5 .1017 

5 .. . 1018 1.2 . 1018 

10 15 . 
Shot (1 ) 

5.2.V 
t-170ns 

ne - S .O .1015 ~-3 

1014 

n. ~ - 3 

/1. 3 NIl 

1 
lOll 

(U1 2 1UlI2 l' 0 10 100 

Shot (2) 

t-120ns 

ne • 1.6 .1015 cm- 3 

o 10 100 

Pig. 1 Showing Icattered l1qht Ipectra o f table 1 • 
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PLASMA HEATING AND ION ACCELERATION BY A RELATIVISTIC 

ELECTRON BEAM _ RER ACCUMULATION 

P.~unka, K.Jungwirth, I.Kov ... o,V.Pirf~, J.Stookel, J.Ullschmied 

Institute of Plas .... PhY6ios. Czechoslovak AOlld. Sei., Prague 9 

ABSTRACT: Res ults on REB interaotion wi t h an inhomogeneous 

magnetized piasm" reported. Tho IIlBJ<imum o fTioiency of 

plasma heating is round if a virtml1 o"thode is oreated near 

the end o C the system, In the virtual cathode regi me also 

partial reflection and aooumulation 01' beam eleotrons and 

ion acceloration from a free piasma boundary is observed. 

Maasurettlents were performed on the improved REflEX maohiDe (lJ 

(Ib= 10_20 kA, Ub = 1150 kV , Qb = 1 50_ )00 J, ti= 70 na) . A gun 

(aperture diamete r ?cm) p l aoed )0011> apart the foil anode rills 

the who l e inteI'nc t ion I'eg ion (L:2l0 cm) wi t h a hydI'ogen plasma 

(n S J. 10 1 JOm- J ) only n rteI' a t i me delay or 6Ops. FoI' Hme 

delays betlleen plasma and beam injeotion td::; J5;>-s the p l asma 

density remains negligible near the ooll eotor . 

PLASMA HEATING 

P.1e.8ma energy oontent 

Q a1"ter the beam injeotion 

i" measUI'ed by three d ia-

magnetic loops (Pl aced at 

~:50,100 , 140 om) at varl_ 

ous td ' In Fig . 1 the ~­

dependenoe or transverse 

plasma energy nEJ. S is 

shown f or t
d

",40,80 , 200ps . 

Assuming an isotI'opic Fig.1 

heating tho REB-plas~a e n argy cou pli n g errioien cy or abou t 

5~,JO~ , 2~ , respectively, is achieved , As return curr ent 

heating is negligible in our system (Ib< I
A

, L« tiv
b

) exci_ 

tation of strcng plasma 'Waves near the uppeI' hybrid ( t.J,,2 "" 

(Jp: $> '{:) I'epI'esen ts the cn1y efreotive channel rOI' t he REB_ 

plasma energy ooupling . Energy or t hese waves (localized with-

in the beam c h a nne l ) is r a pid ly absorbed by p lasma e1eotrons 

via paI'ame t ric_decay insta bilities. Rough e s timn t es b a sed on 

[2, J] suggest ror the p l a sma oOre (Jcm in diameteI', n "'J. 10
1J 

cm- J ) h ea ted by a propagating beam (n
b
!n:10 -

2
) the ro110wing 

t y pioa1 va1ues ~ ti llerr "' 16l't'nEJ.!E!~ 1 1 wher e the wave e1eotrio 

rield Eo~ lOO kVom- 1 , thresho l d p1asme l ength Lt~50 om, 

nEi""J.lo17 evoOl- J , lIerf'4.l0 9 s -l, Q O,2Qb' 

By shOl'tening td (td:S 80 ps) the heating effioiency in_ 

Ol'eases regardl ess the inorease in the plasma denai ty nan d 

In i.ta InhomogAnel.ty <'In/ <'I~. The highest arriciancy is mensured 

at td"'4Ops when a v irtual cat h o de is create d and a significant 

part of the beam e1eotrons mu ltipnsses the syst e m. For td<40p s 

not able to d e t ermine the plasma e n ergy content a s 

strcng r.r. c e ci1lations (u.f 6. 1 0 9S-
1

) appear On diaOlagnetio 

loops placed i n the Virtual cathod e region. Signal r r om the 

loop at z=50om , however , continues to grow. The OIaximum value 

or n E,L S "" 5 . 10
18 

eVom - 1 is l'eaoh ed ror OIagnetio fie l dS Bo ",4 - 6kO 

and l~ thick a1u minized my1ar anode roi l . (Host OIeosurements 

Were done with J Op Al roi l at Bo'" 4 , 7 kG.) 

The plosma oore is overheoted nt the end or the beam in_ 

jection ( (1i = 8~nE,L !B~ ! 1 ) and ten ds to expand radia1ly towards 

a new pressure equi l ibrium. Ir a denso plasma i a heated rapidly 

(rao~ min(roi ' 1!2ti » a strong magnetoa ooustio wove lIith 

BEAMS 

rl'equenoy f<:>1'ac is expeoted to 

bc excitod by the exponsion. Its 

pI'e !lOnCB if! demonst I'atod by rog_ 

ulal' daOlped oscillations or the 

diamagnetic signals (Fig.2). By 

decreasing the plasma densi ty 

f aO epproaches tho ion gyrorre_ 

quoncy r
ci 

and tho osciLlations 

become strongly damped. Then, 

enel'gy of the OIagnetoaooustlo 

'Wave Qac""/J,OI2(bB,·)shOuld be 

e rrecti vely absorbod by plasmo 

ions and heat them to keV e nergy. 

(For n=5 . 101Jom- J , Do= 4,7k0 and 

nE,LS=5.l018evom - l it is{3,:=J!2 . Qoii 

a 

z-50em 
e=4,7kG 

200 400 600 t [nsJ 

Fig.2~ Oscillogl'ams or 

diaOlagnetio signals nEl S 

n) t
d

=40}ls , n",6.l01Jom- J 

b) 60ps . 4.10
1J

om-J 

c) 16Ops, 2.101Jom- J 

Measur ements or ras t neutrals escaping radia11y ind icate 

that the ions al'e heated up to keV "temperatures" . At higher 

densities an a p precioble part of ions is heated to soveral 

bundreds eV, whereas at l ower densities only a smal l part or 

ions is heated, but to higher energies (T
i
=8-l0 keY) Ions oan 

get comparoble encI'gy also in radial eleotric i'ie l ds arising 

in the hot e1eotron plasma due to its expansion as well os du e 

to longitudi nal l osses or overthermal electrons . 

ACCUMULATI ON OF RED ELECTRONS AND ACCELERATION OF IONS 

To deteot the aocuOlulated beam electI'ons X I'ay br ems ... 

strah1ung rrom the roil anode was monitored . It increases with 

the docreasing plasma 10ngth . The maximum observed enhanoement 

was nbout 6 t imes Cor the foil - terminated plasmo and about Jtim-

es ror a 1iinger pl osma ooluQ1ll lIith a rree boundary relative to 

the beam propagation mode. A simi lar result 'Wos obtained by 

measuI'in g t h e current rrom 0 roil plaoed closely (2mm) to the 

termina ting roi l , ind icating that the number or ras t olectrons 

increases J_4times. The mul t ipassage or t bese electrons throu gh 

the nnodo fOil resul ts in an increa se in the net diode current. 

In t h e virtual oathode regime energetic ions (Ei> 100keV) 

aoce 1 erated from a rree plasma boundary bo t h axia l ly and radi_ 

al l y lIere de t ec t ed . The to t al number or axially a ooeleroted 

ions Ni" a s well a s their energy E
i

• is maximum ir the beam 

multi pass es a short plosma oolUllUl (Lp<50cm, wax Eil,,,,lHeV, Nb= 

2 . 101 J deteoted 2m downstream). II' the plasma boundary beoomes 

smoo t h (Lp>5000l) the radial d e p end enoe or potential in virtual 

oathode region oauses the rad ial aoceleration or i one to be 

mOI'e e Creotive t han the l on gitUdinal one. The initial rocu sa_ 

tion or ions towards the oxis leadB to a dI'astio oh ange or the 

l'ntfmt.ia.l. di"trihu t.I ,p n Rnti i ,n .. .. with "n"" gie .. oomparable to 

eUb con then be ejeoted. Bursts (2One) or suoh ions "ith tran_ 

verse energy Ei.L>400keV were registered. The total number or 

iOllS acce1eI'ated rrom a S!Dooth bowlIlary shoul d exceed s i gniri_ 

oantly that rrom a sharp boundary. Thus , at l oas t ror l ow den_ 

si ty pl asOlas , this direo t conversion or energy from REB to t he 

p1asmn ions oou1 d be or pI'nctica1 interest. 
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nm EN!lIGY LOSS or A RE.l.ATlVlSTIC ELECTRON B!JJt KUSUIlED 

BY KEANS or A SCIRTILLATOR AND A PIIOtOOIOD! 

B. JUrllnl, P.H. dl Rain, H.J. Hopman Ind P.C. dl JIghu 

Au oclation EURATQot-Fai 

POI-In-lti tuut voor AtOOlll- en MollcuulfYliea , Kruil1l1n ~07. 

Amsterdm./Wp. 1111 Netllerland. 

Ab.tract: A pl .. tic .cilltill.tor .rod • photodiOOI h.ve bun u .. d to obtain 

the eol1'l)' 10 .. of I 500 keV, 500 A REB being injlcted into I plaama . 

having lOll < n. < lO 12cOl-3 • Then 11 good agreement betwean thb IxplrilDlnt 

Ind nce.llt thlory pndietinl thl In.rgy 10" by baam p l .lma inltabilitiu 

It lIIpe . 

Introduction: Plaatic .c:intiUlton conwrt about 3% of the kiMtic ene.rgy 

of I lingl . el.ctron iuto 1£&ht, provided tile ebctron i. I topped ... ithin 

the .cintillator. 11Ie lilllt output plr electron 11 Unaar ... ith energy in 

the rangl froll 120 keV [I] to over 100 HeV [2,3]. The lilht inteMity h 

proportional to the nlDher of al'ctrolll Itriking the .cintillator per unit 

of tima. thua ill tot .. l ... irh th .. pover of .. n incident l1'ct1'On beam. We IDII-

l ured th .. photon output ... function of tilK. The _thod 11 limilar to 0111 

ducribed in (~]. 

Above .. certlin power delllity thl photon production b.h.v .. nolllinelrly .nd 

t end. to · ... turat .. [5]. Liuratura liwl 00 Ipecific d .. tl for the type of 

t cintiU .. to r (NlHO') wtUch we undo W. therefore did .0_ IlIaa.urementl our­

lelVes. Bl c .. u .. of the insul. tinl proplrdes of th .. . . dntiU.tor pl .. tic 

ch .. r Be .. ccWILIl.tion . nd internal br •• 1<4CNl1 c.n occur , .t hiah current d. n­

dtiu . We found for our 500 keV be .... thlt 5 A/(32 eorrllpondinl to 10-7 

C/CA2 p.r ahot liVlI I laf. upplr l,vel for both Iffectt. Sillce rhe currant 

delllity in our b ...... l. lma Izplri_nt ezceeda thil lavel we had to reduca 

it. n..i ...... doni by .preading part of the be .. over. larlar area. 

Experimental .. tup: The exparilDlI!.ul .. tup [6,1) cOllliat. of • 260 COl 10n& 

3 cm di_tar pl ..... column produced by I microw .. vI ,ourca (17 in fig. I) 

-It 2.45 Cb. tbl pla .... i. confinad in • 0.2" T "'Inatie mirror field. The 

pI .... deoai ty ranlea ftOll lO ll to 1012c.-3 • 1.500 keV , SOD A. 20 ni , 3 ca 

di_ter el.ctron beall U injected (It ~ _0) into the pI ..... thr ough • 

30 VOI Ti foU .nd le.vea the. pI ..... (.t z - 260) through. 30 VII Ti foil 

(19). The bum i. ItOpped on. 3 .... thick Pb collec:tor (21) having. holl 

of 3 mm di.lllllt.r on ari •• Part 01 the be ... pa .... the coUactor and .x­
p.nd. in tha diversins mqn.tic field, before it .trike. tha lcinrillator 

(23). A coUactor (22) int.rcepU half of the be ... jult in front of the 

• cintillatnr to .alure rh. currant. n..a otber half of tha ...... proclucII 

light that h 1I"lured by • photodiod. (24). Time reaolution h . bout 7 n •• 

Since fI.ter v.ri.tion. occur ... incelrate the ,igolla O",lr th. b ..... pull . 

duration. n... photo diode aiSnall .re calibr .. ted wtth th .. , ...... be .... bet", 

injecred into V'CUUII. . In thh c ....... know tbe b .... ene rBY from _"ure­

menU vitll ' - "'IlIItic aner lD' analYllr (8] . 

Ex!>eriMntal re.ulta: \Oben we eomp .. ra tbe inteSr.ted curr.ot .nd light 

lisnall lDlaaured if .. a inject the b ...... ither into vacuum. or into 

phI .... we notic' th.t in t he 1.tUr cue both charge .nd li .. ht output have 

chenged. A eh.",a in liSht output h generally the r ..... 1t of • chanse in 

the number of alactronl I trUr.ing thl .c:intill.tor .nd I aiCllultaneo .... ch.nge 

in tbe e .... re of th ... e el.ctrolll. To Ihov both efhcr. the intelrlted li&ht 

intenaity B h .. been plotted .gain.r tha chlrse Q (1111 UI. 2) . In thi . fi­

sure (I) reprelll nCl . hotl into v.cu .... od other .,.,oh origilllte froa dif­

f.rent pI .... d.naitie •. At ... ch condition leversl . hou ara .hO'Jll upara­

rely to giVl .n impra .. ion of thl , hot to Ihot v.riations. In fig. 2 a 

p ... re .nerlY lOll aivel •• hitt (v.cu .... cOlllpared to pl .. m.) dovo .... rdB ... hlre­

u I decre.ui", nwober of e1letron. give •• bitt in the direction of thl 

orilin . ThI IVlrql ellergy of the ellctrOlll in .. p.rticular ,hot il liven 

by thl quotilnt ,_ E/Q. If thl bl" 101 .. elllrlY in th. pla .... then tp' 

the average Inlre of the ...... . llctrolll after hiving p ..... d throulh the 

pI ...... . will bl I .... Uer thin tv ' the .. Vlrale .lIIrl)' .ftlr P,"iOB the 

vacuum. I n fia. 2 the lolid lin/!l Sive the relation h.twaen E and Q for 

fixed £. 

~: All our " .. Iur_ntl .re ._riud in o .... ~filur. by plottins 

the relativI IPerlP' 1nl, .sainlt S - B2 Y )"b/2ne' tlle \ .tre",th par_tlr of 

Thude .nd Sud.n ( 9]. The energy la .. i_ nor=a.lized to the total be ... a nar­

IY . "b YID.c2 • for c<>q>arilOll ... ith the",cy. n..e _ ...... red enarlY Iou i l I hovn 

in fil. 3 for • 30 \lID Ti foil (X) and a 10 \lCII luinla .. Iteal foil (0). 

Solid lin .. r.pralent the theory of Thode (10] . n..il theory predictl the 

bum eneray 10 ..... due to I hydrodynamic be ... pI ..... inlt.bility at the 
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pI ..... fraqu.nC'y in tue thl velocity vectors of the b •• e1lctrOlll lIavl 

. 0 .nsular dhtrib ... tion. Such. diltributioo arha. froll I c .. tterinS h tha 

anode foil of the diod. vtlich produces the bellll. Th •• lIIray lOll dapenda 

on thl 011111 .catterina Ingle i, defining tile .nsular width of the velocity 

di ttribution. Moreover it dlpend. on the beam en.rl)' . nd the beam to pl .. -

me dlnsit,. ratio. For our uperimlntal paralllete1'l (vi~. Y _ 2, e -280 for .. 

30 II1II Ti foil and e -200 for. 10 \Ill .uin1e1l .tlal foil) the pradi,ud 

enargy lOll. ecto~dinl to Iquation (11) of ref. (10] . iI plotted .... ioat 

S. AVlr.sio. .. over .. n _.lUr_nu ve find 6£lzplriMnt/6Etheory -0 . 6 both 

for the. JO \Ill Ti foil arod for the 10 !Im .rainle .. atld foiL n... foil 

thickn"" h .. indeed the IlIpected influence on the .nergy 10 ... AgraUllnt 

between .xplt u.ent and theory 11 .. ithin I fact~r of 2 on the .ver'8". 

(I] Von Schmelina. biuchr.filr Phy.ik ~ (1960) 520 . 

(2] EvalUl Ind lellamy . Proe .Pllyt.Soc. ~ (1959) U3. 

(J) CoodinS .nd PuSh. Nucl.lllltr.' Methodl 1. (1960) IB9 . 

[~] Ellh R.E. and C.rlllon N.W., Rev.Sc.lllltr. E (1961) 1367. 

(5) StlVIM J . and Knowlen R. B .• lEEE Ttalll . on N ... c1.Sci. ~ (1968) 136. 

(6] J ... rg.1II B., Simman A., Hopmall H.J., de J.gh.r P.C •• VU Eur.Conf.on 

Contr . Puaion .r.><I Pi.Phya .• LIIu.ano.e 1915. 

(7] J ... rgllll B., Hopmao. H.J., de J.ghar P.C., Silllllll A., Vrijd .. gh. J.B . , 

PI ...... Phy.iCl .!! (1916) 82 1. 

[8] Jur,"1II B., Hopmen H.J . , d, Ra.n P., d, J .... her P.C .• Kilt .... lr.ar J., 

VI Intern . Canf .on Pl.Phydcl .nd Contr.Nuc1.Puaion Ruearch. B"rchtll­

lad.n, 1976. 

[9] n..ode L.E. alld Sudan R. N:, PhYI.R.ev.Lett. iQ. (1973) 732. 

( 10] Thode L.E., Phyl .of ~luid'.!! (1916) B31. 

~ - Tn.in.ting lection of the be.,.,.laama .xplriment . The b ... COlI .. 

fr ... the left aft.r travelli", throulh • 2.4 _ 10nl plume col'-'. 

NlDben are r.hrred to in the text • 
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RELATIVISTIC ELECTRON BIWI SCATTERING DUE TO 

BIWI-Pt..\SKA INtERACTION 

P.H. de H&an, B. Jurg" .... H. J. Hopman and P.C. de JaBher 

"seoei_cion ElIRATOH-FOH 

FOH-Irutituut vonr AtoOlll'" e" Mob"u",lfyaica. Kruillaan 407. 

..... tIOrda1ll/Wp •• The Netherlands 

~: The .... uurement of a plateau like enugy di l trihution of a 550 

keV, 500 It. rda tivi8tic e.lectron belUll, having interacted with plaama, . ug-

gu ta .. tUrAtion of be..."l .. =- lnaubilitie, by be .... trapping. The "",an 

angle. 6, between the velotitie. of the beam e.lectro ... and the magnetic 

axi. , with ii ~ 42° are obtained frOIll the total current to the ".,,!rgy ana­

lyeer. 

Experiment : A r e l a tiv i s tic d ecr r oQ bealll i. injected into a microwave crea­

ted plasma of 2.5 " 10 17,.-3, The plaSM collllllD i8 3 cm in diam •• 2 . 6 m 10118 

and confined by • II\8.gnecic field of 0. 15 T. The beam hat • manllNlll energy 

I!Vb - 550 keV, a maziQIUDI cur rent lb - 500 A, a puhe duration of 20 n8 (FWI!H) 

and a diam. of e a . 2 cm. The ph ...... i . prevented frnm entering the diode by 

a 30 \fill ri foil. At tlu! end of the co l uam, the bu m ia atopped on a colhc­

tor with a amall opening on the ""h of 3 mm diam. Through thia hole part 

of the beam rucbu ao enugy analynr, after travelUDi through a drift 

apace of 1.2 m. 

The 1800 IIIIIgnetic ana l ynr is equipped with pin diodes aD current detec­

tors. A time resolution better tha .. 2 na pemits the Qll!lSurement of a time 

resolved beam energy apactrum. 

Only electrons with their velocity ~ector within an anale ea " 10, with res­

pect to the guiding magnetic field are aceepud by the analyser. 

Experimental r u ulea: I n fig. I we ah"" beam e nergy apectra, integrated 

over 3 ns long time intervala , for two interesting times, t " 26 DH, a t the 

"IIU'imum of Vb and r". and t" 35 JUl. The ' pectr\llll, obtained when the beam 

palSu through vacuum (thick line) i . compared with the a pectrum of the 

beam, having interacted with the pl .. ma (dotted area). By awmoiq the mea­

lUred eurrent ovar all enargie a , we obtain tha time dependence at the tntal 

current that reaclu!d the allllYl6r. Fig. 2 gives botb tbe current in tbe 

vacuum cau (thick line) and in the pI ..... c .. e (dntted ar e a ) . 

We note from fig. I, tha t at t .. 26 1\11 the Darrow puk of 550 Ir.eV ele ctrons 

in the vacuum c .. a is apread. out into a broad ene rgy spectrum. ranging 

from 120 to 700 kev. 

The a .... e fea ture repeats at t -35 DS, when the beam energy eVb haB reduced 

to 300 key. Secondly, tha apectral aru i s generally SlDIIller in the plas .... 

c .. e than in the vacuum ClUle (fig. 2). Because a current ia a prDduct Df 

denllity and velocity, both retarda tiDn of the beam paniclu aDd Bcattering 

out of the la velocity cone, accepted by the analyser, contribute to thil 

effect. By averaging over the energy spectrum the mE!an energy and velOelty 

of the beam electrons can be obtained, aa a function of time [2]. From the 

me an particle Velocity and the current"" can calculate the den . ity _of baam 

pareiclu , tha t are accepted by ths analYl er. Fig . 3 pre. eDt. ths ratio of 

that beam density iD ths plaSM case , np' and the vacuum cue ny • 

DiscussioD: The be am e lectrons ar e l ea ttere d in the 30 ~m Ti toil at the 

entrance of the plaaM chamber. A plausible fom for tbe angular part of 

the beam velocity di. tribution i s [I] , 

fee) .. up(a COl e). (>, 

The me an angle between the beam electroo velocities and the mallne tic a :d a ' 

B. is then given by i-filA. Di .... llne tic loop messuremE!nts give I ,,,, ... n 

angle due to scaturing in the foil, Bf - lO° . Aft s r interaction with tbe 

pIu .... B h .. chanlled (3J. We call this ..... n a"lll s between the velocity vec­

tor and the ax i s Bp ..... . uminll that the . catteri"ll of beam e l ect r ono in tha 

plasma i s i s otropic, L e . e'l. (I) remaino v alid, then the number of parti­

cle. in the I1etocity cone, ea ' accepted by ths s nalY8er. i . determined by 

the mean angle . For 9a <" B
f

, Bp' e'l. (I) l eads to the Bimple relation 

Bp " Bf In)np . (2) 

In fig. 3 lie converted the rltio np/nv by meano of relation (2) to a mean 

velocity a"llle Bp. We obss rve s s trODg fluctuation i.n Bp aU&llu ting a rapid 

suece9l ion of the instabilities , with a 10 1\11 repetition rate . Large angle . 

Bp coincide with a a tronll broadening nf the energy s pectrum, 

For t > 80 ... the be8111 current i s yery s"",11 and data are no _re reUable . 

For e < 60 n8 , the time averaged value of Bp i s ee . 420 , which agu u liith 

tilU! ave raged .. easurements of the angular di l tribution by Creelllpan [ 4 J. 

In eale the un. t able Wl ve i s aa turlted by tra pping of beam e1ectroD9, 
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Thode (l] calculated tlu! 1IIIllI:imum wava amplitude that can be ezpeceed. In­

se'rting values of our ellperimental pa rameters , ne ' r". Vb' at t-26 118, we 

find the theoret i cal amplitude of the electric field to be E - 8.4 IW/m . For 

an initial energy of 300 keV, a t t _ 35 n. , we find E. 4 . 2 KV Im . 
The width of the broad. beam diatribution, ruultiq from trapping of the 

b e8:lll, i . de termined by the wave fi eld, and the initial beam velocity Vb 

aDd wave phaae velocity v • . Di' penioD. theory givu v.-0.9 Vb. FrOll a 1IIIll<i­

_ energy of 700 keV, obta ined from the distribudon of fig . I, we find 

the wave sleetr~c field a t t - 26 ... , E _ I.B KV/ ... Fr om the broadeninll of 

the spectrum at t. 35 PI Ill! find, E - I .6 KV/m. thuI , the mea. uud value for 

the electric field is emaUer thaD the thsore tical prediction. 

From o ther experimeDu we know tha t 8tro"ll beam plasma interaction i a 

limited to the fira~ SO cm (3,4]. Over thil leqth tbe trapped beam elec­

t~on8 ollocuta at ..... t t:w<> hounc. o, ,,illa tione in tha uDHt , bl .. w.ve. "n-.;. 

short leqth ... y be the explanstion for the fact that the meal ured electric 

field i l below the predicted va lue. The bumpiness of ths energy ape ctrum 

(fig . D, too, could be cau.ed by the short coherence le.,gth of the insta­

bility. 
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RETURN CURRENT ORIVEN NSTABI-

L TIE S IN A RELATIVIST C 

LECT R ON BEAM - PLASMA Y S T E M 

P. Vtba 

I natitute of Pl asma Physics, C:z:echos l. Acad. ScL, 

Pt ague 9. C:z:echoslovak i a 

Abs t tact: The numerical analysis of general dispersion rela­

tion for t h e charge and cu r re nt canpe nsated relativht i c 

electro n be am a nd t he plasma l eads to t he new synch r onism 

pr ed ictions . The return curre nt's s l a.i space charge wave 

and r e turn cu r rent's s l OW cyclotron wave are lIyn"hrunoulI 

wi th the ion plasllla wave. 

The d ieperaion rela tio n in e l ect r omagnetic approllilaation f or 

monoene rgetic r elati vi s t ic electron be am - col d pl asma sys t elll 

was der ived . Plasma wavequide confinelllent and the pr esence of 

ellter na l lfIaqnttic field we r t taken i nto account. Our disper­

sion r elation con t ai ns ce r tain terms lIIo r e than Ad l .... ·s one [11 . 

These t er me r esult f rom non 1:e r o OBci ll a ti nq JUlqnetic field 

a nd f rom fu ll cha r q e snd cu r ren t comp e nsation presumptio ns . 

The eva l uation of cOlllplell r oots of dispe rs ion re l ation was get 

by t he numerical solution of equivalent lIIatrill eiqenvalue 

proble". Re.ul t i ng dispersion cha r ac t eristics of systelll studied 

can be see n from Fig .I. Characteristic pa r amete r OCI is the 

r ati o o f b eam electro n de nsity q"and pl asma I on density 1'1.,. 
IJ is the r atio of beam e l ectr on ve l oci t y u. and velocity of 

light c. Bc is nor malhed ma9netic nUll- de nsity, it is norma­

l11:ed caaplell frequency, K and Tare nor.llali1:ed lonqi-

tudi~.1 a nd t r ansversal wave vector. repect i vely. 

n 
r 

1.5 

1.0 

0.5 

0.1 

-10 o 2 K 
Fi9.l: Dispersion characteristics of cold relativistic electron 

beam - plasm a system. cha r ge and current compensa t ion 

suoposed DtI · 1) . 136 , fJ· 1).82787. T· 0.39 . Bc -

I Bc - 0.9 ). Dashed and dotted lines repreeent the real 

and ilUlginary parts of the frequency Jt , respectively. 

There are two ealient diretions in K-Jl plane. One of them 

corr esponds to the ve l ocity of relativistic eletrons . t he 

other is the direction given by the velocity of r eturn current. 

\ 
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Well known anomalOUS Doppler effect instabilities (Jl-I3J(" 'f.f=i!"4:) 
and Cerenkov instability (.11 - ,81(':' 0 ) are elicited i n region. 

A,B and C respectively . Coupl ing between the retur n current's 

slow spac. cha r ge wal.-e and ion pl a sma wave i n a wide reg i o n E 

resu l U in so ca ll ed Bunneman instability (Jt -+ /~a.m' ~ 0 ) . 

The lIax imal value of increlflent ~ ~ 2 .Dpi. 11 reached in t he 

vicinity of ion plas.a frequency 12~ . An inter elltinq inter­

action occurs in region F, where the return current's sla.i .. 
cyclotron wave i s synchronous with the ion wave In. + 1_0I,1lk::r·ScJ 
Owing to this synchron ia!ll the low fr equency short wave-

length electromagnetic wave (<<.. fl ... 2,5 Jl f"ll K» ~ J 

could be elicited. Whenever .nu. <.fl.1'fI'1 the unstable region 

disappears (see the detail sketches for Be- 0.9 and Be- 1. 

F ig.I.). In a case of !l.pc. < ~especiallY when the !,lIternal 

ma gnetic fie l d i nc r ease!! (or 13_:. -~ /3 decrea ses) the -, 1- ~ 
un stable region F is sh i fted to very high value of K, see l'1g.2. 

, 

, , , 
I·· .. :, \ 

( \\ ........• 
: \ E ' 

' -
....... 

I 

-20 -10 

' " ..... . ...... 

o 
" Fig.21 Dispersion characteriltics in the region of synchronis.ll 

of ion wave with return cu r rent's slow waves. DV ·0. 1 

(3 - 0.5 , T - 2 , Be - 1.5 

.-0.138 , 11 - 0.8 278 7, (lIzp=- 0.133) 
Bc" 1, T- 0.39 

Region ReO K r v" le 
A 0.39f f. ff 0.008 0.352 

B 0187 f.6f O.O~~ 0.~89 

C 0.736 f.Ol o.f67 0.688 

E 00.34 - f.OO 0.052 0.00~9 

F 00.58 - 190 0.020 -00.01~ 

I E 11 0.039 1- 120 I 00.50 1-00.058 I 

Representative nURIerical results a r e s ummarized in the 

tabl e . Mallimal va l ues of incremen t r for al l unstable 

r eg i ons and appr opr late values of real part freque ncy «.n 
l ongitudinal wave vector )( and no rmalized phase velocity 

Pp' _ i are there compared. I t can be seen that the mallilaal 

increlllent r of Cerenkov inst·ability (reqiOl'l C) is three times 

greate r than Bunneman's one (reg ion El, in this case. 

I would like to express my thanks t o dr.p.!!unka. dr . K. Jungwirth. 

for valuabl e COlMlents and to dr.J . Lacina, P.Jarolova, 

J.sctn:6tter a,nd !!.KcSrbel for nWlle r ical evaluations. 
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RECEI1T PROGRESS ON THl!. FIELD-REVERSING ELECTRON kING 
EXPERIMENTS AT CORNtLL 

H. H. J'le1echmanll, H. A. Davis, S, C. Luckhardt, and D. J. Re.j 

Laboratory of Plasma Scudies, Cornell University 
Ithaca, New York 14853, U.S.A. 

~: Stable field-reveraal times in REeE-Chciara halle been 

ute.nded to Dver 450 ~8I!C. and field-revenal lull! been attained doo by 

co;tbinill8 two dngs of 44 and 68% strength. In RECE-Bertll, the addition 

of quadrupole components leads to 108s enhancement over the normal col-

11810nal de"",y. 

field-reveulns ring8 of h1gh-energy iona trapped j n a mirror may he 

)Wed for plasma confinement and heating. Similarly. Held-reversal has 

been proposed for end closure in mirror machin..... In the respective 

Livermore Astron e x periment using relativistic electrons , rings with 40% 

of fie.ld-reversal atreogth were obtained,4 but a cotllhioation ("ntacking") 

of ringa to nttain full field - revered nppeared to fIIil. On the other 

hand, stably decaying, field- reveraing electron ringe hsve been obtained 

in the three aeparate ltECE-eJ<per:Lmenta at Carnell , S with field-reversal 

timl!a ranging up to ZOO )Iaec. The present paper 1.8 to report a further 

eJ<tension of the revereal tillle 10 RECE-Christa and the aCtain-.nt of 

field-revered via a lIuccellsful stacking of electron riogn. In addition, 

further rea ulta on 11 IllUltipo1e IItabUi~atioo6 of the precessional IIIOde in 

ltECE-Berta lire repnrted. 

Aa descrihed earlier , S io RECE-Cb.rista (Fig. 1) an intflme electrol 

besm pulse (typicdly Z.5 KeV, )0 kA, 80 naec) ie injected nesrly per-

pend1cular1y into a mogtletic mirror trap (B
o 

~ 500 Gauas, )00-700mTorr 

H2 filling) augmented 1I1th a toroidsl magnetic field Be ~ (1 - 2)B
o

' In 

order to extend the col11n1onal1y detemined field-

TO PUMP 

FAST VALV[S MIRROR COi l S 

A~IAL PROBES ft SOLENOID COILS 
WALL PROBES 

31 ISlISlI8I 
®®~ 

- -~-----------
181 !:ill ISlI:illI:ill 

PIIL5E ELEC TAON 
COILS RING 

1 "'[TER I Figure 1 

revers" l timea (00 for up to ZOO )Iaec), a number of chaoges were made aO 

that ringa trapped in a transient gas cloud. oellr the injector could be 

moved axially into 0 high-vacuum region. These changes (Fig. 1) include<j 

exchanging the normal copper liner (L/R- time .. 15 )Iaec) with a atainle9B 

ateel lOesh (7 )Jaec), the addition of four puIBed gan valves (totol out­

put .. 150 at . cm]) and the addition of tllO puIBed field co11s (1.2 kHz, 

IIB~! 50 Gauss). Experimenta have been atarted recently . Firet, 

trappill& expsr i menta were performed without ring movemeot (uaing crow-

barred pulee coila producing two "eparat e field minima, and with a 

relatively large delay (1 . 8 OISeC) between g8ll puffing and beam injection 

ao that a mediao gaa preollure (30-100 mTorr) prevailed at the downstream 

field m1ni.!mJm o t tha time of iojection. In thia caae., often two s eporate 

r ioga lIere trapped 10 the field mnim<l. ))ue to the lower gOB preooure, 

the decay rate of the dowlUltream ringo "an reduced , aod otrong tinga 

(6B/Bo 'IJ 150%) with field revernal ti ... s of up to 450 )Ioec hove heeo 

obtained (Pig. 2: 200 \laec/div, 250 GOU8l1/div . ) . The initial decay of 

thene loyero 10 slower than in our ellrlier exper1lllenta by about 0 factor 

3 in rough agreement with the 

prellsure reduction. The decay 

a cce leration after obout 800 l"Iec 

13 cauaed by a ropld incre8lle in 
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bac kground preuure. 

Ring IIOvilll experiment. were performed both with oteady g8.!l presoure 

aod with gas puffinl' In both caseD, (Fig. 3a and b) the rings moved 

over diatallcea of up to 1.5 m, Le. obout 10 times the ring rodius. 

Avenge ring speeds of 1-2 cm/ aee ore in good ogreement with theoretical 

upecta1:iona, "ith "eaker riogo moving faster than ocronl ones . 

The .... ntioned 01!llultaneoWl cropping 

of two o eporate ringo provided the 

opportwl1ty to investigate the 

otock.iol of ringo IOlder the conditions 

of our exper iment. Aa ohown in Fig . 

3c, two otrong ringo (in thiB C8lla 

44% and 68%) readily cotabine formiog 

a field-reversing rinl (6B/B
o 

• 106%) . 

Thio coootitutes s .... rked improve-

ment over the Livetlllore experiment 

in "hich only loyero of less than 

25% could he obtaioed ood .... intaine.d 

hy atacking. 

On RECI!.-Berta. further experiment/! were performed on the precea-

llional rill& otobilization by odditional lIIultipole 10ffe fieldo . The 

enhanced decay of etrong ringo io quodruple roUe fie1do observed 

earlier "88 reconfirmed (Fig. 40), and inveatigoted in more detail . It 

oppeoro thot the criticol ring ottength at which the mioi-dwnps occur 

is iodependent of the q uadrupole. field IItrength (Pig. 4b) and of other 

""temol parBJlleters. The decay anomaly foctor (relative to the normal 

colliaiona1 decay mtea) ohserved for ri'ng9 with etrengtha obove theae 

~ritical levele ia atroogly dependent on the quadrupo1e field (Fig. 4c) , 

but iodependent of eho presoure. 0..) 

Overo11. the reaulto Dpp ear 

consiatent with on orbital 

resonaoce of the fOllt electronll , 

1n "hich case such 100seo !ll8y 

occur quite generally in near 1r--.,-~====~· -' b) .. __ ,-, •• ~_-" •• ~._-=--
field-reversed ringa in quadrupole·ji·6 -

''':''.a· 
• ::1-" 

stabilized arirroro, all for 

~ .3 

~. 

.. instance in the 2XI18 exps ri-

menU. Fint experiments with 
• I 

" hexapo1e eeobll!.zat i oo indicste ~ .1 

about normal 10eo89. '~3~O""'C."o,...-_e",...~oc-~.,Co-c,,-"o"'"".~,,· 
fjiJ •. 1t QUADRUPOLE STRENGTH Ilurn_) 
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SPACE CBARCE NEtrrR.A.LIZATION OF ION BUHS 

·Cvlb.a:. uborJltol1'. AbinSdon. O%<>n. 0:114 3DB, U.K. 
(EuntomJUKAEA FUlion A .. ooiltion) 

~: Tbe IplU ehar,. of ion be .... il 8evere~y modified by tbe pre­

•• nce of • neutr.H&illl S" . A model i. pruented vhich deaerib ... the 

blhaviour of the be .. I p.ee eh.rse whieh .grees well with n:perimlnul 

r ... ulta. TIll theory indic.t ... how tt.e effect of ap.ce charSe ~.odoo of 

INTRODUCTION: Neutr.l beam injection h a major me thod of plallll4 heating 

ill CTIl. The pOWlE' tuolhr from the ion louree to the fusion phama la 

ma.zillli aed if the ion bem Ind r .. ultins neutral beam an highly eollimat.d. 

&It. of the reaidual b .... divergence ~ept that due to spaee eharge e:q)'D-

lioo eln b. virtually alhdnat.d by careful duisn. U.ing I ..,del of cbe 

b ... pi .... ducribed below. ve have. beeo ab l e t.o reduee thi. cOlllponlot of 

tb&. divergenee to balow tM. fuod ..... lltal emittanee limit vboae value iI 

d.tu,.ioed by the telllParature of the &l<trleted ions. 

2. PJO'SICAL I'IlDEL: J'or Ibplicity ve consider the CI'e of • eolli .. ted 

.. ao.narletic be .. p .. ail18 through a 8'" filled '101""", bounded by conductil18 

vall. at illfioity . Ionia.rion .nd chlrge-u:chaD,Biug eolli.iona produe •• 

dilute pla .... of . 10" .narl.)' io .... nd elactroos whieh .... difiea the vaeuUIII 

por-ntid :If tha belllll by rrappins tbe eleetronl Ind ""pelting the Ilow 

io.... A eomplat. deacription of the be ... pial'" Cln be obtained froll! the 

eontinuity a~uation for thlle partid ... . their energy balanee aod roilloo ' . 

equation. 

2 .1 The·Colltlnuity !<Iu.tion: The eontinuity equ.tiDn il un d to obtain 

tha alow ioo and eleetron deolitiaa .. die.eu .. ed ~_low. 

I) ~: The .... ra produced by charge eJtciLaoge aod ioniu tion . 

Th. IIOtinn la puraly radial and eontrolled by the electric fiald. lutell"a t-

ion of the eOlltinuity .quation gtv", an uial dena ity of 

n~o • ~onvbro/0.26 tw (2a'lIi )" . • •• (1) 

IlIla v.l ... of the a lov i on d. .... ity ia onl,. fiaite if the pOUlltill ". 11 n .. r 

the axil ~ ... parabolic font. 

b) ~; Since th. electron. produeed by ionization an born "ith 

v.ry 1"" Idnadc enar.,. ( ... .-d to be zero). t.hey can only IIClpe frOll the 

pot.ntial .... 11 vii diffuliOll in vdodty .p.ce until their kinetie energy 

ezc .. da their bindina potential. For a KuvellilD ehctroo dhtribution. 

tha tt- reqUirad to diff ..... e over a velocit.y increment 0" by electron 

Ilectron colliaiOll1 r. proportional to 0,,2. Hence the ehctro ... can be 

co ... idarad to move with a unifo .... velocity in "potential" .paca and tbll 

ronc:hw.ty equatlon can be applied. If the aolution iI tranaformed baek 

to rei l 'peca, 

h 

2.2 Tba rolr.lr..r-Phnclr. E9uadon Wben In electron-ioll pair la enered, 

by ionh.don. tile .low ioo r .... va. appto::!< . 2e~ .. ./3 .a it ... eep"'. The 

d.etron ... t h.nca abaorb &11 equal 8D:)UlIt of eriergy frOlll the belli by 

coulndl dUI to ra.tore equitibriUII befon it alao ",capea. The ion. 

.. b 1 nJ era.tad b,. charge uchaoge .ra IIOt involved ln ilia ener gy • aoc:" .. 
'Iba ba .. ion .rwrp 1081 h controlled the loW velocity part of the lIeetron 

diltribudoo "hicb 11 .ob.aacad over tbe Kaxifellian diatribution bec:aua. of 

. l ectron production. by ionization and. the ne.r equality of t he e1eetron­

d.ctron collilion tUle and t.he be ... conUinJDeoe time . We have calcuhted 

the velocity diatribution, IlIumed to be a perturbe d Ku:uelliln udog tha 

Poklr.er-Planck equ.tion , and find an enhancement a t lov ve1ociti .. whieh 
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haa the fom A In(v.lv). The e .... rgy . bao rbad b,. cbia diltribudon funct­

ion CID be ellily found and. equatiq it to tbe eoetlY 10 .. c. uaad by the 

dow ion. lelda to ao electron temper.ture of na!~ .. /2 . 2 ~. 

2.3 PoinOll ' l Equation: The eOlllPleta .nlutioo iovnlv .. tha aubatitutioo 

of eqa.(I) .nd (2) aod the electron d.lattibution func tion ioto Poillon' • 

equarioo together witb an .1Iu=ed beam profile, vbieh ra'ultl in an integro­

differential equation which c.n only be .olv.d by mDuied tecbniquel. 

If 'p'!otid dependellce La ignond and POi llonl Iquation ia reduc.d to phams 

ne.utrality on Ild. re-I rrangement givel 

O.41l1£;oi"OI • ';,ooro C·,)" + nbo C". )1 
e 3 10 A ~ -rm: nVb lie 

... (3) 

IlIa lolution of thia equltioo i l eOlllParoid with .xpuiunt in J'ia. 1 and fairly 

good aareement i . obtained which il fu.rther improvld if th. full POhlOn·'a 

equatinn i l uaed. The ehctroo t""'l'erarurl Cln alln ba duived aod h fOUlld 

in good .gre ...... nt with e:QIeri.mental reaulta. It ahould ba DOted thlt t.he 

potenti.l +(01 depend. only on tbe be .. della ity .nd not eM. rediuI at low 

prallure .. oppo ... d to the v'cUUIII beu "bare +(d .cataa •• '\.oro 
2

. If "", i. 

incntt'Orated in t.he parlldal r .., .qultion aftlr Illovina · for th& a!f.ctl Of 

be •• divergeoce lod charge e:tt~ga on the valua of."i thA n_iul 

lolution for tbe target radiua r
T

• of tha .ba .. anvdope .hova that ry 

deelinea witb incre8ling vlluel of bll:ll wailt. 11 aubj.ct to ry>lt. Tbh h , 

I direct consequence of the aealing of ~(jj with R. Thh .ffect haa beeo 

ulled to build lllrge lIill81e aparture be ... ""traetion ~yatllllll. The relultl 

are shown io Pig. 2 vhue the divergence, d.flned .. (rT- 11);:. daelinel 

vith beam aperture radius. It i l not practical tn ua •• tUI biller 

aperturn becau8e of the anode bole effeet. 

4. CONCLUSIONS: The virtual e liminstion of the .fflctl of b .... apace 

charge aril'" frOll the ~eal il18 of the r 'dial pot.nti.l cn bl llll r adiu. vbieh 

diff.ra completely ftDIII the .e.Ung of the. VleuUlll potanti.l. Hence llrge 

di_t.r , low d~verge""e be_ ean ba cru.~d .t bigh enerai.aa Ind cu.rrent 

danliti" .pplicable to cn. 
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PARTICLE BALANCE IN A PICKET rENCE ION SOURCE 

A Goede, I S Green and B 5ingh 

Euratom-UKAEA Aaaoci . tion for r u. ion Ruearell 

Culham Laboratory . Abingdon. Oxon . United Kingdom. 

ABSTRACf. Electrical efficiency and factor. re lating to inHability have 

been investigated in a picket fence ion ' Duree . 

L. INTRODuctION. In the design of high current ion . "urees , for neucral 

injection . )'tti!1IUI it h i..,ortant to obtain high electrical efficiency 

lihiltt lnIIintaining uniformity a nd 8tability of the lourCI! pluOIa . In a 

plums. generated by primary e lectron impact ioni ... o:ioR, the I!fficienc), i8 

dependent On the conta illllll!nt time; of the ioni8ing de,cercns Cl), .. hieh can 

be enhanced using IIIIIgnatic fields. However, 108gnecic fi eld . .... y adverae1y 

a ffe ct th. pI ....... uniformi~ and l ubility. 

One approach to enhlll\cingcontainment whilst maintaining good uniformity, 

il to use • configun tion in which the . node. .re ahidded by localised 

..... gnetic field . , aB for example the periphsmatron(2) and the picket fence 

l ource(3). . 

In evaluating lource design. "e have investigated tha properties of a 

cylindrical picket hnce , ource studying the containment tilllO! and the 

factors "hich may influence the stability of the l ourca. The eltPeri""'ntal 

data are compared with a a i mple .... del baud On the a8lumption of ionisa tion 

by pri ..... ry electronl developed from referenca 1. 

2. EXP£B.I!'!l!ln'AL AlIRANGEMEln'. The experimental arrangellll!nt i. shown in 

Fig, 1, A l illiple r e flex lource (monopigatron) h .. beell modified by insert­

ing, • copper cylinder of 15 cm diameter and IS cm length "hich i l lined 

"ith pel"lllanent ..... gnets. These ..... gnet . are arranged to form a 24-pole line 

cu.p field, aimilar tll that origina lly eqoloyed for ' the production of 

Q-plll ...... (4). The field . trength in the CUSp l , . t the cylinder "all is 

about 800 GIIU" decn .. ing exponeMislly to I value of 10 GIUU at 2.5 ""'" 

from the "111. The aource c all be operlted "ith thia cylinder I . an anode , 

o r "ith •• imple non- ..... gnetic.lly ahielded anode or IIith • cominltion of 

the ~o. Electrode. other thlll the anode. are b i ased JO V negltive with 

rnpect to the cathode thul ensuring rsflectioll of the pri ..... ry, ioniting 

e l ectr on. and providing the ponibility of collectillg and ...... uring the ion 

flux to these electrode •• 

Figure I. Sche ..... tic of the picket fence ion a"urce. The anode (3) , given 

in aectionl1 vie", is ..... gne tica lly ahielded by a 24-pole line cuap field. 

The . ource hn been operated at pre .. urea of s fell 1IIi11itorr "ith an arc 

voltage of 90 V . nd an arc current of 50 A, limite d by p""er aupply. The 

ion current dens ity a t the extraction pls ne "" 200 mAlc.m
2

, uniform to 

!. 51 'wer I 7 cm diameter circle, thua providing about 7 A of i one . 

3. THEORETIGAL MOOEL. We conaider the balance be~een prodUction and 1011 

of the three Ipecies of particles in the diacharge Le. pri ..... ry eleetrons, 

thermal electrona .nd iona , .uuming ioni • • don ia due to primary ehctrons 

and not thermal ele .. trona , an Inumption justifie d by the low values of 

_hcnon ta"'l'_ratura _ I eured. 

(a) Primary decerona 

(c) Iona 

(d) chltge neutrality 

where ne i 8 the delUlHy of the'rmal "lectrona , n .. the density of ions and '\ 

the den. ity of the pri ..... ry e l e ctr"ns, no the de nsity of neutr.la, le i . the 

emi.sion current (prima.ry e. lectron flux), 1 .. the current of ions to the 

WIlls, V the volume , AI the Inode s rel, le the contain .... nt time of the i on­

i . ing electrons , <av"" IN the rIte coefficient of inelas tic I c. ttering of 

electrolUl to energies below the ionis.tion threshold, <ov>ION the r . t e 

coefficient for ionia.tion, + the pIu ..... potentia l with r e spect' to the Inode , 

le the electron te"",er.ture Ind l. the ion lifetime . 
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Dividing these equa tions tbrough luds to the relations 

~ .. <<lv "" lN .. ;;--,---;,;;,-_ 

,od ~ ·'::r.':",:' i~:'::::::, n 
'0 

", 
Equation I, previoul ly derived in reference I, enable. one to derive le' 

the contlinment time of the primary electron. from the me u ured valuee of 

IelI •• B a function of the neutral gIB prenure. Equ.tion 2 relatea e t /kTe 

"hich i l mellured experimentally, to the IIC voltage (via <ov>n/<ov>ION)' 

to tbe .node are. ·and to the source preasure (vi . l.). 

4. MEASUREMENTS. 4. I Containment time snd Anode arel. 

Following the approlch propoled 

in reference 1, the "",aourcd vI>riD..ion of 

1
e
lI. "ith the invene pren ure may be used 

to derive relative values of le' u . b""" 

in Fig.2. Because Te i8 inversely propor­

tiOllal to the effective anode Area , chi . 

leads to ... asaeBBment of the effective "idth 

of the line cuap. in the picket fence for 

pri ..... ry electron c"nection. The value 

obt.ined i s 2.6 II¥Il8 "hich i , Ibout t"o 

ti ..... the La nlK1 r di ..... ter of 90 eV electrons 

evaluated one Larmor di ..... t e r I"'y from the 

, , 
~ 

" 

---~ -
.' f"!i."I' 

Fig . 2. IncrelBe in elec­
tron cont.inment uaing 
• picket fence anode. 

"all. 4.2 Plasma Potential. The pltameter vlriationa of 

plll ..... potential are ahown in Fig. J , 4 and 5. The electron temperature 

r.nges from 1.5 to 2.5 eV. In plotting et/.'C!" verauS snode arel, "e have 

uaed the effective areas derived from .... asurementa of the pri ..... ry electron 

containment time. Tbe.agree .... nt implies thl t the efhctive area for the 

thermal electrons ia close to that for the pri ..... ry electrons. Hore exten­

. ive menure .... ntS a re required to confirm thi8 point. The volt.ge 

dependence, via the term (l • <av>n/<av'l(lj) i . Bh""" in figure 4. Values 

"f the reaction rate coefficient used are taken from reference 1. 

The prenure dependence ariles from the variation of l. "ith pres Bure . 

The experimental data , figure 5, are conai . tent "ith the proposal that T. 
VlriU inverae1y 11 the drift velocity of the ions ."hich a t low presaureR 

vatie8 as p-I (5 , 6). The i mplication is that the ion !!lOtion in the s,:,urce 

i . governed by diffusion procenu . 

5. CONCLUSION. The menurement. of de~trical eff i ciency and plasma 

potelltial Ire cons istent "ith pr edictionB of ..... de l bued OD ionis ation by 

pri ..... ry not thermo.l electrons. Tbe evalul tion of primary electron cOn­

tlinment d .... leads to In I ,se aa ... nt of effective anode a rea Ind thus 

s~aling lawl for picket fenc e ion IOUrCe8, the containment d .... being 

inversely propor t ional to effective anode area. 

Tbe ob.erved pt ....... potenti. l vlriltion predicta I minimum . n"de area 

beyond "hich the pl.s ..... potentill beco ..... IIeg.tive, a f.ctor known to rel-

ate to the onBe t of instability(6,7). Preliminary el<periments illdicate 

tha t there .re l""er limita to Inode .rea , . ource preBBUre and arc voltage 

in Igre ement "ith this concept; this problem will be the . ubject of a 

hter publica tion. 
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preu ure. Dra"" lines . re the predictions by equa tion 2 . 



BEAMS 115 

DEVBLOP"EMt OP MEUT~AL IMJECTORS 

AT 'OMTEMAY-AUI-ROSES 

A .•• ri . .. d, R.Becherlr, J.P . Bonn.I, J.P.B"",,C, 

J.Or .. . ..... K.P"lOe 11i, R. Oblr.on. P.A.R.iab ... lt. P . P.G.V. lck •. 

ASSOCIATION f:/JRATOM'CEA SUR LA FUSION 
D.I"'''~'''.ml d~ PA.r'i<!ue- du P/o,,,,a el de / .. FUI;"" COnl,6lft 

Ce",,~ J·EI"d~. Nue/ia;",. 
BoI •• P",'ok ". 6. 92260 FONTENAY-AUX-ROSES (FRANCE) 

AJlstRACT : Thl experu...ntal activity 011 fut lleutral injectorl .t '_teaay­

aur-IID .. , il brilfly r...,ieved. with e.phlli. on tb l dl Viloplllellt of periplll­

matr on iOIl .nure •• · .nd of dinct Inert' r e covery .,.t •• . 

The exPlrimental work on nelltral injector. . t Pont~y-.""-IID .... 11 di­

rected toward providins injection line. for pi .... b .. tina iD tbe T.P.R. upe­

rt-nt and dr",lopant work _inl, ioepir.ted by tbl r.""it_ntl of tbl Joint 

European to~k (,J.E . t.) experimellt. A coll.borative devalo.,.eot proar_ 11 

carried out .t Culha .1Id .t 'OlltlnaY-I""-Ilo.u witb the IIbjet of realid ... 

protot,.,e injactor for J.E . T. ; thl _in IIbjeceiv .. et 'ootena,-au;rllDe .. baln, 

tbe development of the periplanattoo ioo ",urce and of eoergy recovery .,.UlII' 
for thl uo-nlutraliled fr.ctioo of the bNIII. 10 conoaioo with thil progr_ .' 

coo.id ... bh work i.. also done 0" " Iter cooled ertraction Iy.ten. hi,b volt .. e 

flit protlction .ylten and ion tr.jlctori", computational .tudiea. 

THE tlEUTJW. lJl1ECl'Oas /l'I t . '.a. 

The OIlItul injectioll 011 T.p.a. h reali led with tin iIIjectora b ... d 0" 

the O .... M.L. dllopig.tron .our c: .. . With the ten 1IIjlctor. operating ai ... lt.-

nen,l,. • n.utral b ..... po"er of 570 XV ba. been injected intO T.P.K. for. totd 

""t ucted iOIl b ...... power IIf 2 KW (ut" bUlD .t -v 30 bY) 1.17, /27 . By eruar,ing 

the diuet.r of the e.traction grid frOll 8 to 10 CII ·.od uling In additional, .. 

illput iD the ...,.odllo c:"-bu tll complOllte tbe tralllito....,. dec:rea.e of t hl "'u .. ~ 
tral P' pr ... ure in thi. re,ioo IIVin, tII tbe diachar,. pumpi .. effect. tba 

perfllnllOCII of .n illjector uni tOil tbe tlat bed "ere iIIprllVaG by .bout • fac ­

tllr 2. Th,,"1IIOdifiad illjec:tora will be u.ed fot t.' . I. 600 experimellt . 

rH! PnIPWKATlOH ION SOURCES 

The badc ide .. of the p.ripla .... tron dedgn ar l ' (i) InlUre thl pla ... 

hc:ao,euity ovar • lug. ""trection . urhce by )ojecting the pri. ... ry electron. 

(emitted by a .,l t Un..,ent c.tboda) fnlll tbe. orer bordar of the pla ... cha­

bet . (U) Providl cont.b.eot of thl ... lectrolll by .. ,n.tic 'ilhialdi", of th. 

anod ... 'in a cUlp-like 111118netic field ~ol1figurAtinn. Thh t"Jpe of .our"" c.aII b. 

- b.iUtineIrcllf.iOr rectangul'r fllno. A . ch-atie view -lIf the l .. t mod.l -
of tba circ:ular peripl ulD.tro" {17 ia 8iven iD Pi, . I. An ion current up to 

35 A ba, b'"n ""crac ted .t 30 ](V from thh .ourc. with I 1DU1ti .p.rtura 

tbu. el.c:node .y,t. of I~,) ell di .... ter ( .... table 1). Tbh IOUrC. h 

aounted "" a c""",lete lIeutrel il\.i lctioo line .nd it un.a pr .. elltly tII pro-

duce inten.. b ...... for tbe .",r,y recovery .tudi ... It .... ,,,lI!IIIbled .t tha 

end of I!1H "Dd operated till DIIV witbout .oy fail ... re. 

A ract.ng ... lar veraion of thl peripla ..... tron c'pllhh of t11U111iOlting • 

38,. 12 <:1112 lXerection . r ... hi. been COllltnlc:ted for tha "led. fo tbe J . E.T. 

The di . cllllr," ..... tbe pia ... proputi .. of tbia sourc •• ra actuaUy undar 

il1'leat1,ltion. The dilcbar,. ba. bllll oper.ted till DDV up to 700 A, 100 V 

arc Cllrrlnt lno! voltage . I IIC pIIll, length.1Id '" ion !lUll af 200 IlAfCll2, 

thi. flUll bel", rou,bl y proportlonal to tbl di.c:hug. C:llrrant. Tbi. a""re l 

operata. in • reglme ver, cOlllp.rehh to the circ ... lat lo ... rc • . In t.bl a 1 " • 

• _riil tb. expected petfonunca. IIf thh 1IIjector. 

Th. po.itiv. poillra of the pariplu .. a tron duing .re tha foUowi", 

1) The pariphud dilpol ition of the fU..,lItI . UIIW. to U.;. • lar,a _ber 

of tb ..... l\Ltblr.on pladng. 1Ar"i.tor in •• d .. "ith Uch,elilaiaat .. -

IIIOIt probl_ witb fil .... ellt burn-out due to 10c:. U .. d dhcllllr a ... · 

Il) Tbe c:u.pad lIIII,netic fi e ld provid •• the c:onutnmant of {lInl. ing ehCtrllnl 

"iibout .ffecting t he pl llllll hoao,.ndty and . t .bUity. 

Ill) Th. Une ,rid of tbe ""traction . , . ta dn .. not receive direct thetul 

radi.tion frOll thl fit .... ntl. 

IV) Tb. fUAlllte .1Id the illlul.tor. ' rl "ell protectld .,aiOlt bac:k .tr ... ing 

.netgetic: .lec trona cOllli,. fro. the .ccelerating .eructurl. 

ENERGY RECOVERY 

In • n.utr.l injector it 11 pollible to recover the ener8Y of tb. un­

neutraU .. d b .... fraction amuging frDIII the neIlCt. H .. r by decelentina .nd 

collecting th. iOnl on •• uirable elec:troda bia .. d nur thl illn .ourc. po­

t""ti.l. Thl probl. ill thi . CII' la tII prevent thl 'CClhr.tion of tha 

neu.trali .u pla_ e1ec:noll, tovard thh ehctrod •• A ",lution i. to crllel 

a ne"tivI .lactric potential barrer for the", elactron •• t the edt IIf thl 

lIautr~li .. r. In initial nperilHntl JJ.7 tbh baner w .. cn.td b,. IDlln, 

of • ne,ltivel,. billed plana ,rid pl.ce<! .cro .. tha b ..... . A ne" method, 

ha. beell developed in "ich in.tud of I plane grid la u.ed • Il1ng c:,lin-

dtic.l . upprallor arid IIlrro ... nding tbe b .... 87. The oper,UolI of tbi. 

arid .... b .. n tilted 011 t.ha circular peripl .... atroo nautr.l inj lCtor .1Id 

fllr ""tracted ion belIII cun,"ra up to 3) A at 30 kV (.bout 10 A of uai­

dUll ion blla). In th .... upe d .. entl tha .i:lditioaal electrica l power rl­

q ... irad to create the potelltial herru for tb. electroll' .... of order of 

13 % of thl power needed to .culu.te the blllll. 

two .U,htly different l .. rU recovery Icb ... 1I ba.ed 00 the cyUn­

dricd .uppre'lOt . atid .y.ua.ra Itudied .t J"ontaDIy-• ...-IID .... . 10 thl 

fint (11. 'is ' 20) •• cr .. 1I ,rid i. u.ed .croll tbl expanded tllldual 

iOIl hUll . The reaioll .itUlted betwlen tha aupprellor ,rid .nd tbll .crlln 

,rid la .t.>.t equipountial .1Id the ion tr.jeetoi:l ... re Itrai,th lin ... 

Tb. uin contraint "11; the ly.UII h the thertlllll lo~ing of tbe ,rid. 111 

tb ... cono! . ,.t ... (l'i,. 2b) tbl .cr.en add h .b.""t. The ion traj.c­

tllri .. ara cOlltrolled by thl potelltial .pplied 011 • coDical detractor 

at.ctrod •• 1Id Ire ude to foe .... On tbl racovery plat •• Tbil ,y.t. c.o 

hav. IIDIller dillen.ioo U •• n the pr...,iou. 11111 , therul loading probl •• 

i.r. reduced, bowlIYar the .pac. chlrs. effecta .r. iaportant .no! tha con­

tr.l of the ion tr.jec:tori .. c.n bl de liclt • . 
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Neiative Ions Produced from Clusters for Plasma lieollting 

E.W . Becker , H. Falter, c .r. Hagena, W. Henkes , R. KlingelhOfer , 

H.O . Maser, W. Obert, I . Poth 
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Karlsruhe, P .0. B. 3640 , 0-7500 Karlsruhe 1, Federal Republ i c 

o f Germany 

Abstract : Negative ions to be used for heating plasmas can be 

produced by dissociation and charge exchanse of an accelerated 

cluster ion beam on oil Cs vapour targe t. Cluster ion beams are 

particularly suited t o produce high particle current densities 

at the low energies required for efficie nt conversion into 

negative i ons, 

Supplementary heating o f l a rge toka.JlIks by neutral injection 

requires a high particle energy, in the case of a fusion reactor 

of the order of 1 HeV. To produce the se particles it has been 

proposed to accelera t e 0- ions that may be neutraliit.ed with 

high effic iencyl). 0- ions lIIay either be produced by d irect 

e~traction , together with a certain aroount of electrons, out of 

special ion sources '2 ) , or by charge ex change of positive ions on 

an alcali vapour target. For the l a tter method the best effi ­

cie ncy of conversion - about 30 \ 3) - is obtained by passing 0+ 

ions of a n energy o f 0 .5 keY or l ower through cesium vapour. At 

higher energy the yie ld drops o ff sharply, e .g. to 6 \ at 5 keY. 

The current density of conventional ion sources , however, is 

quite low at these low energies. To overcome this problem we 

have proposed~) to use c lus ter ion acceleration , a method that 

i s under development at Font enay- aux-Roses and at Karlsruhe. 

Because of the low charge density cluster ion beams have less 

space charge problems so that high particle current densities 

of the ordel' of 1 Ao/cm2 at 0 .1 - 1 keY/atom should be pos sible . 

The equilibl'ium fraction of negative ions f or a thick Cs t arget 

has been shown t o pe independent of the nature of deuteriulll par­

ticles , e .g. 0+, 0;, and 0; of the same I peed S) . Hence the equi­

librium fraction for c luster ions o~ should be the sMle. The 

t a rget density required to reduce cluster ions to small neutral 

fragment s , most probably hydrogen molecules , was f ound to be 

one order of magnitude small er than that required to reach the 

equilibrium for 0- 6) • Thus the disintegration of clusters and 

the conve rsion into negative ions may be executed in one step 

in a Cs target with the same t arget density as required for 0+ 

primaries . 

Generally cluster i ons have a broad distribution of mal s es. 

Figure 1 shows for exalllple the mass s pectrum of a hydrogen 

cluster ion beam with a mean si ite of { N) : 900 atoms/cluster . 

This distribution results in a corres pondingly broad distribu­

tion of the energy per atom after accaler ation. To obtain the 

efficiency for conversion into negative ions , the energy distri ­

bution mus t be f olded with the energy dependence of the thick 

target yield. If we assume the beam of fiaure 1 to be accelerated 

by 1 MV, we compute the convel'sion efficiency to be ?' 28 \ . The 

mean lIi'l:e of cluster ions is eas ily controlled by the parameters 

of the cluster production a nd ioni'l:ation process 7). Therefore it~ 

value may be adjusted to result in a mean energy/atom o f a r ound 

0 . 5 keY after acceleration with the voltage which is used to 

accelerate the negative ions . Thus the injection system can be 

envisaged as a tandem acceleratol', as shown in t he schematic 

drawing of figure 2 . Contrary t o our present system , the cluster 

Fig. 1. MasB spectrum of a hydrogen cluster ion beam. 

N : number of H "toms 1''''''' cluster ion . Hea n si ze 

( N)= 900 atoms/cluster . 

-114V HIGH VOUiSE ' EMERATOR 

a.USTER 

SOURCnE~~~~~(~~~~~~~~=;~ 

CRYOSTAT FOR 
CLUSTER BEAN SOI/fl:E 

Fig. 2 . Schematic drawing of a t andelll accelerator for pro­

duction of 1 HeV 0- ions from a cluster ion beam 

with a mean cluster siite o f (N) : 1000 atoms /c l ust er . 

ion beam generation will be on ground potential, which greatly 

s implifies its construc tion and operation . Positive c luster 

ions are accelerated into the negative terminal, housing the Cs 

vapour cell, where they a ... e in part converted into negative 

ions which subsequently are accelerated tnl'ough the second 

acceleration tube t o ground potential. The power carr i ed by the 

clus t e r ion beam is only 1/7 {N) of that o f the negative ion 

beam , for the figures of this paper less than 1 \ . Thua the 

main e xpenditures will be those of the neg ative ion accelerator, 

the cluster section comprising only a /JIOdes t fraction. 

Referenc e s 

1) A. C. Riviere , D. R. Sweetman, APS Meeting (Nov. 1S70),paper4E2 

2) :tu . I. Belchenko . G.I. Oimov, V.G. Dudnikov, Nucl. Fusion .!! 

091") , 113. 

3) I:qu ilibrium fractions according to A. S. Schlachter et aI., 

private communication. The numerical values of the present 

paper are based on t hese new data and therefore differ f rom 

those of ref . (4) . 

4} I: . W. Becker, M. Falter , O.F. Hagena, W. Henkes , R. Klingel ­

hOfer, H.O. Moser, W. Obert, I . Poth, Nuclear Fusion , in print . 

5) r.w. Heyer, 1...."'. Anderson, Phys . Rev. A , !! (1 915), 589 . 

6) O. r. Hagena , W. Henkes , U. Pfeiffer, Proc . of the 9th Symp . 

on rusionTechnology, Garmisch Partenkirchen, 1976, page S85 . 

7) W. Henkes, V. Hoffmann, r. Hikosch , Rev iew of Sc ient. Instr .• 

in print . 



BEAMS 111 

STATISTICS Of AflPLITUOE AND TIHE_INTERVALS ASSOCIATEO WITH 

SEQUENCES Of ELECTRON CYCLOTRON BURSTS 

J.A.C. CABRAL. H.E.f. SIL VA end C.A.f. VARANOAS 

L.boret.c!rio d. El.ct.rodinA.ic. - Co.pl.xo Int..rdi.cipliner 

In.t.it.ut.o Sup.rior T'cnico - Li.bon - Port.ug.l 

ABSTRACT _ Th ••• qulnc. or .l.ctron cyclotron bur.t. of • b .... -

pl.llII. 'Yltllll il .n.ly'l d by thl Ixp.rll11.ntll dlter .. in.tion o( 

ita timl-intlrvel .nd •• pUtud • • taU. ticll diatribution •• 

1 ,- INTROOUCTlO~1 - Th. undl rat,nding or the phyaicll lII.ch._ 

ni ••• ~hioh d.t"rllli"' bure t_like r ediat i on fro. pl .. elllee can ba 

i.portant for thl dlvllopmlnt of thlrlllonuclear r llll.rch. lnd l ed , 

in e01ll1l TOKAHACS ItronQ cyclotron radiation occurring in burlt e 

hi' b.en d,tlct.d in rlgilll'l in .. hich the run ••• y d l chonl Cln 

blh.vl like high .nllrgy dllctron bill .. III 121. To ilt an .xtr. 

in'iQht into the n.ture of the slsctron cyclotron in.t.bility 'I' 

.n.ly" it •• t,ti.tiod b.h.viour. I n our int. r.ction ch ... blr 

(La75 c • ••• B c.) .n .lsctron bO'1II (U b,2000 .V. ib' 0- 20 .. A. ~. 

0. 4 c.) crllte' itl o.n H, UulII pl ..... ( n - 10 9 c .. - J • 5 IV) 

und.r 101 ·prl • • url rlgi.ls (PH.' 4 . 2 x 10-
4 

Torr) in III.k IIIlg­

nltic rieldl (Ba - 0. 01 Wb ",_2). Und.r th ... condition. the cy­

clotron in.t.bilit:y i. characterizld by thl .pontansou. I .. illion 

of rlpid buretl ( - ·100 n.) with frequlncilll of thl ordlr of 

400 "'Hr. SinQ1I IlilP o.cillog: .... u.ually .how .equlnc •• of 

bur.tl .ith v.ri.bl .... plit ud • • nd irr.gul.r tilllS intllrv.l. 

b,t.l.n con. scutivl bur.ts. 

inQ m.nn.rl - A pin probe rec.iv •• the rf bur . ts .. hich . ft.: sm­

plific.tion 'rl 'IInt to • quadr.tic dotlctor .ho.e output i. 

f.d into. lIIultich.nnal .n.ly. sr dirsctly y i lllding thl ellplitudl 

distribut;ion p(E) 81 a function of E2. fiQ.l .ho •• typioal :1-

• ultl (Ba' 0.00.' Wb ._2)1 _ for we.k intlr.ction. (i b, · 6 .A) .11 

the bu: . t. h.v. precticelly the 11.111 . '''plitud. (0). Ae .1 in-

.'. ,-, 
I 

f ·ig.l 

cr.alll thll intlr.ction .trlngth 

(i b' B .A) the dllltribution 

brolldlnl mlinly to thl high Inlr­

gy lidl(b). for I otronlllr i nt .r­

IIction (i b' 10 mAl thl dietribu­

tion ia vlry broad (11) . howinll 

ths IKi. tlncl of .mall amplitude 

bur l t. which rssult from ths noo-

linu.r evolution of the high 11111-

plitudll on •• IJI. 

J . _ TIflE - INTERVAL STATI STICS, _ 

ThlY . Irl obtain. d a. (0110" '­

Th. cyclotron bur.t •• sra .mpli-

fied .nd thin 'Int to thll qUlld-

r.tic d.tscto r IIho •• output i . 

'.d into a conl tant fraction 

di . criminator. This unit gives 11 . harp pula. II'h.nsvsr a burst 

arriv.e . ith • pO'I~ . xcs.ding earns di.criminating 111,,01. Thia 

nl ' pul • • a. quenc. la th.n aunt to a tilll.·to-amplitud. convsrt . r 

• ho. , output i' f . d into the multichllnnsl anelye ar. In thia lIay . 

lII e obtain ths distribution of tims int . rvale b.t\lllan con ' lIcutivs 

occurrsnc •• of bure~ , lIith a po ... r , xc.lding . oml thrnhold 1 . " . 1. 

fig.2 uho •• ;YPiCal rll . ulta (B . 0.009 Wb m- 2 , ib' 10 mA),- Curve . . 
(a) .a. obtained ..,ith the d.t . ctioR . y. tllm a a e .n.itiv' a. POII­

d bl. (diaorilnin.ting hvll1 0:( .. ith 100% cutting th e comphte d ia-

iribu tion) . W. ' Ill that p( T· ) i • • tronQly p •• k.d et • c.rt.in 

v.lu. of r, Curv, (b) .... ~bt.in.d . 1th •• m1l11 di.cri. in.tinQ 

l . v.l (25:() .nd .. e note mon cl . arly th.t p( r ) h • • • p.riodi-

c.l , t.ructuu . Curve (cl h.d higher diacri .. in.ting l.val (75%) 

.nd ' 11 ••• that the meximUfll of prob.bility ie noli' fo und .t a 

hiih.r value or T. CurvlI (d) . ho • • the compl.t. di"pplerlncl 

0' the .m.ll tilll' int.rvel ... hln ... ortly enaly .. bur.t., wU h 

lug·. I lII pl1tude (di'C' 1.vll1 of 90%). for .I.k inteuotion. the 

oi.tributio n .pproach .... inlll •• he~p p.ak occurring It the l.t 

lI alClmu .. of p ( T). 

4._ A LOIo/E:R HVBRID WAVE 

VaryinQ the .xi.l •• g­

n.tic fie ld ., 'Id • • i-

A •• u.inQ th.t thll c~clo­

t ron in.t,bility ia l1li-

citod in the nl iQhbour_ 

hood ·of the upper hybrid 

fnqullncy (;0 - f uh ) .. 

d,termin.d for ·I.ch c • • e 

"lA ® 'i,ilL 
,Ct) 

~
' ',,,,,' 

"I: ® 

• • • -' ... 
fig,2 

~11. h ® 

"r,~ 
.. , 
CL.) @ Ll
' . ".,' 

I 
, , . . 

-lip.) 

, pe ' Plotting thl in".us or the period . (To) ·o·beerlled on the 

tim.-intllrval IItlltietiO' again.t f p. 11 11 vlrifi.d that the ,xplr­

illl.nt.l point. lie on a .traiQht lins. M.a.url lll.nt . .. . d. l11th 

oth.r no ble Q .... (Ar, N.) . ho •• d th.t the p.riodicity 1n t hl ti­

'111 interval dietribution r •• ult. 'rolll th.· , xcit,tion of . n ion 

.avlI . ith r - r pi , •• LIT 0 i. for .11 ca ••• ve ry clo •• to f pi' 

Thi. rl.ult .... lra.dy a.IIUlllld in 141. Thi ll ion .av. c.n bl in­

depllnd.ntly IIxoitlld b~ the ol ' otron b •••• lnd.ld, the th.orlticl.l 

IItudy o f thl di.p.r. ion of a cold b.llII-pl,.II •• y.tll. of finit e 

r.dial .xt.nt, .h.n .110 •• ncI i ••• ds r or ion lIot ion, .ho •• thlt . 

th're i. , prop'Q.tion b.nd ext.nding from. cutoff It f. flh to 

• r.llon.ncs .t f . f pe or r.. cs .hichev.r i. lo •• r t"51. In the 

c ••••• s era con.ider1ng (0.( f p.'" c.) thll lo ... r hybrid rrequllncy· 

verill. from 'pi (f p .... 0) to f p/.f'1 (f p.' 'Cl)·' Tho 1110. e pacs­

ch.rQ' .ev. of • • Iak bllall . ill th.n intlr.ot .ith t h'1 plllm. 

. avI •• t f - f pi and k cOllpri . ld b.t .... n W Pi/vOb and 

( w
pi 

+ Wpb)/"Ob ' vob blling the blalll .xial vllocity. Th.r.for. 

the un.tllbl. mode .ill d.v.lop a. 11 .t.ndinQ . av • • ino . the ...... -

llnQth .. ill bl or ths ordlr of or gr •• t . r than the l.ngth of the , 
intuaction chambl r (f pi - · ·4 HHz, tpb - 100 flHz, vob- 2.6~ x 10 

cm . -1), H.ncI , dus to the action at thi . lo •• r h~brid .evI. the 

plaBm. dln . ity .. ill vary plriodic.lly in ti .... ith • friqu.noy 

clos. to f pi' Ths int.rpr e t.tion of th e u.ult. of thia .teti.­

tieal ,n. ly . t . and the Ixpl.nation or the rol l pl.y.d by thl 

1011llr hybrid lIIav. on thl nonlin •• r d.v.l o pm, nt of thl allCtr~1n 

cyclotron inotebility .ill be preallnt.d in IJI. 
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NOM..INEAR INTERACTION BETW([H A LOWeR HYBRID WAVE AND Hit iner .... in the bunt. .... plltud. relulh froe t.o cony,rgln; 
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J.A.C. CABRAL, ",.E,r, SlLIIA Ind C.A.r. \/ARANDAS of th e cyclotron dllllpinq f.t. (UDr - S-lD .V, T. - 4 ,11). 

Llbor.tdrio d, Ellotrodin'.lcl _ CO_pl,"D lnterell'clplin" 4 .- STRONG INTERACTIONS. - Thl, 11tuat lgn cOrt"pondl to the 

Inltituto Sup.rior T'on100 _ Lt,bon _ Portugal condition. of our r or •• r publication 141 • f ig.l-. Iho •• thl 

A8STRACT _ n,. lnt.rprlt,tion o( thl ,t,t1,ticI of •• plitudl end Ich ••• Uc Ivolution or the 

at t1,,-lntlrYI1, I.,ooiltlel ,ith "qulnOI' or IllotrO" cyclo- l nlt,billtY!_ for t-O thl 

tron burat. rav.al. t ha pro round influ.nc. ot a 10 •• 1' hybrid 

•• v. on the nonlin.ar d.v.lopm.nt at the cyolotron 1n.tabllity. 

th.t • 10 •• 1' hybrid •• v •••• d.tact.d in our b ••• -pl ••••• y.t • • 

in eloa. oorral.tion .ith tha t •• por.l .tati.tic.l b.h.viour ot 

the al.otron cyolotron in.t.bllUy. To IInely •• the influ.nc. ot 

the pI •••• d.n.ity v.ri.tion.,c.u •• d by th.t II.V., on the lin •• r 

ch.ractari.tic. Gf the Gycl otron in.t.bllity ..... d. , n.1I1.ctinll 

i on lIot ion , a cOllpu t.r .tud~ ot tha r.al -k . o l u t i on. of the di.­

par. ion .qu.tion t or. cold b ••• - pl ••••• y.t •• t i Uinll • oylin­

dric.l •• vegu id. i ••• read in .n .. ial •• lIn.t i c field 121. 

corr •• pondinliJ to the toUo.ing p.r ••• t.r. , - f c.- "300 XHz, t pb-

110 f'lHz, p_ 0.6 c.-I, v
ob

• 2.6' x 10 9 c •• -1 .nd dirt.rant val ­

u •• ot f pa ' Co n.id. r ing only the nu •• rical. v.l ue. r.l.tim~ to 

the IIO.t un.t.bl. cyclotron .od ••• v.r1r i .d th.t b.l r , k end 

the gro.th r.t. lIIi all in cr •••• • onotonic.lly .ith the pI •••• 

d.n.Uy. A •• co nd co.put.r .tudy ••••• d. in which .a v.ri.d t p. 

in •• i.il.r .ay but k •• ping no •• oon.tant r.tio t pJt pa' Th. 

nu •• rio.l r •• ult •• ho. that ID r' k .nd lII i .ra no •• 01' ••• nal­

tiv. to the pI ••• • d.n.ity . 

2 •• WeAK INTERACTIONS,. In th ... c .... (1 0. v.lu .. or i b ) •• c.n 

• t.t. nOli th.t the in.tebllity 18 ch . r.ct .riz.d by e r.lall.tion 

pro c ••• origin.t.d by the 10 •• 1' hybrid •• v ... hich produo •• 11 

• h.dy .t.t. varietion of the pI •••• d.n.ity (Fig.l-b). A •• oon 

•• the in.t.nt.n.ou. d.n.ity n .lIc.ad. the thrlllhold level no IJl, 

t •• pGr.l .lIponantiel grG.th .t.rt •• ith an .v.r incr ••• ing groath 

ret •• Wh.n the dan.ity b.gin. to d.cr •••• the gro.th r.t. eho 

d.cre ••••• nd thi •• tebUizetion •• cheni •• l •• d. to the qu.nch ­

ing ot the in.t.bllity. Th. r.pid d.cr.e •• ot the bur.ta •• pli­

tud. i •• o.t probebly du e tc cyelot,ron dempingl- ind •• d , 1r •• 

COllput., b ••• d on the ebovlI lII.ntionlld nu ... ricel .tudy , the .n.r­

IIY U
oy

• ",.v 2/2 ot the el.ctron. IIhich .lIp.ri.nc. the in.t.bUi­

ty el.ctrio tield .t cyclctron r •• on.noll ( III r - k v III
C
.) •• rt.l­

lza ~hat tha d •• plng la producad by .l.ctrona .hich bel ono to the 

bulk ot the velocity dhtrlbution (U oy < 4 .11, Ta - , all). Thara­

rore w. cen .lIp.Ct thet the cyclotron deJllpinll rela IIUl ba l.rg •• 

Thi ... ach.nia .. juat1riaa tha exiat.noe ot e d anaity thr.ehold tor 

the IIlIcit.tion ot the cyclotron I n.tebllityl- the growth rat., 

' .h ich incr ..... wlth the pl •• III. dllnaity, IIU.t .xc •• d the .tronQ 

cyolotron d • .,ping ret •• W. hev •• xp.rill.ntelly v.ritied that the 

•• ak int.r.ctiona pr.a.nt buret a.quanc ••• hlller to th.t d.pic­

t.d Ont.rl~.l_b, .hich ara typicel ot • ral.x.tion o.cilIation 

lIith it. al_.t ,_function diatributiona both in till.-intarv.l. 

end in emplltuda Ill . 

,._ INTEAMEDIIHE INTERACTIONS , Wh.n th. lnterection .tranQth 

ia incr.e •• d thll burat •• Qu.nc., 10 •• 9 rlldueUy th.ir r.gulari­

ty •• nd the dilltr!butlona p(E) 11. aall . a p ( T) broad.n. Th . 

• 

rig.l 

pl ..... d.n. ity v.rl •• 

alloothly end the .y.t.1I p.r­

.. ita the Qro .. th of • l.rg. 

pr.vioualy ahown the cyelo­

tron •• va ( "'c,kor d.c.y. 

into 11 n.w cyclotron .av. 

( "' 1 < "'o,k1 :> kg) .nd into. 

low treQugnoy al.ctron pl .. -

... IIIIIV. ( 1II'2 , k2< 0). Th. 

Qrowth of the •• va ( "'2,k 2 ) 

originat ••• tronll a"d 1'.1.­

tivaly f •• t v.rietion a ef 

the pI •••• d.n.ity c.u.lng the d.coupling of the cyc:lotron w.v. 

froll the bea •• 10. epac.-charQ •• av •• Th. bur.t b.co ••• the only 

.n.rIlY aourc. tor the growth of the two n •••• v ••• nd v.ni.h •• 

,.hil. the el.otron plaa ..... v. ra.ch •• ita lII.x iau. of ... plltud •• 

a.e.d on rig.l-••• c:.n pradiot th.t . h.n.v.r n .xc •• d. nc ' .hort 

.lIall e.plitud. burat a c.n b •• Mcit.d .nd thi •• xpl.i"a the .xi.-

tanc. of the alll.ll p.ek at r.th.r 10 •• nargy in the •• plitud. 

diatribution Ill. Wh.n .th. pI ..... d.n.lty, .v.r.glld ov.r "'2 ' i. 

hiQh, the .xcit.tion of .. od.r.t ••• plitud •• odulat.d buret. 

b.colI •• po • • ibl., •• up.ri •• nt.Uy ob •• rv.d. Th ••• buret. ho.­

.v.r do not l •• d ta .ddition.l p.r ••• trio int.r.ction • • Th.r.to ­

r . the el.ctro" pl ... ,. wev. d.lllp. in .bout 2·' ion •• v. p.riod • 

.nd .rt.rllllrda • n •• high ... plitud. bur.t lII.y at.rt gro.ing. 

Th •• e con.id.r.tion. ara in ellr ..... nt .ith the brolld ... plllud • 

diatribution. obe.rv.d in the .. r.gi ••• Ill. W. h.v •• 1.0 a •• n 

in III th.t the ti .. , int.rval bet ••• n con •• cutiv. burate or high 

aaplitud. h.a it •• axi llu. of prob.bility for a value or T cor-

r •• pondlnQ to '.4 ion aev. p.riod., in .gr ...... nt wit h the pr.a.nt 

qulllitetiv. d.llcription of the int.rec:ti.on (Fig. l _a). W. clln the­

r efo r •• t.t. th.t , for the .trenll int.r.ction., ther e i . double 

...c:henia. involv.d l - (i) the reln.tion proc.a. conddared .bov. 

.nd ( it) the per.m.tric d.c.y of the bunta with high a .. plitud •• 

Th •• e high e .. plitud.a ere attdn.d b.caue.l- ( i ) the growt h r.t. 

i. l.rg •• nd (U) the eyclotron d •• pinll ill el .. o.t in.lIi.t.nt 

(U cy - 22 .11, T. - ., .v). 

Concluding the pap. I' a. c.n . tre .. th. t th •• e reaulta op.n the 

poaaibility of controlling the inat.bility d.velopllent by art!­

ficiel pl"(1Ia d.n.ity veri.tion. , not only in till. but 111110 in 

a p.c. (muiti - .irror configur.tione). Ev.ntuelly th.ae inat.blllty 

.upp r .. aion •• ch.nl .... might raault in eddition.l pl.all. ha.ting. 
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lea AND UPPEI.-IIY!IlID IlEA%IliIG III l"III CUUWI UVlTIIaI' 

A C Uvi""., H 11 Alt:Odr. _d 'I H Todd 

ClIlh_ lAboratory, Abinldoa, Omu. on4 301, U. l. 
(Iw:.tom/UUZA Pulioa A .. oehtioa) 

fo", -.il:'f"" ..... blud pl .. _ in the Culb .. r..vitroa. At .-,,,, l.vdl 

.. 10 W rn. h.-\b, .h .pltid·l,. loeatad It.lIIl:e ·IIu,··wt..u ... t hilblr 

POW'" 1 ..... 11 h'ltiol oecura b.rv.1UI IIIU and thl upp'''' h,.brid rllOOaDu. 

Tb. prOfUII ra .... io unchlllll.d for thanl" in thl plan. of poluh. tioo of 

Il.et",on qt10troD rllwaDu (ICK) hllti", h .. balD Ulld IIItlUllivd,. 

for blltbl pI ..... and rac:e.ntl,. it h .. !laan .... d to raill thl b1,Lllr. t~ra­

tur. of the al'l:ttOllI in thl t3 TokAllLllr.(.l). lIith hilh pov,"" 1000"'ell 

bac:all.iDI IVIUlIlIl.(21 and vith thl ob .. rvltion of iOIl hlltinl thro\1jh plra­

_trie d.I:.,. proc ..... (3) aicr""lv, rldhtiOll eould bl uuful for heatilll 

lar.., pI....... . Praliaiuary nudi .. of pI ....... produu d b,. ail:rovava blltilll 

ill th. CI.Ilb .. lAvitroa are u.cribad for fidd .trallltbe up to 5.8. kG 

_d vith pl .. lIII iD wbic:h IIIp." IIIU' 

Tb. Culh .. lAvitrOll h an IlIh,,-trie ""chin. vith •• t'fOllI poloid. l 

fhld ,rovided by I lupertoDduetiol rilll wiodilll witb IIIIjor and mioor dh-

by .n ...... l vertical field coih ..,d th. toroidll ...... tic. f.i1l4 il ,rovidad 

t.r ·a n turn villdial ' St .... ,. .rae. ,l .. _.··v.n- ,rodue.d · !luriAl 3.5 "I: 

pull .. of _erow.v. power. 

lbe d.ctroll t .... ratun (T.) and d.lldt,. (11.) profU .. vera .... urad 

vitb • doubl. l.&lI..w.r probe with 'ph.ril:al tip. 2 _ ill di._tu I ,.ced 

5 _ aput. Tb. proba tip. _re ali .... d app"'o:rlJu.td,. ,lra11d to the ...­

.tic flald. Tb. probe volt ... 1Nl w.pt It 10 lUll. ...... COlltinOO'" ... w:. 

of Ta aDd I, VII obtaiued by .. an, of • ral:llltly d.vdop.d ly.terJ4] • . Tb. 

vduel of. 11. caleulaud. from t., I, and probe U'I v . re lIor1lll1had by e hetor 

1. 5 or 1," to tbe "'Ilue of n, obtah.d vitb tbe 4 _ lIIterhr_t.r. 

Profile. of n. aDd T. vera ncordld for 'i!Verll p"".r lav.1I vith tb. Ica 

point It 1.2 01 fro. eha rillJ (lK - 110 kAT, fu - 10 GIia). Tho .. for 11, 

18 and 130 W n , hili ... s .. ·;pr ... ur. of .• l..o 1Co,u:tS ·Tou · _ ·.-...u. in Pil.l. 

Tbl intarlltilll f .. tun of thu. profUII h thlt ,t I"" p_er (11 W) the 

T. profile .b"". the t the heetinl h loc l t l d et tbe lurfece io vhieh ~-"'ce 

bvt at tb, hiahlr power, it IItIVII to vhere Idea < "'lP' Th. ratio of fi.ld 

Itrenltb. It. tvllll tb. ilUl.r .... d ou t . r . dsea of the pI .... vn 1.7. Tb. u".r 

hybrid rllonance point, vb.re w,; -~ .• IIIp! + ble!, h lIII",ked on eel:h Te pro­

fil. and thl h.ltll11 .ppeare to OCI:U'" bltve.e.n vhere ~ • loI
e
• and "\m' 10 the 

central relion of the denlity profUII the ratio 1II,!/bl
C

! le . allltllt ind.pan­

dant of politioa but incra .... witb p<III.r l e vel (0 .6, 0.8 and 1.1 for 11 , 18 

and 130 W r " p'l:tivaly) . 

of 1000 W.. H.re th. rllOllanea h 1.3 till f",olll the rinl, 1" .. 180 kAT, 

fR!' • 16.2S CH, and tbe hydros_n I" pn .. utl! i • . S.10-6 Tou . lbe u".r 

hybrid "'"oa"'l:l h v . ll eeplreted fr_ tb. ECK poillt vhe re I IIl:ond 1IUJIi_ 

in Ta h ob,ervad. Tba ntio Idp! /IdC! h .. I IIl!1rly I:on'tant vd .... of .. 1 . 7 

ill the tllltral part of tb . profile .U ..... tiIlS I ,hi." thrllhold for", .het­

ron qdot"'OQ iIIlnbilit,!S] or Idditiollll dampilll .. 11. I "ro.diu I eritical 

... d ..... 

Tb. plaDl of polarineiOll of th . ai l:rOVIVe radiatiOll Vel ",otatld fro. 

1.1 t o I .... , but the effal:t oa the ... ur.d profUII Vel 1 ... than. fav p.r 

cellt .ven for tbl na",,,,ov profiln tlntred on IIIce Tb, pollrha tiOll frOll the 

hOnl .... ured ill. thl open l abor .tory v .. bitter than 9SX but .catteri", of 

tb . radiation by tb. _tal COlllpOIl.llta . ro .... d the pI .... ...,. 'CCOWlt for the 

laelt of . .... ithic,. to pohrintiOll, Thil a ff ,ct h .. ba.1I iIIvoked ill Tok-': 

TORI 119 

.zp.ri_lIt, to 'zpllia tb. helt of ,oluhation ob .. ".d iD tb. iDver .. pro­

ce .. of tb. llII1 .. ioa of el.ctroo qdotrOll h.~il: radiatiOll(6). 

Th. ,onr "Io",b.d by the pi ..... v .. celculated fr_ the T,' 11. profilll, 

I" ul!.lity and ell.r.,. lOll par iOll plir for bydrollll. The aicrova .... pow.r 

v .... pantaly taUbratld I:alori .. tritally. Iffidand .. up to 70X vera 

ob .. rved vitbout illeludi", additional 10 .... due to tbrmel toIIdul:tivity or 

t-pority radiation. Tb. uperi_tl of Porkol" .t 11.(7] vere carriad wt 

ill tbe ._ fr'q\laney, alectrOll' d .... lity. 1II..II tll!lllpU:l.t!:ln-. r ...... : .... d th. 'u.­
Illude in.tabiliti ... they obllrvad ""Y allo be prllellt in our 1:'" b.adi~ 

to tb •• fUti.llt "'O."tiOll of pow.", . 

• ..... ~ 
I 

• 

I ..... OOkAT 

11« • 1200'" 
Pt.. .. l.o.IO""'klrr 

PuI ... ?109. 13.~ 

Kl GMJ AF 

00 , 
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00 
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LOW FREQUENCY ELECTROSTATIC WAVE S IN Tl!l! CUUIAK (ZVlTIlON 

D I!: T F "-hby. E K Jon .. , D P I! Start 

Culh .... Laboratory , Ahin&don, Oxon, OXl4 lOB, u.lt. 
(Euru .... /IltAEA PUlion A .. oei_tion) 

:!..!!M:!: ~ frequen cy « 250 kHz) WAY" pruent in an ECRH-producd 

.iu. pi ...... in the Culhlllll Levitr"n hlvl been iovutlaatld u. ing probu 

so kHz la id.",tifhd .. drif t ... v.. . Latla amplitude. ... vu .. ear 

kJb Ira a ttributed to thl t e"'Pfl r lturl ,radiant inn.biUt,. 

~ dOl of _jor noli ... JO CII , OIiftor cadi ... 6.8 c-. TOTOidd 1,,01 .... rticd 

,ldl Ire luperilllpoud on the pdoidal rioll field to ,ivI high-, haar ui-

_crie Held confilutatlonl (L. _ 10 till , IBI = 3 kG, 116/B .... 10). 

~vi_ fluctuation .... ure_ou(2.3] in the machine hl .. 1 lHIeo concernd 

th d.cayiDa pl .. 1IIU and ch, , fflc t of olwic hutilll CUHlnt. Tbi , p. pu 

d. with It.ady- stata hltUIII di.chuS" produtad by BeRM (_ 180 101 at 

Gib) liviol lie " 5" 101lc;m-3 and T •• 5 AV. 

~: Kelll pi .... pn.-un wen ...... nd froll Hal Iiaht _i"ion 

d • .ucrow ..... interf.r_ter, b .. t .... jor r e liance w .. pl.ced On probu . A 

ept doubll probe wee ... ed to ........ n n. and Te .a a t .. nction of poa itionj 

" 'ia, . 1(e) and l(b). n .. ctunion. in floninl pot' ntia l w"n meIJur. d 

ina prob .. with 0 . 6 _ di_ter pl.tin ... , phere" Group' of up t o four 

obet WIn ... ed thWl .11owina ItS' It. and Itr to be datermined. The d.nd, 

n di.itdi",d ulin, tut ADC. and then "ourier andy"d to .i ... e. amplitude 

<I ph ... . pectn. 

!!!!:!!' Power I pectr •• t tbr.e differeot dilt"""". tros tbe rinl ne .h""" 

'il.2 tOlethar with the rale ... ent ple ..... and ""&!le tic field p.r_t.n. 

2 , 4 
Distance from rmg (cm) 

10 

:re 8 

(tV)6 

4 

2 

Fig Ib 

2 , 4 
Distonct from rlng(cm) 
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.-.p1l.t .. d • .QId fn'l ... ftc:y .croll the pI ..... At 3. 5 cs frOll the rioa it Ipp-u. 

occ:uionllly and i, compleuly .b"nt .t 3.0 CIII.. Ph .. e ..... ="""'nt •• t thh 

peelt aive It, •• 0.3 ""d It r ... 0.2-0.6, .. her ••• hT.'"i' it i •• ttdbuted to 

• drift ".VI, whicb ill toroidal ae_try nud not be 'hur-'tebili~.J4). It. 

di. .. ppur""c. in Pi •. 2(c) .anet with t he chanl" ill "a - d(1ol"Te.)/d(1oa"II.) 

which .tlbittEn the drift ... n(5). Tb. fU'IuellC)' of th" pe" impliu • Doppler 

abift d ... to. luidh. centre ... elocity, .... c .. bich h .. 1. 3xI05.,.juc f or 'i • . 2(b). 

Applyiua thi ..... 1 ... of .... c to the 'pectr\lll lie'" 10 Itlb .h ..... that the .. 

. vu .r. ch,ucterhed by iliac" 0 .. h.n iliac h the .fn'lu.ncy in the .ution-

., luidill. centre fr ..... , A,,"""'o. ther Ti - Te' '0 th.t Ili • "e' th.n the 

,haviour of the. l ow fr.'1u.oey .. e ... e i. cond.tent .. ith the cnllhiooal t.!llpen­

.n .rl4hot w . ... e[6) whi~ hu IIIIC .. 0 and it unltebl. if 1'I i :> 2/J . Keuun­

",t .heN. th.t It,. ~ 0.1 Il/Id k
r 
... 0 .5. Tb . eollitionll tllllp.ntue .radhnt 

lve "I"I'I~lr .. ~.\mfp (. 1 which becolI ... k •• (. L.'}.mfp if ,hur ilOpo", the con­

:raint ? " k L md th ... 1Mk ... k. " ,-1; the ... 'q>r ... ion. are. .. tlefhd , .. 
<peri_nt.Uy. A t .. ~thlf "I"I'Iuinlllllnt it thn 1II,t •• k.vd• :> It"~j t bh 

,e'lu.lity..., be written k.a) knLn ' which it 11'0 .. tllfied (L:
I 

- II-ldn/d,,) 

n 'p.ctrllll .~ th .. e low fu'I"''''';'' la domin.ted by • tin.l.· fre.'1uen cy whOle. 

,,' kifP·O,l 
IQI 

• 
'6' 

10' 

10 

,,, k~Q:O.07 Ibl 

10' 

10'1 

,,< 

10.3 

(cl 

.' 
10'1 

10' 

10" 

Di.tMCe. f rea rins - 4 . 0 COl 

ne • O.S 

, - 0, 12 COl 

Electron drift ... el. Vd • • l.l" 10Sca/lle 

Mean f ree p.th }.mfp - 38 em 

181 • 2.6 kG 

Pitch l l l1ath Lp .. 33 eao 

Averal. , he.r length t: •• 11 CC! 

Diatlnc. froll rinB - 3. S CII 

lie - 1.0 

• • 0 .14 CS 

electron drift ... el . "'de • 1.3" 10SdII/lllc 

Me,n fr .. p. th Amfp - 49 ca 

181 - 2 . 9 ItC 

Pitch l . nath Lp " 20 "'" 

Avera • •• h •• r hnlth L •• 17 em 

Din .. c. fro. rilll - 3.0 C1I 

lie. - 1.4 

• _0. 17"", 

Electroo. drift ..... 1. Vd. - 1.1 " 105.,.jIllC 

Mean fr •• path ",up - 84 c:II 

lel ·3.0 ItC 

Pitch l e.n.th Lp " 14 ca 

A ... erale .h .. r l enlth r, • 23 "'" 

!iI:.l Pover . pectu of •• t different di.tmc .. from the ring, 

cohe re .. "" leo.th il are.ater than the roroidd circlllllfer.nc. of the ... chilll. 

DISCUSSl(J{ AND CCtiCLUSICti: In the pnunt ."".H.ou drift VI"'e' domio.atl 

tbe fluctuatinll ' pl Ctrua nur thl edae. of th. plulII& .. hlu n. h ._11-

further ioto the pI ...... vh.n 'It "1'Ie >'2 /3. the drift v.v., IU upl.ced by 

h rle. emplitud. low fr''1uency w ...... who .. c:h.ract.rhtie.t er. coo.iltent 

.. ith the coUitional te~eratuu ludi.nt ift.t.bUity. In cOM' cti"", vith 

othe r .... c:hin •• it i . vorth 00t1111 that for the t.mperature .r.dhnt 11 ..... 

the dolllinmt fluctuetin. p.UIDH.U .re. Ti .. d v. ' tbe pI .... vllocity dona 

the field lioll. Typica lly Ti/Ti" ;'./"'i » :i/nl - elM •• wh.n Vi -AT;"i 

Md • h the Uuctu.tina pI ..... potentill, Since the floatin. pntentid h 

proportioftd to ;n' the ulllpentun ludlent ","'e cm be dltected e .. Uy by 

prob .. ; how.vlr it viU b. 1 . ...... ~i ..... ustol ,.,.trerin, t ec:hni'lun vhich 

..... ure :i/n . 

ACIOIOIllZDCltHBNTS, The .uthor_ lratt-fully adr.nowhdle the contribution to 

thit worlt Md. by th" membe ra of thl Llvitron Te .. , l .d by D .. 5v •• tJDllo, 

md by J G Cord.y and It J H .. ti. Oft tbe th.ory of drift .. av ... 

~ 

[l) A C Rivhu , D It 511""tlllOn, Proc. 5th Bur. COllf. 00 Controll. d 'u.ion 
' md Pl .. 1U Phy,ic" Grenoble. 1912 , p . 95. 

(2] "It Mo.worth e t d. Proe. 6th Kilt. Coof. 011 Controlled 'uaion IIDd 
.pt ...... Phy"c" Le .... MI,,! (1975) , , . 121. 

Cl) "\I Alcock It d. Sbth Cont, .... PI ...... Plly,. ""d Controlhd "u,inn 
' RUllrch, tIIrcht ..... d .... 1976, IABA-CII35/D12, 

(4) J G CordlY md II J Henh, ClJto-P476 (1977) - to be ,ublhbed io Nuc1-
. '",ioo, .ho ' 
J B T.ylor, Suth Conf, 011 'lulU Phyl, ' and Cootrolle4 '",ioo. Ilale.arch, 
Bercht .... dan ( 1916), IA!A-CII3S/tIl0. 

(5] A A Ilukhdn and V P stUn , Sov, Pby,: U'pekbi , g, No.' (l969), p . 659. 

(6) C W Horton and RI. V.nu, Pby •. Pluid., 11, No,4 (1972) p.620. 



TORI 121 

S'I'UIIY OF M1.GlreTIC SHAPING IN A SIlELL-LESS I{Y8RID TOKAMJIX WITIl OCTOPOLE Thus, one conclude that the crosa s .. cUonal shape of the plaslllll. column 

T. Okuda, Y. Tanaka , K. Sakur .. ! and It. NMalnura a t tha t time is o-shllpe with two neutra l points of the poloid"l magnetic 

Depart_nt of Electronics, Na90Y" Univereity, Nagoy" 464 JAPAN field located on the inner .,,,11 of the yacuWII vessel. 

A positionally stable plas ..... with D~sh"pe can be produced in " hybrid 

tokamak with octopoI,. conductou. Also the poloidal distribution of ien 

flux to the limiter exhibits iI gcod convergence into the cornen of the 

square magnetic surface. 

In order to attain a stable confinea>ent without a c:onducting ehell, 

a n axi sY""""tric .... gneUc field configuration with" shll.pinq field produced 

by exte rnal conductors has been proposed(ll-(Sl . 

In our hybrid tokaNk, " non-circular o;agnetic surface is realized by 

octopole ccnductors wound outside the vacuum vessel and has. separatrix. 

The separatrix IMy act as an i"""",terial limiter and provides axhyanetric 

poloidal divertora, .,hich ia required for solvinq the impurity problem. 

(a) Apparatus 

In order to verify the possibility and the predicted properties of 

such a hybrid tokamak c:onfi'JUraUon, ..., constructed a compact toroldal 

machine (1I~'l'OK I-a ) which ls shown in Fi". 1 . This _chins has no 

conductin" shell and the vaCUum vessel V is made of ut"inless steel bellows 

of 0.2 mm thick. The IMqneUc skin ti.,., of the venel is about 30 jlSec. 

Three lLXisYfl!llll'trical external conductor nyst ...... CM' CJ ' Cv are placed 

insid~ the toroldal ..... gnetic field COUB. The ""t opale conductors CM are 

used for Bhapinq the maqnetic Bur f a"". The vertical field produced by the 

CH conduc t or& h compens"ted by the vertic"l fi"ld conductor s ~ in order 

to keep the equilibrium paBition of the plasma. 

The experi .... n t .l parameters " re as [ollowSI the tor oidal field HT -

3 kG, the ..... jor r"ciuB R _ 30 ca, the ro.inor r"dius of a molybdenum limiter -. 1" a. 8 cm, the work!n" pressure of li e , P - 1.4 x 10 torr. 

At the time 80 jleec after firinq the d ischarge by injectin" an initial 

pl"s .... produced by t wo coaxial quns into the veuel which is filled .,ith 

helium, the octopole field h epplied. The plasma current reaches" .... xi-

mum value 10 kA "t 0.6 - 0.1 "",ec after the initiation of the dischar"e. 

The electron dendty is 3 x 1013 "",-3 (measured by " SO GHz interferometer), 

the mean conductivity t emperature iB 20 eV (under the IISSumption thllt the 

effective cMrge Ze ft - 2). 

Fig . 1. Minor c,?ss section 

of HYB'l'OK I·" . 

Fiq. 2. An ex"",ple of poloidlll-field 

""'''Buremente for the cue of Il-sh"ped 

cross section . The v .. lues of the current 

nowln" in CM' C
J 

and Cv .. re 3.0 kA per one conductor, 5.1 ItA and -0.18 kJO.., 

respectively, .. nd the plas .... ""rrent is -8.0 kJO... 

(b) Equilibrium 

A typicbl ex.arople of the observ"d poloidal field j unt outatde the 

vacuum vesse l "t 0.4 IOnec is s hown in Fi". 2. The thin linea eh"'" the 

magnetic ~ urfaCIJS computed by the technique previously propos"d by us (l) 

and the .. rrows indic .. te the direction and the relative amplitude of the 

me .. sured poloidd .... gneti" Held . Both p .. t t erns fairly .. gree .,ith each 

other. 

Fig . 3 . Magnetic field confi,,=,,-

tion for the case of "quare croBS 

nection. The values of the "urrent 

flowtn" in CM' CJ "\ld Cv .. re 1. 7 

ItA per one condu"tor, 3.0 kJO.. and 

·0.04 ItA, respectively, "'Id the 

plasma current is -5 . 0 ItA . 

Fi" . 4 . Experimentd results of 

the time variation of the poloidal 

distribution of the udial ion flux 

the poloida.l an"le indic .. ted in Fi". 1. tl - SO j.Jse" " nd t3 • 250 \lsec 

" re the tiJr.e .. fter the disch .. rge firing. 

(c) Particle Tr .. nsport ne .. r the separ"trix 

A "aqneti" configur" tion with aquare croas s-ection .. s shown in Pi" . 3 

can be obt .. ined " t t he earlier time. In thiB c .. se, the neutral points ar.e 

outside the liorlter surf .. ce L .. nd the .... "netic surfacs 5 which touches 

tan"enti .. lly with L "cts ...... oepar .. trix for the particle transport alon" 

the .... gnet!" line of for"" . 

FOr this reuon, the particles diffusin" out o! such a .... gnetic 

sur f .. c e .. re expected to conver<Je into the corne rs, but spread to the 

extent of d _ (D<;:R/,rT;;/M)1/2 , where D, 'I, Te .. nd H .. re t he diffusion 

coefficient , s .. fety f .. ctor, electron te"peratur e and ion 1IIlI8& , respective-

ly. To verify this, the angular dis t ribution of ion flux r t o L is me .. s-

=ed by the plane COll ftctou (PI to P14) as shown in Fi". 1. The result. 

obtained .. t SO and 250 \lsec . fter the initi .. tion of the disch .. rge .. re ehown 

in Fig. 4. 

From. the figure, it 18 seen that the p .. <;ticle flux is converqed into 

the cornern, Le. e _ 45· a nd 135" , in "ccordance with the prediction. The 

pe .. k value correspond in" to the outer corner h l .. r"er th .. n thftt correspond -

ing to the inner corner. 'rhis is expl ained by the toroida l effect of eT 

and the position of the pluma . The diffusion coefficient D· (a/( ne»r 

is found to be 8.7 m2/8 from the .. ver""ed value of r, shown in Fig. 4 . The 

extent d descr ibed above is therefore expected to be d - 2.9 c .. ('I - S, Te 

_ 10 ev) , which 18 reasonable .. s the wIdth of ths two peakm .. t the cornera. 

We p r esented the experimen t "l results conUrmin" that .. poBition"Uy 

s tabl ft toroida1 plas .... with" Il-sh .. ped croBa section can be .... intained in 

the hybrid shell-lass octopole tokamak. In connection .,ith the sh .. pin" ot 

the .... gnetic s ur face , the polold .. l distribution of the ion flux diffusing 

out from the IDOSt ou t "r closed ""''1notic surfsce vU s tudied. From the 

fact th .. t two peaks of the particle flux appe .. r ed a t the corner. , it w .... 

found that tht. .... gnetic surface play" D role of " lepar"trix, "long which 

particles .. ra diverted. 

• Present address: Japan Atomic Enerqy Rese .. rch lnati t ute. 

(l) T. Matsu!, Y. Tanak .. a nd T. Okud .. , Nucle .. r Fusion!! (1973) 671. 

(l) W. Feneber" and K. Lo.chner, Nucle"r Fusion.!l (1973) 549 . 

(3) x . Sakurai, Y. T .. nak .... nd T. Okud .. , J. Phy • . Soc. J"pan .!!. (1974) 1108. 

(4) K. S .. kurai, Y. Tanaka and T. Okuda, Phys . Letters.!! (l974) 331. 

(5) K. Sakurai, Y. T"naka "nd T. Okud .. , PI .. sm .. Phy • • ~ (l97s) 2&1. 
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ON TIlE STATE or LOWBST !N2RCY DI IDEAL HHD 

c . o . Spin 

Itu.-Plncl<-lllnl~ut fUr ,tal.pbydlt . 8046 Gcrcliiq bat Klnchea 

",.dent kpubHc of Gel'llllD7 

~ Th' IUU of lov .. t 1 .. 1117 ill toroidal HHD pla ..... depI"dl dil­

contiolloudy 00 cued!! paralDllten which Ire related to tb. t OPD l ol)' of tb. 

_anule field linn. Thil hct iI delllOnnuted ... d di , ,,,, .. ,d . 

In many phylical .,_UtU , Icable aq\liUbrh I n Itatn of Iowel" pocential 

eDaray. Tht. "Inerl, pdndph" 11 co"lidered '" fundamental thlt it 11 

lo_ci ..... pOI ,,"latI4 I •• definition of Itability Iven whl" iu relation 

to the 'qultionl of .. tion 11 lIoknoom ... i s tb, cu. in nonlin ... ideal 

HHD. The nOllli" .. " turay prindpl. of MIlD [L] has recently found in-

<:n .. ,d _tuntion in connection with """",deal "(,-",,ut,tio'" of ' t ebh tn­

roid.1 equiHbrh Il,!!, Thl potential I"eray . U - !dT(¥1+ Y~I p), Y" SIl. 

l. .illimiu.d by vuyilll the lolenoidal _anetic fhld B ami tbe prlllun p 

lubj,u;.t to thl boundlry coodltioo BII .. 0 ... d .ubject to tbe cOll.ttalllt of 

.cc:ellibiUty: tbe atat .. in COIIIP.tition Ire cOllnected witb I""'" t lhulIC' 

Itlta by • p.tb vbich coallrv .. Nil, 'nttDPJ', ancI flUll. Clearly , th. 

teaulti", .tibia .quiHbdUII (if it ... hu at .11) depend. UpOIl the 

r . feuac. It.U . It h thl pUrpoll of tbe prlleot note to point out th.t 

thh depeodence h not contiauou.. 

Let u. fiut, •• '" illu.tntioo, con.ider the ool-d~ ... ionllly con­

. tuind .. tloll of I p.rticl. in. ND-dime ... iooal potelltial, y .. 0, 

'If .. - aU(1< , y)/h. Her., the p.ra .... t . r y repr ... ent. the reference .t.t •• 

EquiHbria .n chlracterh.d by aula.. .. o . AD equilibrium h .table if, 

in addition, U hll I loc.l 1II1nilD.l1ll with rupect to.. . If tha poUntial 11 

a .... oth function af 1< lod y, I Itlbll equi librium depeod. COntinUDU.ty on 

y whenev.r a1u/ar ~ 0, 10 that di . cootiouitiu CIII ooly occur .t N r.inll 

poiot. . Linllrhin, about I a t able equilibriulll, ooe fiod e thlt th. 

I pectrum (vhich in thh CII. condlea of tvo dgellvaluu of oppodte dgn) 

iocludll th. orilin, I nd thlt thar. Ire lineerly IIr""ing .olutio ... vheneve r 

thl dependellc, on y h dllcontinuoul . Obvioualy. thit i . I lomewh.t I"",ap­

tional aitu.tioa. 

It il ",,11 I<oovn that thi. dtUltioll h c.-n io lioeariud ideal MIlD: 

the . pectrum h nlVlr boundd lV'y trOll tha origin [4J, .nd than era 

alWlYI linlldy .ravial .olution. [SJ (with the pollible "",ception of equi­

libri.1 with no clo.adNll'ltic fiald Ha ... or with co ... t ... t pren ur.). 

J'urtb.no;ou, tb l .tabUity crielria [6,1J darivabh fro .. the .ecolld 

vlriltioo of the pountial [8J blhlVI diacontinUDualy (I flllily of 

.heldlll equilibr il dependi.,. On the roution oWlber 11 cln be con.trueud 

aueh tblt ratioUll 11 illlpU" atability. but irr.tional 11 i"'Pliea ir .. tabi­

lity). Tb .. a patholo.ical falturn of the line.r theory auuut thlt th l 

plr_Ur dlplodlnc. ot the .taU of loveat ene"y in the noll1in •• r th.ory 

i. alw.y. diaconttnUDu" To Ihow th.t thie ia illdeed the c ... w. dalDllO­

IttlU tblt for .rbittlry Iqui1ibrh (ncept for tho .. 1IIInti ooed b.fore) a 

n.igbborillg ~illOleCl .. ibla) Itat. uier. fro"," whieh an .ctelli.bla p.th of 

lDllootOuiCllly d.erlldol potential l .. dl to I 1I00-nei.hboriD& ltete . Th. 

delDlln.tntillll h b ... d on tvo theorelll. 

~ Yor .v.ry Iqui11briU1ll (with tha Ibove rlltriction.) Irb itrarily 

.111111 11180ltic Hald p.rturbltiool .. ith continuous fint duiv.tiv .. c.n 

be found .uch thlt the rllutting fiald 11011 pe rfon finite ncutlioo. frOIll 

the pr.nutl .urfacII . Tbb p.rturbltion i . I .. ociated vith a chla •• io 

topolo.y , alld h.oc. DOt aecI .. iblll it u.ually lead. to • lIIOtI tOIlpUt.Ud 

topololY (it t hl .quilibtiulll fidd lin" In elo .. d, the p.rturbed 011" 

In Iqodicl it the equilibrhlll field lilll . fon lIuted lUIIostic aurhc .. , 

ch. PlrtUrbed onll uhibit .0 ialllld .truetute). 

Tbeore. I la nontrivial only if thl Cuilibri ..... fhld h .. Ihllr. It 

followl froa T.I<.III'. couauru....,l. 9J to Mollr'. weU-u-o 

tvilt thlOUIII OID. Mo .. r'. theor ... impHII tblt p_erturbing field. vitb 

.ufficl.otly NIIJ' darivltiv .. do not l11av !illite excunionl of fhld 

liou. TU.III' . rllult illpUII that p. rturbi ... fieldl "ith one deri"'ltiv. 

do. Obvioully. Our r.llont ... d.pelld. 011 .llowing field puturbltioll ... itb 

diacontinuou. hlahar d.rivld ... lI. PrOll the poiot of view of phylica thi. 

ia DOt .t III objlctioo.ble b.clu .. hilhlr duivICiYII, uoLike Hnt 

derivltiv .. .. hich dafin. forclI, hive no phyaical .... ani .... 

~ SUrtinl fro ... n Irbittlry initid . t ete, llinillintion of tlla 

potantial with rllpect to the pr.nure io .n infinite. illlll flux tub. with 

fix. d "'"In.tic Hald yield l COlllt.nt pru. ure alonll field linu . Th, 
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poteothl deere .... IIIOlIOtollieally frOlD the initial .taU to the corre.poo­

din. fioll Itlte. 

SincI tbe qu,"tity to be lllinillliud la (p) , Whir, ( .• ) la thl volUIIMI 

Iv_r"I , .od l inCI the appropriate cOII.traint (whid! follav. fro .. the coa­

u rvltion of ...... nd entropy) i . fixed (pI/Y), the fint plrt of 

Thlorelll 2 foil"". fr .. HII lder' . illequllity, (p) ~ (pI/Y)Y for Y ~ I . 

Th. neond part i. proved by COlllideri .... fwly of prlllure functianl. 

Pl" (lpI/Y+ (I - l)(p l/y»y, 10 th.t the filial ( .. illiaddna) pn.IIUU i, 

obtained fro .. the initill (arbitrary) pre .. ue. by dac tllaina thl par ..... t.r 

A frOlll 01101 to Uto . Then, d(PA) IdA" (+<u» . whf-ce u" pI/Y_(pl/y), 

Hu) .. '(u«pl/Y)+ Au)y-I , Ind Jeoleo' . ioequ.lity , which .... rt. that 

(+(u» 2 +( (u» for convex functiolll . , 11 u .. d to I holl thlt 

d(P,) IdA 2; O. 

Now, ton.ld.d ... ID arbitrary equilibrilllll (which , of coun. , hll con.uot 

pr'''Utl alonl n.ld linea), ve con. truct • aeilhborina It.U by pleturhi.,. 

thl 1D'"Io.tic fi.ld .ccording to Theorelll l. l a thi. ICat. , tbe pr.llur. 

v.ri.doa alo.,. fiald Un .. h fillite. Tb.refore, the cou •• polldh" .uu 

with conluat pre .. ure along field line., which .ccordina to Tbeoru 2 la 

Icel .. ibl. atoa. I path of decre .. ina potenthl, la DOt o.i,hborh". 

To dhcuII the i..,Uc.tionl we reta Il that the oonliollr ROer.,. printipla 

la bl .. d on 10 i1D'"liaed arperilllent DJ in vbieh the hilt .en.nted by .... 

• ... 11 vhcality i. "IOIIlbav .. gic.lly" remov.d uotil thl .Ut. of 1000.t 

potanthl la ruehed. We hlye . bovn th.t the thlllg. of the tioal , t.ta 

Clulld by • eOntlauOUI chlDge of the initial atlea .. hid! bn ..... the topo­

loay 11 dileontioUDul . An i ..... dhta conaequeoce la th.t the i1D'"lillld 

axp.rilDent 11 irreproducible, IIId hence uophy~ical. 8y thl ._ token , 

.triet dhtinction berveen . table Ind un.tabl. eqllilibrl. la Iho uo­

phyliell. """IYer , it ehould be etrund that the tilDe-dlplod.ot KIID 

equ.tioo •• re not uophyaicd betlu •• theae define. WIll-POlld initial 

vllu. probl . lII. It should .180 be 8trened th.t MIlD lubllity Itill ia I 

un ful concept: Our ruult it cOllpltibll " lth the .uu1IIInt th.t Itabll 

equiHbri l .te alvlY. Icceptabla , but tbat I decilion 11 ta "hither .n 

un.tabll equilibriUIII la .cceptable de penda on iafoI1ll'tl.oo not ,obulo.bll 

fro .. the ""rIY prilldpl • . 

Aa to o ...... ru:al llliailliutiolll of the enet.,.. tha .. Ihould oot bl illlJled.d 

by our rllult 11 1011& 11 the topolollY iI' .. a ll-d.Uoed aocl accurately coo­

.. rvd. Tbil h tba c ... i o tlcent calculationl [2J vbln III 'l'Icdit 

con.trlint .aluru thlt there .re ""'ted I118n.tit . urfaell (to which fi .. ed 

vlluII of ..... , IntrOPY, ... d r ot ltion oudl.r .re thin .. Ii.aed.) Tb. 

pr.uot tI_ult .howa that aueh • eOD.tucint i. nat jll.t an I xpedi.ot for 

.ieplifyl'lll the probl •• , but 11.0 I nlclldty in ord.r to hlv, I coaputabll 

probleD It Ill. How.ver . it Iho iadiclt .. th.t iepoala. the a"od.it coo-

It r lint and .i ... lt .... oully [2J llIuadna thlt .11 fi.ld lioll .re elolld 

(i.a. IlIi.aiOll the ...... ratiooal roUtiaa lIudl.r to III .urhell) Ihould 

yiald I final IUt. torally d1ffetlllt frOIl the HUll .uu obtlia.d by 0 [J 
t .... in. the ._ ioitial .taU, but illlpod.,. tb. noo-Itlodie connreiot 

.ppropri.te to cloud-line Iy.t .... . 
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HcmUn .. r Proputia. of r .. rina HocI •• in Tok .... kt The corn.pondl.,. DO'D.1i'll .. r aqudeD' era 
D. Bi.kamp , H. Welter 

KarPlanck-In.titut fllr Pluupbyaik, 8046 Car-ebb, b.l HUnche .. 

Fl!deral "public of GerllWl)' 

~ Tb.oreded me! IlUllllldcal lnvllti,uionl of rb , nonllnear bah.vior 

of tl.ri", .od .. ,re uponed. Tb, 2D hdic.l modd irlclud .. h •• t ere. port. 

vhco.ity and diauanetic drift .thctl. Tb. lIon-tin •• t interuti011 of 11 .. 

.nd 11 .. 2 _cl .. h atudhd iD • 3D .odd. 

Exped .... nral obun.tiool ill tokamaka .how th.t rbe proc ........ od.tlcl 

with .... jor or ut.mal dilruptlO11 My b. ch.neUrind by two ph .... 1 

I. It<llltb of rh, 11" 2 te.rina IDOd. on the ruiltiva diffuaioll till •• c:.dl' 

1. tbe r.pid ,U.lruptiOD ph .... .m0l .. 1 .. .. 2 etronll, coupll. to ... I. In 

ebh p.p.t rbl previo .... theoretical inv .. til.tioa. I) hlVI b, ... artlDd,d 

to cop. vith th. particular .. pactl of rb" .. two ph ..... 

I. Tb. helical _dd duedbitd in b!. I, * + v· ... t .. n j - Bo' 

(I) ft! + v ' V9'2+ .. ("'+ • V9'2t). 

v - II 11 ... +, j ..... 1t+ 2kBo ' 

yidd. tb. r .. dt th.t the nOlllinaat .vol\.tion of tb. III .. :z taadnl Il1001. 

on the. r .. iativ. tillll .c.h h de.t.rained by th e. propartiu of ell. ruhtl­

vity nCt.e) . in particular witbin thl hland • • vbeu thl chanl' of tbl 

flll1l. at/1t, f. dolllinatad by r .. htb. diff ... ion . . .1 ,utional")' hland 

eOllUluratloa r.quit .. that "e+) jet) .. Bo' It ia fou:nd nUlllldedly that 

ijnt ~ 0 vitbin the hl ... d (currant llUi .... t th. o-poine) .vu for 

rather lItl' ial ... d ah., whi<;b 11 • ,Inualization of tll. prop.rty of thl 

linear lolution jl' j - jo + '~I cOl 11 8 

01
2

+1 .~-.: 6' "0 __ 0 __ --tl >0 
dr l l 

for 'h > 0, 

.iQCe.6·~O for i natlbility Cl .. ralhth. lIyer width). lI.ne. for ltation.1")' 

hland. ann. c 0 ia required in th. hland., L e. T • ..at 11. taraer in the 

e.ntar of tb. hl ... d tb ... It the up.ntd x. lI.ne. cb. hland .hl h 

deumn.d b1 the el.etron enerlY tranaport equation. vbieh in tll. eu. 

of infinitl plrallel heat eonduetivity. T.Ct,C), r.ld , 

aT at 
ue. + Cat> T~" 0:. c l'nl 2 > T." 

whlra 0:.1. (t) ... d SCt), the lattlr npr"lntina th .. v.riou. 'Ourell and ,tnb 

-ueh al ohlllie h'atin, . r.diation 101111 .nd heat tran.hr to thl iona. In 

tbl eu' 0: ..... 8 .. O. T"Ct .t ) in th" hlllttda 11 dltlnrd.n.d by en.raY eOn­

IIrvatiOn. ror .11&11 hland da. v. obtdn iT/at .. 0 in tb. hlande. 

tU",inl to iT/at c 0 for tarler hled .hl. vhieh 11 con.ht"nt with 

the nUlllldcd findinB tb.t no IIturatlOll of the turine .,d. Oeeutl in 

tbia c •••• 

For Ie.n.ral "&.. S. a .tationary 101ut10n of (2) and (ll) i"UII tbat the 

telllperatur. profUI in the illaoda 11 completely deunDinld by the 10Urel 

ten 5 in thl hland •. For I r oundld eUaHnt ' profile vhb t bl q - 2. 

lurfael .,.11 vitlll.n ehl hot ph ..... S .hould be. potitiVl in tbl lal..,d" 

dnel ohlllie h •• dlll ia Itrolll and radiation 10 .... vllk. Itvi ... ri.e t o 

I (rathlr .... 11) ifland .i ... . All the eurrlnt prOfUI b.co .. I morl peaked , 

the q _ 2 lurhe. IIIOVe.. into tll. eolder ouur plalll& I.Yln , vh.n 

<:onditionl In oppolite. Ind henc. S nelathe. Illdilll to (unliadud) i.­

land IrOlltb. Qulltttiutive invlltilltion, ulin, epproprilea _d,ta for S 

will b. reportld. 

In Iddition. di .... netie drift Ilf,etl Ira takln into .eeount. Tb. 11nllr 

di'penion ral.don h obuillad by inulratina tbe lI.naarhld IqUltiolll 

in tiN.ror w· > Ye' Y
t 

- tllrina mod. arOllth ratl, danificant devi.tionl 

frOCl! the analytie dilpenion relation w(w-~ {w - '" ,)1 _ i Y~ Ippllr 

OIIilll to fittlt. at" e.thetl lod vheoaity. 

. ~ ~ • v • "'n .. a [ Vt .. VVit J. - iI 0 [ V •• Vn ] .. 

]!!. ••• \'v 

" 
w ...... (n V.). ,--'-. 

'"piQ1 

Tb ... equltiOI1l Ira dt.cu ... d ",d .01ve nUllllrie.lly. A 111" 1 nonlinur 

fnQ~ney ,hUt la fOUDd wbicb "Y 'vln raver .. tb. dill ot" Ill. n. 
.. curatioe hllDd widtb la not atpiUclDtly dUf.rant boa thlt obtaiaad 

for ... cc Y t • md bliaea the mdal ( I). (2.) .hould h.ve • rather bro&cl 

r ..... of validity. 

2. Aa the apUtude of tb ... .. 2. Il10 011 b.c".,.. lal:"l' nonlin.lr. eouptinl to 

tb .... I 1IOd. la to b. ':qIletad. pardeullrlr if q(O); I. fo Itudy 

thh .n.et md iD. tb. hop. of :obt,idea I qualitathl deleripeiw of ttl. 

dilruptiOll proe .. l, • tbr .. -dJ..uional Codl b .. beae eat up. 

Coadderin, tbl e .. 1 wh,re q(O) c I and. th .. .. l bal. ... IIDltlbl. and 

n.onuturat1tta •• troq ht.raetion b. tw .. n Ill" I aDd III .. l la found. -rbi, 

proee .. viU b. analYlld in d't.U. Finira plnUal baat condueti.on la 

hcludad to leeoUDt for tbl rapid .n.q,- depletion of the eentral plrt 

of tbl plulI&. 

I) n. IIhkulp . 8. Wal t er. Plu_ PhYliea and Controll.d ' uclllr ""ion 

a.. ... reh, 1916, Vol. t , p . S79 

"Tbh work VII plrfon.d uadlr the tlru of the 'Iral.ot on .. ,bdltion 

blNlle tb. Hu-Plllttdt-l .... titut fllr PlQupby.Ur. and !UlATOM" . 
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El'FBCT OF lL!1CTtJATP!G KL!C'l!IUC !'IKLJ)S OR SUPl!BlWf!N.l 

DIllPSION OF n tBMt IH .. Sfflv'ptT<ll. 

V.6. Volts.DJ_t .1'1u. Volo.ww, 8.S. Kal1n1ohanko, 
8.1. 501odovchenko • .l.P. BhtaJI' 

It ls shoc that tbol exaltation of at-ctrie fields of a fide !lO­

..... "t~.in th •• ppropri." f"'"'~1 r .... r .. o1" in 30~'O7. 
iller .... 0:1' the low oollhlou.l plum_ oont.1.Dment till. at the 

:3 atellu-atol' Saturn. 

It follow8 from the oeoclue1ou theor;y r 11. that the obsened 

.Mr •••• of transport coetficienta , when plapa oollision f requenc;? 

leoNase.,ie oonnec ted (in 010 •• d ... agnetio' traps) with the pree.no. 

,t tr~p.d partioles. This _tt.at mould manifest It.elf lIIoat stl"On­

;1.7 when. oollll11onJ,. •• a pI .... la OO~i.nedLn1A oonllguratlone with 

.ooal inbolllosalW1tl .. of the ~tl0 1'1ddSil"tellarators and rlpp­

.ad tok.uUs [21-
DJ' now au.oh an 1.AcHa1l8 of plea. dlrt'Wllon ooaf'tlo1ent hu. bean 

)b •• r .. d 1D. 1II04.ll1ll6 u:pariaaDh at s.veral dnlo8a of the .tell .... 

~ator t:Pe ( .. e revhw.l,l ). One can balieve that lt b poaeibla to 

, Ueot pI .... trauport coeffiohnt. 1.D. toroidal magnetic trapo 'b;, 

)hang1Dg, iD an appropriate .&3, the 1I0"ellllnt of localized partiolea. 

m. fe .. ible method [4,5 J cona1ets of tranaferr1Dg' oOllle part of 10-

, albed partiol .. 1.D.to pase1Dg on .. b;, lIIe&D8 of fiuctuating electrio 

~ielde. ~e frequenCl of the fl8ld tllle change muet be equal (or ba 

nu1tiple) to the localized particle bounce frequeno,. 

For tbe partiole to be traDllferred into .. paasi.ng one (due to tbe 

~luotuat1Dg electric nelde) the 10llgitudinal velocit, addition value 

GiIJ be var;y _lIl.l (V,ltIU. "" 0.1) &11 compared witb tbe tbe:rmal velooit;y 

Jeoau •• 11;, itself 1e amall for localizd partiol.s (1f;'1fu. < {f 
.hlre e io the relative umomog.naity of tbe magnetic field). 

In tbis x..tt.r •• present eo .. e ruults of etud;ying the eff.ct 

)f !luctuatine: electrio fields on low colliaion frequano;, pluma 

it tba 1 = , toroidal .tellarator Saturn ['1. 'rhe 'xperiment ha.a 

,.en !!Dna in the rel51me of .. "er, low oollision frequeno3' when tbe 

lnorelUle of tbe pla8lll. diffualon i. observed. 

'lhe h;rdrol5en pIu •• with in1tilll. denait;y ,..1010cm-' was produced 

'Y .. titwUIII plulI' gun located be'tween tbe last lIagnatio aurface 

md tbe "acuum cb .... ber .lIl.l. To measure par8llleter. of plasma and 

lts lU'et1llla.or tba double .lectrioal probe was us.d. ~. lifetUia 
froll! 

.. as d.fii18d _~ deo&3 of ion saturation ourrent to the probe 

3tartiD8: with a time ill8tant when: 

n" !;::: 1 090m-', 1' •• 5. aev, T, =. 15 • 20av, \l ... .:s~* 
r }/'7/u. rtf,,, 

!'he bounca fr.queno;, of loclll.izad partioles i. I t <:< 211'R 

• b.ra li 10 the number of the magnetic field p.rlods, R i. tbe 

torus lIa;lor radius, e" i 8 tbe relati"e "lIl.u. of tbe heliclll. illholtlo-

3en.it;, of 'the mapatio field, tfu. 10 the partiole the1'llal ".loclty. 

In the 1 .. , stellarator £10 dep.nds on tbe minor radius of the 1II&g"­

IUItl0 surfaoes [21, therefoH, the localiz.d particle bounc. 1'requeD­

:.ies would be dU'ferwt for diUerent rsdii 01' the p18BlD& colUIIID 

croas-.eotion. lor the etellarator Saturn (N=a, R=}6cll) in tbe 

range of radii batnan 2 and 5 .5clll wh.re the Ilain part of tbe loc~ 

11zed el.otrolUl Sn-nf(r)vl,,(r) is ooncentrated,the 

bounc. fraqueno3' obange il froll 0.2 Imf; to _1.2 MBz (for lfu,fI' '" 

1.?1d'ell/seo). 1I'0r this reaaon, the nola. generator of tb. stoobaa-

tloall, IIIOdulat.d slgnal, e1mllar to tbat desorlbed In[6 J, was ueed'. 

Th. frequeno, rang. of tbls generator was O. 10 101Hz I!IIld the band 

arldth ~2I4IIz. T!he HP voltage wae applied to tb. exoltlll6 e lectrodes 

(E£~ U shown in Flg.1 ao tbat malnly tb. longitudinal electric 

fluotuating flelds sbould be exclted ln a plasma [73. 

Pig.2 sboWII tb. d.pendence of 't' on the amplftuda of tbe HP vol_ 

tal5e, i1 ,appli.d to BB lIIben 0.Dl.:J one pair of El wea u.ed. 

Tbe sp.otrum of the Hi' '.'::.l'&8@ie &lid the m.thod of ita .... ur.ll.nt 

are shown in the ins.rtion of 1I'1g.1. 

It la seen from the graph of Flg.2 that the oonfinelll.nt tae iD­

oreal .. nth U up to the maxilllUII "lIl.ue (at [i e 1001a.V) and then 

b'gil1B to r.duo •• 'D1111 m~W1. "alu. of 't: rell.aiDa unchanged (}0a4o,1 

t:°':foIllParad wi.tb U .O) but lt moves into tbe region ot 10 ... r HP vol­

t8@ia amplitude (U ~ 6QnV) when two pairs of EB "'rtsed apparentl3' 

due tc the b.tter ooupling betnen BE and a plasma in the l .. t oase. 

J.t f1:xed U, an effelC;t of't inorsue (Fil5.2) h .. a r •• ona.noe ob ... 

raoter on tb. RF apectrum positlon dependenoe iD tbe frequeno;, ran­

ge o.101mz, as shown in Flg.3 (two pairs of elements , li:r 6QnV). 

The resonanclI poaitlon ls ah1ft.d, .. oompared to tha ranse of the 

bounce trequenc, of looallzed electrons, the range being cf,].oulate4 

on tba basis of £,,(r) for _tellarator Saturn (thb range is Ilarked 

in :f1I5.' ea 61.). On _uPPl1ing ¥ monocbro_tic sisnaJ, to EE, a 1I10w 

deore ... of T la observad aa HI' volt-a- gro", 1'ig.4. 

~e 't growth ... not also obsarved iD tha o .. e -.hen ele.tron 00-

lli_lon frequenol .as lncreued (b;, eddition of IlIIutrlll. be1.iua) to 1ha 

"lIl.uu cont01'lling to plateau regime 01' thII IlIIoolueioal theor;y. 

J.nd finall;, it sbo.ud b. not.d, that accord1J:ig to .. t1aation, 

tbe artount of enerB:J delhered to BE from the generator iD 1" tae 

mun up onl3' eevereI par call.t (at a ,~100mV) of the plaema en.re 

content and tharerore cannot more or las8 'sl!lllntlell, obang. pluma 

parametera. 

ThuI, tbe obeerved increas. ofT (}0t4O;i) oan be explained b, 

80llle part of the looallzed electr6na and the oorras-

ponding plaSllle 10.. <l.eorease. 

'!he t drop at the further lnore ... of ti. take. plaoe, apparentl)" 

• t~ugb the inore .. e of losses connected' with turbulent diftUllion, or 

throusb other ettects (a1 caus.d b;, a rather hlgb lavel of 080ill.­

Hone in a plasma. 

REFERENCES 

1. B.B. Kadomtse", O.P. Posutae, Nw:l. FUll. , .11, 67, (1911). 
2. T.E. Stringer, }-do Int. S1IlP. on Toroid. Pluma Confine •• , 

Garoh1Dg 19'73. paper 7 1-1. 
,. V.S. VOitaell,7a, J..Tu. Voloabko, 5.1. Sot0do"cbenko. 

v.J.. Suprunenko, V.T. Tolok, .t.7. Shtan • IJ.XA., ~lQo 1914, 
v.2, p.6" Vlenna 1915. 

4. R.J.. Dell.1rkhanov, M.A. Btotland, Sh.V. Ril', Zb'l!F. £. 
1419, (1912). 

5. 101. Dobrowoln.:J'. 1.. Oreflce, R. Pozzoli, N~l. Fue •• ~I 

485 (191'). 
6. S.S. Kalinlcb.nko, U.K. 8hntll, Radlotl.ktron1.ka • .:!§, 120, 

(1915) • 
1. J..Tu. Voloehko, et al. P1!i'ma v ZbE'l'F, .1§.. 80. (1912). 

8. L.M. Ko"rhbn,:J.kb, pl.'ma v ZbETF, .1Z, }69, (197'). 

o 0,02 0,0' 0.1 Q,2 0,' 

• 



STELLARATORS 125 

ElPEBIMENTAL INVmTIG.1TIONS OF CURRENT DISHARGE·l'L!BW. 

CONFINl!KD{T IN I,..1 TORBA.:mON IN THE RFGIOlI OF LOi'-FRE­

QUEf{CY CIilLLISIONS 

v.x. Boeharov, V.L. BerezbnJ. E.D. Volkov, B.V. Krllvcllln, 
V.G. Konovalov, V.I. Kononenko, V.A. Rudakov, E • .!. Sukhom­

lin, V.A.. Buprunenko, A.II. Ternopol. 

Recantly in e:J:lleriments on the torsatroll "Vint-20" [1] the 

con£inement of currentleas 11100.81 plllSl'll. produced b;y titanium 

injeotors (Te<:::5 + 10ev, n<= 109 • 1010cm-~) has beell iIlvestigsted 

in the region of lo_frequency ool 11s1oWl CYr.if" ).let t Ve , + Ye" < 

«," .~i). It h .. h .. n ohown in th1. " .. thot th. m.,,.. 0' • plasma particles is in 6atiafao(;Qry qualitative agreement with 

the neoclassical theory developed for the caae Eh> ft(Z}. 

In the given work the results of investigations on thermal 

1.nsulatloD and con:f'1nement 1n "V1.nt-20·' devioe of ourrent-carrJ'­

ing plulla with paramettlrll Cn ~ 301012tllll-3, Te up to 80 ev) ha­

ve been preelilented~ 

The experiments w,re performed wlth the hellum plasma under 

11l1tlal preaeur, of neutral gas 6.10-5 torr. The dlech~g, lnitla­

tion was accolllopll ehed b111111lnS of a tltaniWll injector. Thl OUI"­

re~t in plaams. was e:z:clted thl."ough an electric field induced b1 

the tors.tron helical windl ng ltself whil, changl ng thl b.sic mag­

netl0 field in time. III obtalll1d reuults app11 to 08lle of sllll1lllA­

tion or ourrent rotational tr8.D8forID.W:!.th the maln rota1l1oQaJ. 

truafol'lQ. through the ohlllic he.tlng ourrent fbld. ']he diatiD­

guishing fe.ture of the given experiment lha in • vBr1 low level 

cf 1mpurltles (the authol's d.:1d not sutlceed to f'eglater carbon and 

oXJ'gen spectl'al l11Ws at a eensit1vit1 li.llit of apparatu.). This 

ls apparently caused by desigg- featurss 0;C the IU.tlhllIle, neverthe_ 

less, an. appreclable &I1OlIIaly of the curHnt d.:18tlhargs plum. oon­

duotlvity la observed. Pig.1 ahows conduotlvity antIIJal1 G"coIL for 
6' . 

two d.:1acharge regimea, differing in values of denai t1 and lIIagnetio 

, 
./ 

"" / 
V 

. ~-:: ,- -, s w ~ 

" 

E 

f i eld am.pl1 tude vereU8 E'/EII::. Here 

E V - V, K:: mcv;., }IcoN _ 
"'2rR' e. t 

is Draicer cr1t1cal fh l d, <rcoo!li: c n:, 
m,,,",,, 

G.. ~ , I - ourrant in plss-
S{V-V~) 

Ill', B .- plS8llla oo-lWllll croes-seo ~lon, 

V - syst8111. by-plUIIsvoltsg'. Vl - ite in­

duotlve cOlIIPonent • 

The eJlllrl5Y oontent of pl.SIIIa "both 

in CbB of strong and .... aII: anomalies 

la proportional to Lr.l (fig,2). where 

Lt i,. 81l111Ul'1 angle of rotational tran.sfo.t'IU.tion. ')!his rel.tion­

ship oappl1es with ... the paeudocl • ."leal. 1 .... of therlll.al 108ses. :Por 

the strong real_tuee uomal,. oue .!! < 0.1 :::: 9 (U and 11ft 811'e V
Ta 

_ 

current and thsrmal eleotron velooities, (} ls an average shear pa­

r .. eter), the coe:rfl ohnt of proportloD.allb:t' "0" in the fOl'lllula 

;~':m"':'-T----'~--' 
1tv"<G",, 

''hYL,--'-I-- -I 

1-.0: el'~)leH .squals ',5 and in the case 

of nak aDOlRal.,. fL>O,1 :::: {j it 

attalll1 10, The demarcatlon of regiae. 

la observed at t:::c· ii 
While _asuring the life bias of 

chars-d partiolea '[" ,priJaar,. empl.~ 

alII IIrU ghen to the r .... al1ng of tw:.­

c bioQaJ. relat1on.ah.1pa and their oorH-

:rlg,2 latlon with the l14Ioclusical theor,-. 

'lhe collill10D f.requenc,. range (5.104 •. 5 • 105 .ec-1) in giVen 

e~r1ment for the toreatron "Vint-20" oomplled -.lth s superbs.n..na 

reglon of the d1ffusion curve for which according to the theory we 

nave DJ. sb Te7/ 2/If-. The reaulbs of expe­

rimental investig.tlons of such kind of re­

latloD..8hlps SH shown in Plgs,} and 4 . Btr_ 

ig/1t linea on the graphs oomply with neocla­

ssioal .tb.or;,- prediotions. 

• .. • T. ... 
, 

rJ , 
~ , 

1/1 EqIer1mBntsl and tbeoretloall,y calou-

l ated flWEel!l ware also oomp8l'ed between 

thelllselves. 

In Plg.~5 the shaded band conforms to 

the fOl'lllula [2]1 

r~·4.3~ ~ (~trt [(t~~)~'~H7~+3.~~~'l 
lIcH 11' t' , 

aasUlIIing that T1"*"Te , n· -f... ~. i. 
The pointll tlontorm to the measured 41-

ffuaioD fllDl: r .. -~ iD temper._ ", 

: •.. ture rBll88 20 to 70 ev. Over the range 

F'}-li 105 -< V< 5.105.ec-1 11 sstisfactor,. ag­

resment betw .. n theora' and e:.;per1lllent ls 

observed. 4. deor.,u, of e;y;per1mental1,y 

lIlea..sured f l u:z: at low fl'equenc 1,. oan be 

expla1.ned b,. e:z:l etence of the radial 

e leo tl'lc field E - i'C whlch mUlilt 

I .L-L..LLlJJJ1J 
'" JO ~o l/J90 1;. IV 

m'f-- + 

fff--f---I 

"t et. 
call8e dlsruptlon of superbanan.a motion. 

The value of rsdial electrlc fle l ds lIIea­

sured in thls experiAent nre of the or-

. ~. S del' of 5 + 10\>/0111. 

Thus, ln the torsatron with high !n­

hOlllogenelty of magnatl0 field soms plleu­

doclaas ical 10s8es of ourrent pl ...... 

energy are Observed and the partiole oo~ 
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MAGNETOHYORODYNAMIC INSTA8ILlTIES IN A STELLARATOR 

K. MAT5UOKA . K. MIYAMQTO, K. OHASA and M. WAKATANI 

Institute of Plasma Pl'lY51(;5, Nagoya University, 

Nlgoya 464, Japan 

Abstract: Stabi li ty diagrams on kink and resistive tearing roodes are pre­

sented ln a Hnear stellarator for the parabolic cu~rent profile and various 

helical fie lds. 

In a stelhrator kink instabilities [1] and the effect of finite rests-

thity on m. h.d. modes [2] hive been studied by many authors, Hen we pre­

sent more detailed stabillty diagrams on these IOOdes. 

We treat a pressure less plasma ln a linear stellarator with an ohmic 

heating current. The current has the parabolic distribution: jz{r) . 

jot] - r2/&2). where a 1s the minor radius of the plasma collJT111. The ex­

ternal region from r • a to r • b Is filled with vacuum, where b Is the wall 

radius. We consider the following rotational transform angles: 16(r) - I~ 

(1), 16 (r) - 1~(0.266 + 0. 714 (r/a )2) (2), 16 (r ) - 1~(r/a)2 (3), where I~ 

15 the rotational transform angle at the plasma surface. Hel1cal fields 

given by Eqs.( l ), (2) and (3) correspond to those of WVIlA and JIPP T-lI, 

L-2 and (LEO stell arators. 

The Euler equation frtr~) - ~ , - 0 15 obtained from the energy Inte­

gral which Is derived under the stellarator expans i on [1]: 

"w--'f(f: rdr[ (4H+ {t i'" hI: M"l·)-rlr~. + M.,.r<J :~f~;), 

t . "'''y> ,,~-;mn.+t'{')+l·(') o(:>n'+-L~(y'""J 2 :>. l"\ 1 ry J.r J.t- , 

where t denotes the radial displacement of the pl asma col lJ11'1 and ,o(r) is 

due to the plasma current . Here pressure term and several terms of the 

order of {kr /m)2 are neglected. We obtain the stability crIteri on Of kink 

and resistive tearing modes, following the theorem given by NewcDn'b[3] and 

the ntlllerlcal procedure by Furth et al.[4], respectively. I n our calcu­

lations the length Is nOl"lllBllzed by the plasma radius (a- I , b- l.44, 3.0). 

In order to understand the stability properties of kink modes. the 

Euler equation can be shown In tel"lllS of f; : 

(rlv~')' _ {(m2 _ 1)rv2_ (ln6 ' + r216")rvH.: _ O. 

The derivative of E is given by 

';: Wf{C""-I)n>'-C,n"+r'-L'" )r)} § dr . 

Equatlon(4) Is simplified In spec ial cases as follows: 

1-2 . "",1 (rlie)' - 0. 

.. -2.111)1. (r3v2 f;') ' - (m2 - 1)rif;. 

(') 

(5) 

(6) 

(7) 

.. -2 + 1-3. m-I (r3i e)' __ (lrI 6' + r 2,6 " )r vt. (6) 

The solution of the Euler equation is given by E_rm- l near the origi n and 

E"const . (small soluti on) near the singular poi nt rs' We see from Eq.(5) 

how t behaves In the sublnterval, I.e . • whether f; crosses zero or not. 

In t he .. - 2 cue horizontally striped areas ue un5te.ble regions 

against ext ernal kink modes which mean the Instabil i ty d\le to the singular 

point In the vacu\lll. Dotted areas refer to unstable regions against the 

tearing mode. The "",1 Internal kink mode is margi nally stable within the 

ass\lllptlons used here. since f;"'const. near the ori gi n andf; ',,0 from Eq.(5). 

The "",2 and "",3 tearing modes are stable for'~>lI. 
When an .. -3 helical component exists. the stability cri terion Is 

determined essentially by the ... 3 helical field. From the negative deriva­

tive of f; given In Eq.(5). the DPl external kink mode becomes unstable even 

without singular points In the ~glon 0 <r<b, which is shown by the hori­

zontally stri ped areas by dashed lines. The unstable m- I 'external kink 

mode' with the si ngular point Inside the plasma (In this case the plasma 

surface Is perturbed) is also explained by the similar account. It shoul d 

be noted that the m=l internal kink mode which Is shown by vertically 

striped areas becomes more unstable than tokamak. When ,! - 0 (corresponds 

to tokamakJ, the mode Is marginally stable In accordance with the .. - 2 

case. The m- 2 and "",3 Internal kink modes also can become unstable If 

the condition (m2 _ 1) v< 3r 1
6 ' + ,216" Is satisfied. Therefore these 

modes become unstable for I~ which is larger than a critical value as 

shown ln the figures.. 

The unstable ranges of the m-2 and "",3 tearing modes as a function of 

r s are shown fo r the ... - 3 case. When I! - 0, val ues of 6' are same as 

thou of the 1 _2 fhld. Thll IIffllct of thll wall location is also shown In 

the case of '~ -O. for the IIP3 mode the wall effect Is too slight to be 

seen on the graph. 

Stabili ty diagrams with various current profiles will be reported 

elsewhere[5] . 
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On Scrwtooth 01(:11101101'11 and MHO-Modes in th, W VII It. St,11a1011If 

WVlIA Tean+) 

Max-Plandc-lllItltut ftlf Plosrnophy.ik, EURATOM-AI,. 

0-8046 GarehinliJ' Federal Republic: of GemlClny 

Abltrocl: For dllehorgel with p losmg c: .... 'anll oonllonl in time 1 ... ld.,.:, IIg1vln on 

tawlooth old llatlor'lt In th. W VII A ,1, llo rolor; MHO mod .. ofJ m al, n · 2 ond 

m·2, n. 1 or. Identified 01 dlffllr.,,' piolmo parom"en. 

First elIpldmlntal '.wlll of th. W VII It. 11,1101010, wIre pr",nt";! at 'h, 

B,rch'.goden conf.rence / 1 /. AI lhot time IKperimenb were perfonnlld wl th g 

1r~1.,1 plOlmo Gur,.." whereal now 'lallonory plOllTlO parane'erl ore malnlalned/2/ 

for J. 0,3 I, A '!\Idy of IQwl .. ,h and MHO mOdes .tillls hindered by tll(:hnlcollm­

perr.etlonl: yery high pllJlma denlltl. Clnd fHdbock control of the vefllc:al fT,ld 01'11 

not yet ovollobl.. Durln" turrent bullt-up, whero IX"'lng rgtionol valu. of { at 

the plQIIIIG edge, Itrong ,neell CI,e gbl.v..::! on YllrlOUI diognOlllet / 1/, In rhl. 

po.,-r, ,ff,cll occurrIng during rh, curr...,1 ploleau of rh, dil(:hcir", or, ltudled 

uclu.l"oly, Tobl, I 1111'1 Ih, dlognodlet " I,wnl for Ih, pr" ... 1 in".ligatlon, 

10_ Slgnoll 'MIll SignaTa M~,tf c SI noli 

SO"X lImil'r Slgnot. B,-Con, 

JI -Wo", Inl,rf. Lon.gmulr Probe Rogowskl Coli 

HF-Prabe Hard X loop Voltage 

Olomogn.loop Bolomet., POlllloo 

Tobl, I 

l!.i..J: 
Sofl X dlodo orroy ond 8, -coil. 

~"',..~-

W ~~.,-

" 
.",t-- • ...... ~ .. 

Th' orrongern,nt of rh, IOfl X-ray d,l,clon ond B.-COils i.,hown in FIg.l. FIg.2 

,hoWl Ih, beho"lour of ol.,nol MHO mod. d,t.cted by lhe maW',tlc: plc:kup C:OIlI, in 

correlollon wlrh Inl.,nol dllrupllool 01 Hlon by Ih, 10ft X-ray diodol, t";"" .. 1.3 mI. 

Th' dlllorlloo cou.- by Ih, 600 Hz-rippl, of Ih, OH .ytlem il aba "i,ibl, 00 rh, 

Rogowakl IIgnal. The Ilollonary phclI' of the dischorge il dominated by 0 m .. 3, 

n .. 2 mod. 01 f/m _ 7 kHr: . The tolol rotoliollOl troruform 01 rh, plasma edge !J 

.t (0)" O.!!il. Th",for" rhlt mode c:on be ottribuled to 0 MHO inlloblllty ot lhe 

No. 4914 

B" 2.5 T 

to " 0.23 

.f;(o)" 0.57 

I - 20kA , 

103 ml 

SoriOI coonoc:tioo of 

B :.~ • 
SOFT X 

B,: '12~ 
RogaW1kl 

coil 

BII c:oilllo I0c:tin9 m " 2 

",=3 

~ MIlD ,.-lo uno ly.1o 

100ml 

-t_ 2/J lurtoc:,. Sinc, in / 1 / rh, c:ompl,te diognoslic: equipmenl wos 1101 r-I 0\1011-

oblo, !hrl mod, hOl be.n mllintorpr,ted 01 m - I. During rho intemol dilruplioo 

om " 2 mode OppllOtI h." for 0 ""'rl time, 01 obier"ed by 0 proper lerie. conn,clioo 

of the &, -col" pro"Iding 0 IImple Fourier onolyti •• 

In Ihe co.e of 0 rotoliono l rrans fonn .c (a ) 5. 1/2 ond to = 0. 11 0 trontir ion from 

m = 3, n - 2 10 m - 2, n " I ho. bun Dwer"ed with frequenciel f/3 /11: 7 kHz ond 

f/2 " . - 5 kHz during the in temol di.ruption. Thi. feature could1nditoteo ~hange of 

the rodlol curren r denlity profi le in occon:ionc:e with on obieNOlioo of negotl"e 

YOltage .wingl during rhil time ond 0 modulation of rhe plosma c:urrenl. These 

phenomeno ore 0110 IIKpecTed by Theory /3/. 

~ .. 
· 1 .• ..., 

•. ~ 
·2.1..., 

\>.'0.409. 

Fig.3 uhlbih the growth of the int.r­

nol '" - 1 model ( r"'10
3
/JK) bet­

WHn lhe reimlallool ond 0 Itrong 

mode octl"lty m '" 2 , .5 B/II ::'2.10- 3 

01 th. oullld •• A mode couplinG con 

be Iftn between the Be -li gno I1 ond 

the 10ft X-rayt neor Ih. -l; .. 1 lurface. 

Modo coupling of intemol m '" 1 and ex­
lemol m ':' 2 model, --to = 0. 11 , t(a)$ l/l 
9·2.75 T;.t = 100. mI. 

For o lL'collllltudied Ihe model propagate In !h, dIrectIon of Iho . I.clroo dlomognetic: 

drift. FOf Iho disc:harge in Fig.3 the obser"ed frequend .. agreo with in 30% wllh 

IhOle cokulated fran!he 10lollr profll ... 

Sowlnolh relaxolions play on Imporlant port In energy transporl. Toking the 10ft X-ray 

flux ",(ne Te)2 - opproximately wlid for a plo.no wlIh T ,. 300 oV ond co I % ot 
• 

fully loni:r.ed oxygen - the Iouas by the IOwlootb relaxotlool only yield a confln_ ... t 

Ilm. r;,. 2. ~/( 4.A../ Al, where t ..... ore the "Iaxolloo pDflod and 4 A ... / A 

the re loti .... (peak 10 ped<) sawtooth c.nplitud., r .. pKll .... ly. For .. ".ral discharves 

wltb nea .... 2 . 1013 cm-3 lhe ...al\lel of "rE'" ore lorger by a Foc:tor 2 _ 3 than 

t"E' .. (3/2 neTe)/(~' i2). This mDOnl 0 wbllonllollou by th"lIWtoolh "loxoliDn$, 

,,,en at 0 mod.rale denllty. 

In oddilioo to the convenlional diagnosliet dllCUlled obo"., in W VII A ...... ral 

outer diognOllies (tee Toble I) lhow 0 morlt.ed corr,lollon with !h. IOwl .. th. Shorl ly 

afl., eac:h reloxotioo the c:haroaorillie of 0 loogmulr probe .Iluol.d In th, IImllor 

Ihadow ""eoll ,nhonc:ed ion and .I.aroo flux ... Thll potentiols of the fO<.lr 

inlulot.d limit., legnenl1, CJI _11 o. Ih, IIgnols of 0 pholo tronsil/Of "Iewing lhe 

limit., region ore C:Qrreloted / 1 / wllh the' lntemol reloxot10ill ond ·.how luper-

1"'P:G"d high frequendel. 

This fealure Is shown in Fig •• , lop ond centre Iroce, under d ischarge c:ondltlons 

III 
v-., 

-"''''''('v<:. 
..". iOl§ 

""':IJv..'iVY.~\ 

Ilml10r to thal of FIg.2. Conn.cting 

the two IJmtlor legmenl'l 01 shown In 

the I.fl pori of Fig •• introcloc:es 

currenl1 of Ih, order of 1 A which 

are ,nodI.daled by obout 2 A In 

oor .. lalioo wl!h the 'nterno l dillVplion 

(Fig.", boltom !roee) . 

Flg.4: Limit" Signa ls, t- 120 - 130 rnt 

Gen.rally, Ihe mode Cl<'ti"ity .eernt 10 decreolo, when Increasing th. ulemol 

rolotionollran,funn. Espedo lly, the m - 2, n " 1 mode d'mini,hes, which ",ode ;. 

belle"ed 10 ploy on Important port In the dllrupti"e Inltablllty. AI .f
o
- 0.23 and 

t- (0) > 1/l (equiYOlent 10 q (0) <. 2) 0 dlsr\lptl"e Instoblllty i, no"er observed, e",n 

ot high demitles. The IIelloralor field hot been 'een 10 Impra"e both the ltoblllty 

beho"lour regarding tearing ond kInk modes /./01 we ll 01 the plollTlo equlllbrl~m. 

/1/ Prot;tHIdinlJl of 8erc:hl_gocIen Confer.nc. (1976), W VII Teem, poper 0 2. 

/2/ This c:onforenc:o, ptfl'llr pres.nted by H.R...,,,,r . 

/3/ Prp'ceedinlJl of. Berc:htelliJOden Canferen ... (1976), poper A·S. 

1' 1 

+1 

K. loclcn.r, H. Wobig, priwle canmunlcotloo. 

G.Collanei, A. (o~lIo; D~Do!1t, A. EI." .. , H.Hodc.r, H.JII.;"'I, R.,""dc" 
J . .JunTter, .R . .,.C.Kunze, F.Leu~r., S.MorlJ", G-:Muller, F.Rou, H . Ritnn.,. .. 
H.Ringler, J.Sofferl~ J . .$apper. P.Sm..,lders. M.TulI.r, A.Weller, H.Wobig, 
E,Wurxhing, M.Zippe 
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Ohmic Healing in Iho Wendelsteln VII A S,.lIorotor 

W VII A Te<n1+) 

Mgx-Plondc-'nslilut fUr Plasmophysik, EURATOM-Als. 

0-8046 Gorching, Federal Rtpublic of GelTOOfl)' 

Absmlt;l: In olvnlcally healed discharges ClI hi~ rolotional tronsl'orm the t_peralur. 

and density pron lel ore flattened oul by internal dilruptlonl within the q - 1ft' .. 1 -
• '00 

lurfac.. Th. CUrT..,t density " limltecllo d':t POIf' (1 - <=0). Thll loads to 0 COr ...... 

lation belween the energy c:onfinemenl lime of 'ctroru, t'"E' and th. centrol plasma 

parml.,. ra n.(o), T.(o), and ZeW 

Introduction 

AI the afichtelQOden c.onf.rence r 11 firsl rewll1 on Ol-mic healinlil in the Wende ls tein 

W Vlllte llorOlor were prelented (R . 2.0 rn, (I " 0, 1 m; helkal wlndings , - 2, 

m " .5, .xl.mol rototional tronsform 0 <~ ~ 0.23, without shear) . Afte. Installation 

of the controll)'llem for the primary t;U".nt of th. air c:ore transformer the plcnma 

current 'p (I) I. nOW progronmobl •• Th. availobl. OH-fluxp" 2.5 V, allaWl a 

dlration of the dilcharve up to 0.5 I. Ta maintoin the dtN'I$ity for H2 dllChorgel an 

additlanal neutral flux r(t) I1 necelSOry. 

Electron Enerpy Confinement 

AI shown in [11 ~ high VOLuM of .t Ip - «( 0 +.t' p (a), Ip ~ B ItA the 

poaudoekwlcol lea ling of the' energy den,ity nkT .... (.to +.t
p
) Ip • 8

0 
r2] doM 

nol ho ld anymor •• We will demon.tratethatthe g~wlng effect of the internol 

fluctuation. which chang. the profiles moy be responsible for thl! delerlaratlon. 

Frcm the den.lty and tempc!ralure ptaflll!ll, obtolned by Thotruan 'altterin", the 

current profll •• are c:aleulated under the cusumpllon of Splt<l:er rflillivity ond 

Zeff. ~arlll. 

Fi",1 .how. from lop to bottcm radlol profilel of eledron temperature, density ond 

curre<:ll density for -to" 0.23 (heavy I1neJ) ond -to" 0 . 055 (fin. IIn,,) and identicol 

plasma current 1 .. 17 kA. The q" 1 surfac:e loIjIether with the currenl denllty limit 

3 (0) .. ~ P(1 ~.t ) ore indicoled. An experimentol coefficient for the heat 
;UoR 0 . 

conductivity Xe. con be derived by 0 numerica l code frcm analy tical ~urvel fitted 

to the measured painh of T e and ne t 3 1, (Flg.2). For c:ompari-, the coefficient DPCL 

far p ..... daclaulea l lr"Onlparl hOl been plotted. The diameter of the q" 1 IUrfoo;e en~ 

clollng a re"lon with enhonc:ed lronlpart widenl with Incremlngexlernal t" 0 • 

Increadn"lhe pla~a currenl ha. the tome effect. 

A IImple correlotlon betw.en the .IKlron confinemenlllme 7: E' and Ih. central 

plasma parometen ne (0), Te (a) and~ {a} can be derived . Similar 10 TFR r 3 1 the 

...arlallon of 't" E' (r) o~rOll th. pla.na radius I • ....a ll, 'l" E' (a)::t'L
E
' (0), Iherefare, 

ne (a) kTe (0) .. 0. 19 

'!. Iol,j (.~ 

wller. n is In 1013cm-3, kT in keV, and 8 In Tes la. . . . 
Not. that thl. correlo tion doe. not Imply a t 2 scaUng of 1"'E ' .ince ne {co), 

• 

Flg.3 showllhat the experimental dolcl confirm thil re lation. atimalions of the 

fIf1erV)' conflnemenl ba.ed on IOWlaalh OIc:1 l1ationl r 4) demon.trate the imparlclnce 

of the Internalln.tabi lity far the confinement. Sid!or 10 the a .... enl denllty the power 

derll l ty i. 0110 l1miled In the plOltnCl center. Under tile c:ondltioru Z eff< 2, 8
0

" 2.5 T, 

-t 0" 0.23 a maximum electron temperature of 300 eV wO! found. 

Behaviour of Plc:l.ma oln,lty 

For n > 10 13 
Gm -3 the recyclin" ;1 not wfficienl to maintain the pla.mo denlity, 

• 
therefore, "canltant nlulra l gGI Inflow i, neceuary. During a di.charge the density 

could be varied between 8 . 1012"",-3 ~ B' 1013c:m-3 by additional neutral flux (11). 

+) G.Cottonel, A..Cavalla, D.Oo .. t, A.EI",er, H.Haci<er, H.Jtlckel,R • ..ioenici<e, 
J.Junker, It.C.Kunze, F.Leute.er, S.Ma.ller, G. Mu ller, F.ltou, H. Renner, 
H.Ringler, J . 50ffert, J.50pper, P,Smeuldefl, M.Tuller, A,Weller, H.Wablg, 
E,WUnchlng, M.Zippe 

Thl Increase of the den"ty 11 c.onnecled wi th decrease in temperoture and ZeU' 

Applying an additional neulrol flux .tationary c.ondltionJ or. rHltablid>ed In the 

dill:har". after 50 ml. Tile particll replac_.nt time '[A . ~, whi~h 1. on 

upper limit far the particle confin.ment time, varies betwun 9 and.so mS. 

For BD .. 25 kG, of; 0 .. 0.23 we hay. 1Iudied the plasma ~onfinement with "(0) = 0.5 

atlhe edge of the plasma. A Itationory dilcharge wilhoullnhanced MHO ",cillationl 

and ~urrent dilrvplions could be molnlclined. Bulltilllnhanced Iou. were ab"",ttd. 

In low den.ity dilchar"e! they lead to a ~a ll reduction of delllity and on inc'eo" 

of kT e ond ZeW In dil~hargel with ltatlonary (101 inflow r , Zeff and kTe remain 

practically ca~lanl, whereal the density d.opI by a foctor of aboul 2 compared 

wllll dilcharge. 01 (: (a) ~ 0.5 (Flg.4). During Ihe Ira",ltlan ph",e additional pla .... a 

Iou I1 a lso indica ted by thl enlarged probe ';111101. at a po>!ti_ "", .. ido the loo. 
. . Aj At 10 % magne"c lurface. The regime of enhanced lalle! 11 ralher small , T '" ---:r- '" . 

The .ome effect can be ,,~hieved by lI'II011 variation. of ~e vertical fie ld. Thil I1 an 

indicallon lhal Ihe additional la .. " at .t (a). O. 5 may be due 10 magnellc 1.lands in 

cantact willl Ihe IImiter or due lcI.tationory convecliv. eelb originatin" from 

MHO inslabllltl.,. 

Referencel 

r 1 J pro<;. of 8erchlagaden Conference (I976), W VII Team, IAEA~CN-3S/D2 

r 2 ] Prac. of Tokyo Confereno;e (1974), H. Hocl<er el 01., IAEA-CN-33!Bl. 

[31 Invited poper of the TFR Group, Prac. of l(aJ1anne Conf. ,!J, p.l~ 13 (1975) 

[41 This conference, W VII A team, paper presen!ed by A. Weller. 

Flg.1 DiJlribution for temperature, electron and current density far different.e a 

but with the tome plasma current. 

Fig.2 Heat condlctivlty derived from tempc!fOlure and den,ity promes for different 

-t . Pleudoclallical vo lua for camporhan. . , 
Fig.3 Normalized energy confinement time t' E as a Function of the central e lectron 

temperature. Dashed CJrve: correlation given above. 

Fig.4 Temperature and density dillributianl for .t (a) ~ 0.5 (qi 2), #50-48, along 

with plasma currenl and MerV)' conlent as a function of lime. 
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8C111 CIWUCbli.IS!ICB aI OHMIC BUfilG 

l'LlBKA IJ' !HI L-2 BDLUllHOR 

D.L.Aku11J:la, J.D.£4dr7Ukhina, II.S.~.dl.'tak;r, G.S. torGDO'f, 

ad.;r,b4iDahoh1k9T, II.S.llabinct't'1ob, I.S.Sbl1on1lu,.,., 0.I.Jed78-
• n1n,Yu.T .balno." .l.Y.Dlldole.." I.a.Bp1sel. 

LehdeT lnaUtu-te at the .loadUI;J of Sci.nou, 1I080o.,U8Bll 

!be fir.1; ohlUo h •• Una axpuillant. (1) 011 tile L-2 Stella­

r.tor ha ... e lihown the po .. ib1111,. of ore.tieD. a plaUlllo .. ith Bu,f­

tlo1en'U;r high parueten oOIllJlar'abl.e dtb the »&ra_tue 111. to'" 

taut. OZ oorraspDlldiD6 aba •• 'rh. arllltanoe aZ the 01'1 t1"lIl 

ponda to the aoh1e,,_ant at 'the total ro'b.tional van.stOl'll IID­

gl. equal toSH, in till oe&l;tre of pluu oolwm.fb.lII WCIt'll: s.. 
devoted to tbe aQt'a de1;a11d atu.q o:l AUIIlIIA par .... ter.J.Del'Q 

and particle oOAfll111llant U •• iD 1;he ourrent ra610D .... nU.ll¥ 

lower ihaD tu 01'1101081 one. 

lb. L-2 St;ellar,tor 11, .. e -2 heUcal l118&J1aUo :field,the 

_~or redlu.. of the torue a-1oo 011; tbe _aD pla ... l'adiua 

a. . 11,5 OIDI the au:111W1 1011&1 tud1ul lla&DaUc fidd .tr.neth 

Bo-20 lr:G. the allp. at rot&Uonal tran.'form £1 {oJ-o. 2 011 the ni., 
_d. -ta (a.) - 0,7-0,8 oa 'lb.. boW&d&1'7 _p.tlc aurr.oa. A quad-."'­

tiODt.rJ' ourr.ut .1 th • plll.a d.uratloa 16-22 .. was 1D4uca4 iD a 

)1 ..... tha 'follow1D& pla ... 418&110.Uo •• ere us .• d la th ••• az­

p.ra.atal aleouotaohn1oal •• thud., 'tihe 41 ... petlcl .... ur ... 

m.at. ot tbe »la ... enerQ and 1Ii8&n plallJllA 4en.altJ l118aaurUllat. 

'h. aleotroa and 10n pLull1UI t.lIp.raturee .era detuII1llad 111 x­
ru aa4 oharS •• xol:ans. atoaa· o\MIotra. the b.ha ... lour ot "'h. h7d'" 

ros.n _4 t.purlt:1ea l1D.., ill the ... blble ap.otrua part na al ... 

ao studled. In ~1g.1 th. t1lM-4.peDdanoa ot tbe _la oharaoterls­

tioa o'f thll disoharp 18 ct ... ..u the pla._ ourrent I ,loop ... 01-

liase T, .. an pla ... denslty i, pla8_ oonduotblt1" fi ,obl0 hea­

Ung power 1', eleotron 'fa and loa '1 t •• perature., and. pla ... 

.nerQ ... 1.11 plallll8 paraa.tera acbl­

n. th. ataUona:"7 ....wue. 'for the 

t1lle 7-10 lIIfI depPlli1u& 011 ph ... dell­

ait)" •• 1tbln the r8ll8ee o:t th. u.gn.tlo 

tteld. (9046 kG) and 1llit1al ga. pre.­

aur. (0.",~.10'" torr) at h_UD4\: 

ourr.n~ 9-20 kA a s-w.tiODa1'7 41aoh­

usa .1'b ii-o.~ - 2 _ 1013 am-J, 

., 

'r.-250-700 .... and tl-650420 BY "aa obtalned. 1'18.2 sbo.s that 

'. daor.Does .ltb • dallal1;J .hl1. 'rl 1nQrea •• e, l.a. th. dlf­

ferenoe between 1011 r.n4 . leotron tflllparatur.o r.duoe •• At pr.­

.ent .e ba .... not T.t 1n!or.aUon on dan.el1;J and t ... per.tura ra­

dlal d.btrlb\ltloDo th. parabello d1a"trl\iO.Uon Is au.»po.ed at all 

eeUm.atlol18 ot the energy oont.nt 

and th. l1tet1aea. Ae ~lS.2 ebOW8 the 

pIa .. 8Ilel'Q oout.nt obtalaad b,- the 

diaaaaneUo lIleaaureElcta WJ .1tb 

the aoouraOJ' of J~ 001nold •• 1th the 

... all18 oaloulat.d socord1u& to tbe 

m.asured al.ovon and Ion t .. puatu­

r .. tor n..7.1012 Q.III-J. "t low denai­

tl •• the dlaorspan07 betwa.n tbll •• 

valu.ea la obauy.d.lt la dl:ttloul"tJ" 

now "to .ay 4efl111 tel)" o:t the OS1l811 

ot "th18. the lIurfP' l1tlltilRll 1e 

praoUoaU,. not oballied wIth. dlln­

e! ty. Aa th. ohal0 heatlns ourrant 

.-

. 

\ ..•... 
:\~ I,".~d 

-- ' ",11(0) 

-">;. 
~ 

" 

.' 
1nor ... u (~1.s.J) th. plaam. anarQ and th. lit.U ... 1nor .. ea. 

How ... r, "th1e r1sa 18 l1a1"tad at the raUo 1/&0'1,) .bea th. "to&1 

&D&l. of 1'0"taUODal. tr&Dat~ '" + t;z -1 ( .(,1 - 4u to 

ouneat) anear. on th. pla ... boWl4&1'7. tha »la_ oo:o1'1De_at 

tlae deoreaee. a8 the I1lI1"f8Oe wi"th t _ 1 aO't'ea :trOll "th. bolm4&1'7 

"to the oenve at pla ... ooluan.th. abroupt 1n.or"ae of obaio 

heat1u& pa.u af"tar 1/B-1,J i.D41-

oataa "tio "tih. oolu.u ra81."tano. 

• rU •• !hla an4 8011. otber t .. ture. ! 
1D tb. h1&h ourran"ti ransa peru"t. s 

u. to lIake a88W11p"t1oo. abollt the 

obBll&. of the radIal d1.R"trlbll:tiDD 

oOl'r.apcDdillg to d.orH.a ot the 

, ... ~ .. 
... ·I.··u)~ ..... 

eff.cUn pl .... diaaulona. Caloulation ot 1ib. power vanatarad 

trOll .l.ovona to Iou &lid abaola."ta •••• ur ... a"t of tlu ot the 

ohars. 8%obaJl6e .t0ll8 •• 4IIp1D& the pla".. ahOWII 1hat I1p to 

JO-4~ o:t th1. power IUq aaCf.p. du to obal'S. axobansa. tha Ion. 

enar87 It:tet1aa oorreapond1ne to "the 

t.b,.or'tioal ooa:t1'ic18ata tor the ,la"t.11 

reslon POT' 1;0 be oloae 1;0 th, uparl­

Mo.tal one (.-.i t 5 11. a1: 11-12 110), axo.­

.di.DB It 1 ,5-2 t1llaa. the tunotional d ... 

pall4enoa of thII 10D temperatura on "tbe 

plaam dwlt7 alld tba IllaIiD.Uo tl,ld 

8trepgth do not oon~a410t to the ut­

a7ll0doh .formula. Caloulatlou of 1iba 

p.lI8u-atlon ot neutral atOllla 1D a pla.- ,., .CO·' 

_ and the 1Dte&er ·.obarsa axobaqe atou tlu: w •• _de. I"t. 

DOr_l1UtiOn. 'b7 "boa expar1mlllftally m ... ur.d tlu per.ita4 \la to 

BTaluat. tha neutral d • .II81t7 1D "tb. pb ... oolGllDo 

81a1lUaDaoub", the DeuUa! 4paltT on "tbe bOlmdarJ .... dater­

m1Md tro. H" lilw at_it,.. Bo"th .ethod. I"e oa1ao141q 

..alII •• and p8u1:Uad .. t6 uloalat. bo"tb local dd ... n partlo­

las 111atJ.M. in a plaaaa. ·!h, looal VU'Uol .. 11ta"tlae a"t tha 

c.nv. o:t plaa_ colaa a"t S-12 kG la .... eo ".0 aDd fall. to 

1ib, ~ ... boGDdarJ". !h. m._ particle and &nuQ 11t.ti., a. 

a :hDotion ot a .agnetio tleld i . ahcnrn iD ~1S.",. !ha o1%'olaa 

oo:rre.polld to "the Talil •• oalolllat.d. tor th. '. _d tl •••• ur.d, 

the oroase. - to the dl..ap.tio ."8U .. WS. tba aolld 01ll'T. 

II oorreapondo to "tha e.p:lrieal aoallDa 1 ... ~ .... a2a9 ' wbera 

B 6 - Is the 8U11 ot b.Ueal and plalfllll& ou:rrot pololdal 

tldd8, th. for.er in Om" ea88 be1D& tbe d,oaJ.naIlt. Both par"t1ole 

and, .nergy ooDtla.men.t t1aa 1norNBBIII,..Uh 1J1or_alll& ot th ....... 

o..Uo t1.ld. tha ooDtlnuan"t for at.llarator oaaa la e •• am1ally 

batter 4118 10 the ez1;arnal polOlo.l tteld. How .... ar, "the batter 

oon:flna •• n."t le.de to tbe plaaa oondllO"tl ... l17 1l1Or .. se aDd, 4aOZ'_-

.88 th. ahalo haat1.ng"rpowar input: 111 • p18 .... In th1a OODnao",,"" 

1011 1D.netigatiODa o:t o"tbar •• "'04. o:t plll ... beat1q 1A s"tal-

lara"tor. &1'a at partioular lIIportanc •• 

., 1'arull.nt addreaa: Iott. Ph7s1oal-!eobDloal lnaUtuh, "the .lea­

d,'8IO' of 801allOea, Lu1.ngr.d, OSSB.. 

1. D.I:.J,.kul1na.t al. 1'apa:r to tu VI J.n."taraatlonal CODfa:raaoa 

011 Controll.d ~ualon and 1'1& ... 1'.tQ-. loa, Barobte.p4.o, 1976 • 
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PARTICLE CCllFDllilmiT IN HF- HE4TED P.LA.SIlA. IN THB 

;'URJ.GiN-Z" B'l'm..lRA'l'OR 

A.G. D1II::y, V.G. )(ono,,&1ov, B.V. Xrawehln, 
0.8. Pavllchellko, G.p. Pavlov., CoY. Shy.ta, 

Parl:101a oonr1uemant 1» a p1a ... _ heated b, the lolr-C,clotron 

waves ln tha "!Drag~1" stellar.tor were studied earlier ~1J • one 

of Heults of tha •• experimenh ... a oODClualon about the neaollUl­

alou ,partiole dlttWllon 111 ICRR ph.SIII •• Th. dr •• back of these n;­

parimente was • laok ot data oonc8rn1Dg magnetic fhld dapandenoa 

of partiole con!1ue •• nt taa. In this report .. pre.ant da,ta coo-­

earning this quntlon. 

Par •• tars ot tha "Uraean-2" atallar.tor _re described 8U'"-

11ar [2]. n. wave laWlCh1llg 818t, .... mounted ~lde of "aouUII 

ch8Jllbu' on the 8tr.~ ;part of the ste llar"tar. ibis _;yet_. was 

8%01te4 OEl tha rraqu8DC, 5.? Mc/a. Cl 

Chug1.ng tha aagnaUo ri.ld etren-

8th £roll ,.6 ][a. to 9.6 kOe it 9118 

pO.Bible to axel te iD the b14rogan 

pl ___ lo~,olotron. 100-10n h.1~ 

r1d and J.l:rnn way.a. In tIJ.a. e:' 

p.rlaulta .l.otron denalty .... _ 

• uur.d ,b;)' tb. 6-_ 1I1hrt.rom.t.r, 
~.: 
J .f-<<-----t''--------1 plUlla pH8IIU.t'e n(Te • 1'1) - b;)' the 

',' diamagnetl0 loop, .hotron t .. per .... 
{' 
.: ' ture - froll h.llU111 11neo ratl0 
.• ~.<C_C--.-C~-;--._.) 

t... (5. 1C1J of h.l1U11 .as a4d.d 111 the 

b1dro8en pl~ 

Partl01' eoD1'1n.ment t1ae ~ •• a oueulahd froll the .l.otron 

balllllO, .quat1on (3]. F1So" aho_ th. ~ behaylour of .... urad 

param.ter, for two 'Yalu.s of 1IIagn.et10 field atreD@ith - 3.6 KO. 

(hft oolUllll) u4 9.6 ](0. (rlsht eolWlll) w1th ID' pul .. duration 

6t • 2.5_.0. Partlol. ooD1'1lle_nt tta •• ea meuured at the .0-

m.nt 4t" 11118" EIp.rUlental data on 'l'n _re cOlIIPared w1 th then 

predioted b3' the neoolue1oal thHr;)'. In. the 'Xper1aent the el.ob­

ron t.mp.rature .as 111 a re.ns-a 20.,." 're "'40.'1. It lI,ans that our 

'" data oorreopon4ed to the plateoatl rl81me of theor;)' (0.1:! ~ .d:O.5f 

,L _8 
'" .. ~ ). F1S.2 sho.a nper1,aentu 'Yuu .. of the 41ffuelon 

ooefflol.nt 2erp ( ~p .. Q.if~tttn ) norm.elb.d on yaluea of the 
p,.,. " dlf'fuelon ooeff10u.t~J4], oaloulat.d for tb. oa .. when"l=-~>:L 

,, ~--+--t,".'~+--c--i •• • 
'~---r-pT¥~~~,-i 

.. , , 
• H--+-+--+"';'- -j 
u~--+-+----r~~ 

IIlIld plotted asa1nat the nonal1-

zed el.otron oolllolon frequ.no,. 

a.m ;:;e .1 (so11d 11n.e) corns­

pond to the tbeor, for the u1.all1 

e;)'lllletrl0 Slate ... The daahed 11-

u (~.2.6) takee 1I1to .0_ 

unt the h.l1oal 1nholllllgene1 t;r of 

the IIl88JWtl0 fi.ld (51. ClOsed 

c1rol.s are related to data obt ... 

In.d for the magnetlc field range 

3.6 kOe" Ho " ?2 kOe, op.ned on._ 

for the rane:e 8kOe~Bo'" 9.6 k08. 

If to take 1I1to acoount the fac 10 

that the addltional partlole nux COJUUlcted w1th eleotron IJ1d ion 

t8llp.ratuN gradients (thl thermodU'tuaion) WaaD ' t tak.n into acoo­

unt, 0118 oan cOl18ider data for l ower part of magnetio fleld range 

as a good oorrespondanoe with tbeorl predioted OllllS. Data for h1g­

h.r map.t10 :fi.ld indioat. the :faotor 20.40 e.aomall of ~. partic-

1. diffusion. 

Trl1.D@i to clear the naaon of thiB 1mOaalJ' up, _ha'll anall-

ud the partioh confium8Jlt d.peAdenoe on pI .... par ... t;er •• 

'f. 
~ 

" 

" 
.... 
" 

Fig.3 shows that the partiol. 

coD1'inG.nt tia. decr ..... nth tl 

the inorease of ion t'llIPerature. 

Th1a faot is 111 a quuitative as­
Hem.nt w1 th the ~.o:fI" pr.dio-

t10n • . : .. 
" " " 
" W ~ 

Pig.3 

. f· . ., .. Tuv 

The magn.tio fi.ld depULden-

o. of the partiol. oonf1nllll.nt 

10111. (Flg.4) sho •• e that ill the 

rang. 3.6kOe~Ho~7kOe tb. pI%'­

t1ol. oonfinlmlnt tim. inoN .... 

ea't.oo&02. 'lhe .aturation of 'tn 1n the range 7kOe~Ho:69.6k0e r.fl..ots 

'f , 
• 

w 

" .. 
,I' 

, 

, , 

, , . 

the aboy. lI.ntlOllld IJ1OlIal, of 

·the d.1tfus10n proo.s •• We MD' t 

hay. an,}' .1IIpl. uplanaUon of 

the obs.rv.d 1J1O~ let. TrJ'1.D6 

to \md.ratand. th1. phenolllllDn we 

p&1d attention to the faot that 

start1.D6 w1th the .xoitaUon ot 

iOZ)oocl010tron ..... s ... p ... ed to 

the Ixoitation of Uf'nn ..... . 
, 
~JOe (kw,-O) (Hc.i." 3.6kOe). R.c.nt 

experiments on llhlll wave h .... 

t1.D6 of plum. 111 the "Protooho" at.nuator (6) 1ndicated that the 

ano.alous partiol. ditfueion aocolllllanild the Ixoihtion of tb.a •• a­

'lIB. 1I'e ahll.l atudy thia phlno_non 111 detlall in our futuH Ixp.ri_ 

menta. 

PJ:i,:Jaic .... Taohn1cal. Insti tut. 
iDlarkoT, Ussa 
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PLASMA HEATING BY ALFVEN WAVES IN THE PROTO-CLEO STELLARATOR 
S. N. Golovato and J. L. Shohet 

The University of Wiseonllin, Madison, WiBconBin 53706 USA 

Abstract: The shear Alfven wave has been excited in p!sa­

mall in the Proto-Cleo atellarator. Doubling- of both the elec-

tron and ion temperatures was observed. Evidence of the pres­

ence of a resonant surface in the plasma, which leads to the 

heating. was obtained. Some enhanced p l asma 1088 was a l so seen . 

The shear Alfven wave hss been excitea in plasma confined 

in the Proto-Cleo 1-3, 7 field period stel lsrator. The experi­

ment has a major radius of 40 cm and a p l asma minor radius of 

a~t 5 cm. The confining- maqnetic field Is 3 kG . Plasma was 

produced either with a titanium qun or by RF breakdown of neu­

tral hydrogen. The gun produced plasma had a peak density of 

about 1012 cm -3 and electron and ion temperatures of 5 eV and 

10 eV reepectively. The RP-produced plasma had a peak density 

of about 10 1 0 cm- 3 and an electron temperature of 10 eV. The 

Alfv'!!n wave w __ s excited by a he l ical launching structure which 

was positioned at a minor radius of 7 cm and !Dakes 3 revolutions 

of the major axis in one revolution of the !Dinor axis. Figure 

1 s hows the experiment. The helical coil could be driven with RP 

at 1-2~ 5 Mflz, in l?ul~es of 0.4-1. 2 msec at power 1eve1a up to 

200 kW. 
FIG. 1. The experi­
mental configuration 
for the Proto-Cleo 
stellarator . 

With a pplicatl.on of 1 kW of RP power, a doubling of both 

the electron and ion temperatures was obse:rved [1]. The ' elec­

trons and ions must be heated independently by the wave , since 

energy equilibration by collisions was too so.ow to account for 

the heating of one species by the other. As wel l, the r a tio 

Ti/Te re!Dained approximately the same after heating. The heat­

ing efficiency, measured as the rAtio of the change in total 

p l asma energy to the total RP energy applied, was about 6% wi th 

t he majority of the rest of the RP l ost in the wave launching 

helix itself. 

The experimental results were compared with theoretical 

predictions of energy absorption using the analysis of Tatar onis 

and Groesmann [2,3). In their theory, energy absorption should 

occur in the vicinity of a resonant layer in the plasma defined 

where the appl i ed RP frequecy equals the local Al"!"'.!!n frequency, 

;,;: (~) 8 6 + kBz)2 

"A 

where m and k are the peloidal and toroida1 wave numbers, Be 

and Bz are the pe10ida1 and toroidal fields and Pm is the mass 

density. BO' Bz and Pm were assumed functions of minor radius 

only . Radial profiles of electron temperature a nd the wave 

magnetic field were made and showed no strong peaking as might 

be expected at the resonant layer . This may be explained by 

the fact that stel1arators are not axisymmetric devices and 

the resonant layers are not closed toroidal surfaces. In 

Proto- Cleo, the diagnostics were located in a region that did 

not cross the resonant l a yer. The dependence of the heating 

on density and RP frequency for a gun produced plasma are 

shown in Figure 2. It is predicted by the theory that heating 

Should be better at l ower ~ensities and lower frequencies for 

Proto- Cleo parameter'!. Thia effect is seen in Fiqure 2 . 

i 
...... , 0'-._---, ,~ ... ,.----

.,. .. ".,., ..... , 
Fig. 2. Ratio of electron temperature with rf to electron 
temperature without rf versus density at three frequencies. 

Along with plasma heating, enhanced p l aama loss was ob­

se:rved when the wave was applied. The loss only occurred during 

the RP pulse and showed the same dependence on density and fre­

quency as the heating. The enhanced loss increased linearly 

with wave amplitude . 

P l asma was also produced by applying high power RP. up to 

200 kW. to break down neutral hydrogen. The resulting p l asma 

had a density of about 1010 cm- 3 and an e l ectron temperatur e 

of 10 eV. Radial profiles of density, electron tempe:rature 

and the wave magnetic field showed strong peaking as shown in 

Figut."e 3. This indicated the existenc~ of the resonant layer 

as predicted by theory. :l:hepeakingwas more visible in the RP 

produced plasma case since the plasma was beIng created at the 

resonant layer where the wave fields were highest and because 

highet." RP pewel'S could be used . The RP peaks at a l arger minor 

radius than nand Te due to the non- axiaymmetry of the stel­

larator equilibrium . 

RF (1.10 mvolts) 

" 
RF w/ pl uma 

• 
•.. 
·.~-+--"r-T,r--7.--,.r-~. 

"'1"0 r(O'I'I) 

Fig. 3 . Rad ial p r o ­
fi l es of n, Te. and 
RP amplitude with 
and without plasma 
for the RF produced 
plasma. 

The results of this experiment show that plasma electrons 

and ions may be heated efficiently by Alfv'!!n waves at frequen­

cies below the ion cyclotron frequency. The existence of a 

resonant lto.yer and the agreement with theory as parameters 

were varied indicate that the energy absorption was due to the 

effect known as Alfv.!!n wave heating [2,4). If the accompany­

ing enhanced plasma loss can be controlled, this heating tech-

nique shows great promise for fusion reactor applications. 
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ROTATING PLASLU. ~ THE "TOIm.lDo-650" 'l'R!P 

J.BergetrOm. A.B.Beresin, V.K.EuznetaoY. 

D.Lebnert, B.P.Peregood 

! . r.IoUe Physlco-TeohDical InatltutB, ' UBSR, 

Leningt'ad K.-2.I, Politeobnicbeakaya 26 _ joutl,. with 

The Royal Inatltute of Tecbnologt. Sweden. 

8-100 44, Stockholm 70, Tekn1kringen ,I 
Results ot the t:S.ret experiments on behaViour investiga­

tion ot plasma or •• ted by mean. ot croa.ed ~tlc and 

electric flel4e di8cbarge ~n tbe Tornado trap are reported. 

TheaB are firat experiment_ .here plasma rotatioD 18 driTen 

ln a cl08ed magnetio bottle. 

Tbe experilhnta •• re prepared and carr:ed ;lo1ntl,J' by the 

Roy.l Institute of TecbnologT (Btookholm-Bweden) and the !. 

P.IoU. Pb;:raioo-fechn1oal Institute (Len1ngl'.~USSR). B ... 

sulte of works whioh had been carryed within the traaea of 

progr .... e "Torna~~· (PTI) and "r1 ... co" (HIT) ha!_ played .. 

role of prerequisite. tor the Joint work raising. 

Tbere was asoertained b1 tbe works on "Tornado" progr~ 

.e that tbe trap field is olosed and bel~. to tbe cla •• 

of fields baying a spherical .eparatrU:[I.2.3JI tbat inaide 

tbe reSion liaited b1 tbe aeparatri:l: tbere ia • yolUlU with 

the field atrength increaaing ever,where towards its bound&­

r;r[4,5]1 tbat plasma of n = IOI2_ IOI4 I/cm.3 • T. I eV ia 

hJ'dromagnetioall,. atable inaide the trap and ita bebaT1o~ 

and 10s8e8 are 4eterained ~ the classical dittuaion{6.7]. 

leatures of the b'ba'Yiour of plasma rotating in the ... g­

netic field whicb has tieId linea crossing an inaulator sur­

face were stuAJed wbile realising the "liaaco" programme at 

devicea 1-1, 1-2 and 7_28 [e] : 

This new joint (BIT - PrI) programme ia a1m1.Dg atl 

I.Produetion of plaama rotating in the lD&gJle,:t1e field wblch 

ball no field line aacapins tbe 8)'stem or o:t'Ossill6 1 tu oon­

struetional elements. 

2.BebaTio\U' iIweatlgation of plallllL& produced this ... ,. in the 

Tornado trap d\U'lDg tbe plasma 4ee.., •. Statement of the 11f_ 

tw dependeno\ on tellpeX'ature within the range of temperatlP 

re up to .eTeral tene eV. 

,.InTe.tigation of pOSllibllit, to exeeed tbe Alivan plasma 

rotation Teloci-t1 limit[e,9], restricting the rotation nlo­

cit)' for a;rat8llll h&nng end loase •• 

The exper~eDta had bean pertoraed at the Tornad0-650 

apparatus (6.50 _ - separatru: d.1ueter), equiplled with s,.­

steaa of radial eleotric field produotion 1n81de the trap 

and aan1pulating it. 

There were lDeasured, pla8lll.& current, total OTIIr tbe spec-
• trum (3000 - 8.200 A.) plasma l1gb.t radiation dependence on 

time. integral over the tilDe 8peetrma of the radiation in 

the range ot 3600 - eooo 1 and microwave radiation in tbe 

range of 6 _ 8 _. Be.ide. the plallllla ... a photographed in 

it. own l1sht without tilDe resolution. 

Brief~, the re.ul ts gained are followingl 

I.After se'Yer.l training disoharges tbe discharge 1nBids the 

trap beoomss stable-ignited, the reproduotbilit, of plasma 

In 
;:; ... 
"5 -

and diBcharg~ parlllleters i8 good. 

2.On the till ... integral photos of plamaa 

there w.s not noticed ant inboaogenett, 

0: discharge or plalm&. 

,.The short (.50"...0) intense lIioro.-aTe ra_ 

diation i. regi8tered at the starting in­

stant of tbe diaobarge. During all later 

tae of plasma rot~tion and 4ec&"1 tbi. 

r.diation i. absent. 

4. !bere are no oscillations or pul.es on 

the current ~d total l1sbt radiation oa­

oillogrammes. These time dep~e~oe cur­

ves are perfect~ smooth (Pig.I). 

Jig.I Upper OurTe - total over the epec­

trwI radi.tion (3000 - 8200 A), lower 

curve - plasma current.· 

5.KanJ tiaes reproduced pI .... radiation 

spectrua photos (5 - 11 expositions aacb time) baTe atoaic 

hydrogen r.diation lines predollinan.t~1 ~i u" B
I

, S,(Fig2) . 

Pres~ble interpretation ot the re.ult. parforaed with 

the help of som. pre11ll1nar1 eatiJU.t1ons i. follow1:ogr 

I. Pl.81D8 denait1 is of tbe order of IOI4 c.-3 • 

2. Ion1~.tion peroentage is bigh in the central region. Neu­

tral ps telllper.ture around tbe plasma bo~ near 1ta .8U1"f.~ 
ce is bigher than b1drogen molecules diasociation temperature. 

,. In the co\U'se of rotation and declQ' plalllll8. has no large­

acale dieturbances. 

4. Rotating pl.saa, pr08WDab~. bave no eontact witb the con­

d.uct1ng constructional elements ot the trap for the pbenolle­

non of plasma cleaning of beaT1 impurities due to the rota­

tion can not be complete~ responsible for the cleanness of 

the plasma produced. 
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PIRST RESULTS ON THE CONFINEMENT OF A lASER-PRODUCED PLASMA 

IN THE W lIb STELLARATOR 

H.Baumhllcker, H. Brinklchulte, ",BUch1, M.H_hmi, S.P. M.arller, 

W. RledaUller, and K. Salvat 

Max-Planck-Inlt.ltut fOr Plalmaphyai.k, 8046 Garchlng. FRG. 

Ab.tractl Isolated deut.erlll111 pellets were irradiated with 11. 

focused Nd 91_8 1.ler baaJIII at the axil of the atellarator 

W lIb. The plasma den.1ty 1n the torus reachell a maximum with-

1n 50 1J8. At a toroldal magnetic field strenqth of O.2S Tesla 

a apace averaged density of 7 x 1012 cm - 3 decaying within 118-

The prodUction of a plulIIa by irradiating matter with hiqh 

power lasera offal'. t.he po •• 1b1l1ty of filling 11 ateUarator 

with a plasma of high ener'lY density and low degree of Unpu­

rit.iea wi thout otude heating' current . Tb!_ method was studied 

.arlier at t he Lebedev Inat i tuta (1) usinq a large lith i um 

dhk and in Culham (2) uling luspended wires of different 

mate_rials as tarqetl . In order to r educe the large amount 

of neutral g.1 produced if extended targetl are irradiated, 

_ uled ilolated deuterium pelleta at the axiS of the W IIb 

stellarator. 

W IIb (2) is a stellarator with at· 2 helical field. and has 

a major racUus of 0 . 5 m. I t has a built-in limiter with a dia­

meter of 0.12 m. A laser p l asma producti on system consieting 

of a deuterium pellet draper, a triqqering system and the 

energy lsser was developed . Pellets about 300 ... in dia.meter 

and SOO ... in length contai ning about 2 x 1018 deuterium atoma 

were produced by cutting off the lower 

end of an ice sUck (see Pig . 1) . The 

pellets fall freely (0 . 3 m) down i nto the 

stellar ator. If the pellet ie detected by 

a triggeri ng l aser focused c l ose to the 

axis of the stellarator, the energy laser 

is fired. I t is a Nd qlass laser, which -.:;,," 

delivere 11nqle or double pulles with selectable time diltance 

and energy ratio, a half width pulse duration of 25 ns and a 

total e nergy of .... 100 J . More details are given in (4). In 

order to f i nd out the initial conditions of the laser-produ­

ced plasma , we measured the total number of ions by means of 

ruby laser i nterferometry and the e nergy of the ions by means 

of the tilDe-of- flight method with electrostatic probes in a 

separate vacuum chamber without magnetic field. The results 

pertaining to single pulse laser shots are s hown in Pigl. 

and 3 ae a function of the 

lsser energy and the radiation 

energy hittinq the pllllt r e­

spectively . 

The pla.lRa eXQanl.i.Qn vl\loci.t.v. 

J •• 'C ..... ,. __ • 

""" ~"U (11 

2 '10
17 totl' numblr 

01 I lectron. 

I • 
I 
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.: 
~ . .. 

. , 

• • I1snl ' 8Y (J) 

50 100 
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increases s lightly with incr.asing laser energy and exceedS 

2 x 105 mls correspondinq to more than 500 eV per i on. We 

have performed an optimization of the nUlDbe r of laser-produced 

ionl with respect t o the r.lative po.ition of the la.er foc\UI 

and the pellet po.ition. The maximum ion n\lllll)er was obtained 

when the pellet wa. hit 1. 5 ImI before or behind the laser 

fOCUl, Where the crosl-section of the laser' beam il about 

equal to the pellet cron-section. The number of the ionl in-

crease. with increa.inq laser a nergy . Even in the optimum 

pe l l et position only about 2 x 1017 ions were detected corres-

ponding to an ionhation deqree of ... 10 • of the pellet. This 

i . in ag-reement with the result of numerical calculations (5). 

Longer pulaes or double pul.e. are required for full i oniza-

Uon of the pellet (6, 7, 8) . Most of the experiments in the 

.tellarator itself were therefore performed USing two lucce.-

live laser pulses (.At • 70 n .ec , £1/£2""l./2, El + E2 "'80 J). I n 

the torus cross-section that is . ituated oPpolite the focu . of 

plasma production we meaeured the space averaqed electron den­

sity by means of a microwave interferometer a. a function of 

ti_. Fig. 4 shows that the denaity reaches a maximUIII val ue 

SO ~ after the laserehot. The density decrea.e s within a tae 

of 1 to 2 _ec depending on the toroidal maqneUc field 

Itrength to valuee below 1 x loll cm- 3 . Until now, only fields 

up to 0.25 Tesla have been appl ied. A maximum densi ty - aver­

aged along the l1miter diameter - of 7 x 1012 em -3 was found 

at Star· 0.25 T. At the etellarator axie a density highe r 

than 1013 cm -3 can be aelumect if allowance i s made for a den-

eity profile. Tllkinq into account the volume within the 11m1-

• 010" 

'. 
I .... • GOOII 

Q,I _ 0.2 
...., ... 110'_ 1_1 

l";,G 

ter of the W IIb .tellarator ot 3,6 x 104 CIII 3, a maximum 

total nUl!tber of e lectronl captured in the stellarator of 

3 . 6 x 1017 is found . This number increasea with increasing 

toroi dal magnetic f i e l d atrength (Fig. 5) and exceeds by a 

factor of 3 the maximum t otal ion number produced with s i ngle 

pul ae laser ahot.a. The current in the helical windings .... a. 

varied from 0 to lOGO A. At low II\.4qnetic field .trenqth and 

with t • 0 to t • 0.3 the plasma capture seems to depend only 

weakly on the rotational transformation. No l ignal exceedinq 

noise ie obtainecS by Thomaon-scatte ring from an sxial voluma at 

SO lS and later . Thi . ind icatee tha t the electron temperature 

il less than 5 eV at a n e l e ctron denaity of 5 • 10 12 cm- 3 • 

Conclus ion. The largest part of the deuterium plasma produced 

by l ale r irradiation frail ilolated pellet. on the stellarator 

axis is captured by the magnetic f1ll1d. 

Cl) E.O.Andryukhina et al.. ZhETP Pia.Red. 14, 5, 317-320. 
(2) R.A . E. Bolton et al.. IAEA-cN-28/H-6 proC:' IV Conf. (1971) on 

pla.ma phy •• , Madison, 79-82 
(3) H. Hacker et al.. Pla.ma Phys.and Contr.Nucl . Pus. Res . II, 3 

(1974) 
(4) H.8aumhacker et al •• Fusion Techn. ,Proc.9th Symp.873- 87a( 1976). 
(5) L. L.Lengyel , Plasma Phys . 18, 929-945 (1976). . 
(6) L. L.Langyel , lAEA-CN - 3S/G3=l, aercntes qaden (1976). 
(7) A.F .Haught,O.H. Polk,Phys.Pluids 13, 282 5 (1970). 
(8) J.R. Greiq, R.E. Pec hacek l Appl.pny •• Lett 29, 12, 798-800 , 

(1976) -
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DC Currant GeneJ;ation by RP Travelling Pield 

in I. Magnetized Plasma 

Hasaji FUKUOA and Kiyokata MATSUURA 

Inst.itute ot Plasma Physics, Naqoya University, Nllqoy.ll, Japan 

~: The DC toroidal current driven by RP travelling field 

ia at.udied expert_nt.ally in connection with the absorbed RP 

power and the plaa_ resiatance in a maqnetized plasJIIII. . The OC · 

current distribution and the Ri field distribution are measured. 

An RP travelling field can produce a unidirectional current 

in a steady state/i-lt. The _cMnism of the current generation 

i. that. the RP travelling field tranafers not only RP power 

but alao DIOlDentum to electron. in the pl .. ma/4/. The force 

balllnce between the electromot.ive force produced by RP travell­

ing field and the frictional force due to electron-ion collisions 

leads the following equation/4,5/ 

p. --.-- - (1) 
I- NeeVp ) 

where Pa is the absorbed RP power, Vp is the phase velocity 

a nd 1') is the plasma resistivity. This current generation is 

expected to be applicable to the current sustaining of tokamak 

/5/. In this paper, we report experimental reaults fOI: the DC 

toroidal current in a low magnetic field: (1) relation between 

the genel:ated curl:ent It and the absorbed RP power Pa ' (2) DC 

current diatribution and RP field distribution. 

Experiments were carried out by a tokamak aevice nB.tlled 

Synchromak/3/. The schematic diagram of the device is shown in 

Fig.l. The major radius of the discharge tube i s 25 cm and 

minOI: radius is cm. The plasma is limited by a metallic 

limiter of 4 em in radius . "stationary toroidal magnetic 

Held B t up to 3 kG is applied . The RP travelling field is 

generated by a tl:ansmission line which is set up locally on a 

glass discharge tube . The phase velocity of the Held Vp is 

1. 9 " 106 m/sec, which corresponda to the electron thermal 

vel ocity of 11 eV. The RP power, from 200 kW nOlllinal output 

oacillat.or, ia fed to the line for a dUration o f 1.0'\.2.0 IIIsec. 

The RP frequency is 3.6 KNz. The argon plasma le produced by 

the RP field itself. 

We lIleaSUl"e It' Ne' p. and plasm.a resist.ance R as a funct.ion 

of electron collision frequency Ve at. a constant magnetic field 

Bt - 0 . 3 kG, where ve is varied by changinCl the gas pressure. 

Here Ve ia calculated frolll the r e lation "'e • I)(Nee 2
/ftl). The 

pla8l!lG ra.iat.,nee R i, JIIelumred by a current response to a 

weak pulse induction Held which i. generated by a current 

transformer with iron eorel0 . 02 V·sec). The electron densit.y 

is inferred from the fringes of 50 GHz microwave int.erferometer. 

Typical values at Bt - 0.3 kG and P - 1.9 " 10-4 torr are as 

follOWS: It - 200 A, Ne - 6 " 1012 cm-
3

, Pa - 90 kW and R - 24 

mlL Pigure 2 shows the vol tage Pa/Io produced by RP travelling 

Held and the voltage R " It due to the frictional force, where 

10 -NeevpS and S ia the cross section of the plasma column . 

Both voltages decrease with increasing "'e and indicate almost 

the same dependence . The voltage Pa/lo is nearly equal to It " It 

within the eXperimental ranges of "'e _ 3"'1 10 7 rad/sec . This 

result is consistent with eq . (1). Therefore we see that the 

force balance relation i a satisfied in a collisional plaslllll . 

The radial profile of DC current ia measured by a m.agnetic 

probe . Pigure 3 shows the profile Joclr) ;It Bt - 0.3 kG and 

P - 7 . 5 10-4 torr. The current profile s hows a hOllow 

structure even for a quasi-Iteady state . PrOnl measurements of 

LIlnqmuir probe, the profile of plaBIIIIl density is observed to 

be fairly flat and not to be hollow structure. Therefore the 

structure is not due to electron denBity profile. Pigure 

shO\ol's radial profiles of RP magnetic field Br' B6 and Bz ' which 

are measured by I118gnetic probes underneath the exciting coil. 

The field Bz penetrates in the plasma with increasing Bt and 

then a bell-shaped profile developll/3/ . The fiold De i. 'lener­

at.ed in the phsma and the amplitude 11 comparable to or higher 

than the field Br' These RP field profiles indicate that there 

is an excitation of a proper mo4e of plaslQ. wave. FrOlll 

dispersion relation of cold plasma, the wave is thouqht t.o be 

a Whistler DIOde. The perpendicular wave length is estimated 

frOnl the shape of RP field to be 17 cm, while the v alue calcu­

late~ from the dispersion relation is 6.2 cm for Ne _ 6.4 " 1012 

ClD-
3 and Bt - 0.3 kG. 

From these components of RP magnetic field , the RP electric 

field can be calculated . The ratios lII\IOng the amplitude of 

components thUB obtained are 

The RP e lectric field Ez is very small compared with the fields 

Er and Ee' Since the fields Er and Ee are a pproxi lMted by a 

Bessel function J l Ik ... r), the absorbed RP power has hollOW 

structure. Therefore we aee that ·the generated ' current haa also 

hollow structure since the plaslllll density and plasma. reaiatance 

are fairly uniform . 
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DIRECT TOROJl)AL CURRENT GENERATED BY MICROWAVES 

R. K~{ma. V. KopeokY. J. Musil, F. ~a~ek 

In~titute oC Plasma Physioa, Czeohoslovak Aoademy oC Sciences, 

Nademlynaka 600 , 180 69 Prague 9, Czechoslovakia 

Abstraot: Generation of direot toroidal ourrent by travelling 

miorowaves ia demonstrated e~perimental1y. At parameters used, 

this ourrent l a apparently oarried by fa a t eleotro~8. The e%_ 

perlmental results can be lnterpretted s atisfaotorily on the 

basic of previous theory. 

ThA rRoRnt exper iments (11 support the 1doo of the "po_ 

ri s taltio" stationary tokamak [2] by ua ing low-frequenoy w8_ 

vea, The purpose of the present oontribution is to give firet 

preliminary resul ts of (1) the eIoitotion oC the toroidal 

current in a msgnetoeotive p1asma by micrcwaves and (ii) the 

ccmparison o£ the eIperilllenta1 data with the thoory [ 3 ) . 

The study was carried out on the tcroida1 device INTER_ 

MEZZO, Fig. 1. Basio parameters cC this device are : stainless 

M\A.TtGft lD 
ANAll'SEft 

OOGOWSKl 
COIL 

LIHlTEft 

f -1,l5Gth 

8mm Inte .... e romU ... 

steel vacuum torcidal chamber with maJcr radius R : 35 cm and 

minor radiue 4.7 cm, 1imitor radiue ) cm, steady toroidal ~g_ 

netic £ield up to 2.5kG. A helical a l ow - down struoture pLaced 

inside the vacuum chamber ie Ced Cl' om the magnetron 60 SA 51 

(w/2:it: 2.35 GHz, P:: 0+5kW) in 200_5OOuaoc pubea with 50Hz 

repetition Crequency. The initial p1asma i a generated by a di­

rect1y heated cathode . The p1aama density n, the toroida1 

current III and electrcn dietributicn £uncticn are measured 

by an 8 mm interCercmeter, Rcgcwaki ooi1 and e1ectroeta tio 

lIIu1tigrid analyser. Ezperilllenta were oarried out io hydrogen 

at Wu!t.c.J::1.7, W"r. being e1ectron cy010tron Crequenoy. 

The eIperimentall.y Cound dependenoea of I" and pLaall!a 

demoity W;IW" on the miorowave power P are given in Fig. 2. 

p_2. ui
1
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Fig. 2 
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The data given by the electrostatio multigrid 

analyaer (p 2.2:o:10-3torr, P = 5kW), aee Fig. 4, demonatra_ 

te the preaenoe oC e leotrons with high paral l el velooitiea VII 

of the order of hundreda eV. 

I. lA] 

I' 
'. 

.. 0 co .. Experl"-'t 
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Fig. ) 

Aooording tc the theory [ 3], the va1ue of the tcroida.l 

ourrent geoerated by e travelling 1Iave i a , in CGS e1st. unita, 

I" '" e k,,"P / 2 IT R m v. w 
1Ihere aod III are the charge aod the masa of an e1eotron, 

k" is the 10ngitudinal (here the toroida1) 1Iave number of the 

waVe excited in tbe p1aama torus, ~ i a the e ffective oollisi_ 

on frequenoy of e1eotron momentum trans£er. Froll! the oold pl a_ 

8ma di8per8ion theory kll =: 2.5 in the range oC parameters 

.. to, " . 
E r.VI 

Fig. 4 

used. Acccrding to Fig. 4, we auppoae that Iu is oreated by 

fest e1eotron8 with energies about 100 eV and, therefore, 

\.le:::::: 2xl09
p [torrl ia given by e 1eotrcn_neutral. 0011ieiona 

(4). The theoretioa1 va1uee of I. found this way are a1so gi­

ven in Fig. 2 and 3. I t is cbvioua that the agreemeot with 

the eIperiOJenta l values ia satisfactory. 

We note that the wave excited by the s10w-dowo atruoture 

(whistler wave) propagates aotipara11e11y to the magnetio 

field Bo' This Caot i s given by the noo_reciprocity theorem 

eatablia hed in [5]. 
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ON THE STABILITY OF ELECTROMAGNETIC HODES IN THE 

BOUNDARY LAYER OF A GAS INSULATED PLASMA 

D. Ohlsson 

Royal Institute of Technology , 100~~ Stockholm 70, Sweden 

Abstract. In gas insulated plasm.!ls large density and pressure 

gradienta are likely to arise close to the boundarie s on account 

of plasma neutral gas interaction e ffects . In this paper the 

stability of gravity driven electromagnetic modes in the boun­

dary region is investigated . 

Introduction. In order to fulfill power density requirementl in 

future steady- state fusion reactors the ion density in central 

parts mU l t be of the order 1021",-3. In such systems high densi ­

ty neutral gas will surround the hot pl~Rm~. p~nv;d~d th~ flux 

of neutral particles from the plasma is not continuously removed 

by external mesns. From investigations of the equilibriUtll pro­

pert ies o f gas insulated plasmas it is found that large driving 

sources for plasma instabilitiel will be localized to the .narrow 

partially ionized boundary layers surrounding the hot fully 

ionized plasma. The stability properties of these layers there­

fore become essential for the whole g~s blanket concept, in 

particular since minimum- average-B and shear properties of the 

magnetic field are likely to become less effective , on account 

of insufficient magnetic-Hne-tying due to large resistivity 

and the sznall localization regio n of th.e modes bei ng considered. 

Basic· Equations. We use the ordinary dissipative HHD equations 

for a thr ee- component plasma consisting of ions,electrons and 

neutrals. Conventional notation is used. The plasma and neutral 

gas are coupled through the exchange of directed momentum. The 

plasma also indirectly sffects the neutral gas through the vis­

cosi ty tensor in a way previously described by Lehn·ert [lJ. 

Dispersion Relation. We make a localized perturbation a nalysis 

in cylindrical geometry assuming all quantities to vary as 

exp[}.(krr+m(l+ £z-wtIT· We define ke :m/r a nd kz : n/L. We will 

onl y consider modes for which the lines of force are curved but 

not compressed or expanded. ~e magnetic field is in the polar 

direction. Plasma neutral gae interaction is reconsidered as 

compared to ~arlier investigations [l} and expressed in tel'llls 

o f the mall a nd viscosity tensorl. The plasma- ne utral gal 

coupling is generally highly aniaotropic. Thus the final d ia­

perlion r e l ation can be written 

"2 11111'1 k ,'n 
(;2); III :(1-~ - i 

g e""'zvn 
<, ) 

., ,, k~ 
"; 

IIkzVByewn k kTVn IIck~ 
"r (~ ls 

IIlcki ( '~lIIn -'--C6}J,,", 
~ 

(7) 

" neB )J , 1 

B"lk~ 2 ykT)J k~ 
, , 2ypn .1 k .1 3(Y - l~ 

"A --:-J: k (lli;l w\lP ~"" -'----',¥ " .) wlip ----:r-[l.-- - (10.) 

)Jonmckl (I n. , , 'y 

Hero m;, m:. 11: and p! ~preeont the diagonal e lemente of 

the mass and viscosity t ensors. Generally these elements are 

complicated functions of the defined parameters ineluding the 

frequency. For the case when wr«""'A the electrosta tic a nd 

electromagnetic mode s are strongly coupled and the dispersion 

relation splits up into two e quations 

",'" ti(w tw tw )w, ,"'I~W (11) tw ) 11 np r , ,r 11 np 

" , w~ + 

, 
"A (13) 

We have here neglected the frequency dependence of the coupling 

coefficients, inertia and -frictional drift motion. The interpre­

tation of Eq . (13) and (1ln is straight forward. Note the 

strong stabilizing effect represented by the term wrCwlI+lI.I np ). 

Here wp becomes strongly enhanced due to plasma- neutral gas 
interaction. Th is example shoul d, however, merely be considered 

as special application of the general dispersion relation. For 
typical neutral gilS blanket data we actually find for a wide 

range of p"rameters. that the electromagnetic and electrostatic 

modes decouple. The electromagnetic model become strongly 

damped on account of large resistivity along the lines of force, 

and the stab!li ty properties are determined by the low fre­

quency electrostatic modes. The general dispersion relation . 

Eq . (1) has been investigated by the Nyqulst technique, taking 
into ·account t he frequency dependence of the mass and viscoaity 
tensor components (due to plasma- neutral gas inter action) and 

also inertia and frictional drift motion effects . 

The stability criterion becomel 

b : U -
~) 1,)2 2 (I,)!)P t 2Wup) 2 
w" g w)J"'np + lilt air aI A < 0 

d 

US) 

ijote that this general criterion a lso applies to cases when the 

electro s tatic and electromagnetic modes couple. The tensor ial 

mass elements Should b e evaluated for w:w f . The resul t is 

2 nnmn2 .... 11 
mcklam(1t ~)k.1 and IIck2=(Il+llii)k.1 

Here the driving source for the modes considered is as soc iatld 

wi th the term ""'! which arises on account of the "bad" curva­

ture of the I114gnetic field. This term is reduced by a factor 

""'f/w~i ' The term wf/~~i is associated with plasma density ex­

pansion and compression effects due to the inertia drift motion 

and corresponds to a stabilizing effect. The second term repre­

sented by w)Jwnp corresponds to a large stabilizing effect 

due to a joint viscous - r e sistive.pl'eesure e ffect previously 

disc ussed by Lehnert DJ. The resistive.pressure effect simply 

represents the smoothing and damping effects of resistive dif­

fusion on the plasma density perturbations . The viscous effect 

is s ubstantially enhanced on accou·nt of plasma- neutral gas 

interaction effects. Note further that the Nernst effect ~du­

ces the s tabilizing joint viscous-res i stive-pressure effect 

by a factor 3(y- l)/lIy. The third term w; represents a 

destabilizing effect which a rises on account of plasma den s ity 

expansion and compression effects due to the i on- neutral 

frict ion drift motion. The last term finally corresp.onds to a 

stabilizing effect which arises on account of a joint action 

of diffUsion (due to i on- electron and ion - neu"tral collisionl) 

across and electron motion along the field lines. 

Let us investigate a numerical example by choosing the fol­

lowing data typical for gas blanket boundary layers, i.e • 

n:n =10 21
11.-

3 , T "T . =T =3xl OIl OK, d(lnn)/dr= _50m- l , 
n -t 1. n 2 -1 

d(1nnn)~<I:~50m , '(_~5/3, B=lT, d(1nBl /dr= - 2, kr =6xlO III , 

k z =6xIO m ke>OIll . Thus yielding A«O 

Conclusions. Due to the joint action of all effects con lidered, 

the preeent analysis indicates that complete stabilization of 

localized gravity driven electromagnetic modes can be achieved 

under rather general conditions in the boundary layers of gas 

insulated plasmas. Consequently in these regions neutral gas 

stabilization is an aiternative to I'IOre conventional type of 

stabilizing mechanisms associated with minimum- average-B and 

shear properties of the magnetic field. 

This work has been supported by the European Communities 

unde r an association contract between Euratom and Sweden. 
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PRIMaTON, HEW JERSEY 08540 USA 

.. "'" 
ASSCCIATIO,'i EURATO.",CEA SUR l.A FUS/ON 

IHpotk_~' ,,~ Phr 'u,Me d~ Pin ..... ~, d. In FMw"" ( ... ",61'" 
c.~,~ rI'EIMd •• {I,'"diGi".> 

8 o<.k Pou"k R' 6, 9Z260 FO,Vn:NAY·AUX ·ROSES (FR" ,' "Cr.J 

AlISTL\CT - Experimentll avid'ata for bletk-body ,.illion "..1' rb. ataet r"n 

,,),eloe"," fnq .... .,e)' !COlD • collilionl ... t01'01d&1 plll1111& 11 pr ... nted. It i, 

... "utld that thl. black-body IlIi,doll "",,"rI via • .,d, <:onvluioll at th. 

upper hybrid layer . ...... It. of black-body million ""er till ,.,,01101 h • .,..,,,1,, 

Ire al.., PUU-DCe<!. Th' ... ,.f\lln ... of tbi, _thod to ...... un profU .. 1,,01 

t.,a-raCUrI fluet .. ltloPI in • hot toroidal phlcaa i. dllllloltratld . 

Ue"rrOD teap.uc\lrI prQfU .. ,Dd th"ir ei .. nollltl.on iD Tokoaak 

d."i"u obtaiD"d by •• ,uri"l thl .rlctr 2 11
7

cYclonon ndietion It the leco lld 

hafW)1Iic blv. been previou.ly report.d '-!.... Ko"ure.llu of thl cyclotron 

Uli~do ll lIear th': fulld_ntal freq ..... llcy IIlCI h.ve. bun Iho rtportd Ct7but 

th .. e relult. were vid.ly do.inltld by r.n.ction frotll .. alh ,urroundina the 

pll ... On the other h.nd the licit of • co"prehenlive theory of the e.illion 

aro" .... "'c. lUlr.u tbl interpret l tioll Df tb.le ru"lt. vlry diffic"lt. 

In tbil plp.r we report Ii .. l tlneDU' .... uremenu of the electrOfl 

cyelotroll .. i .. ion redid profU .. of tbl fund_nul and lecond hlnlDnic 

carried out in tba PLY 'fokollollt. 'I'be ."l'erimenul .rnlli_nt h illu.tnted 

in Pia. I. Tbl .. ictd ndhtion le. ... "ud in tbe e:ltrADrdiDlry pollriu­

tion perp.ndicular to the "aDltic fi . ld in the. direction of the lira. 

nd!". R by t.... .ic .... w.v. horn . pllc.d in the telion IIf hiah "aMdc fh ld. 

lIou thlt the radi.tiofl It tb. fundlllenul, in contrut with the IICO",," 

hllW:lnic .... illlon. c.n prop1alt. out IIf tbe plu.1 only in thl diraction 

of increlli .... _ane.tic field. There.fore in order to .uun onl y the 

ndietion fr01ll the pie ... Ind to .void the eontribution fro. thl r.nectina 

Will. the reedvina hIIrn .u.t b. po.itiofled 11 .how in I'il' I . TIIo . up.re­

therod}'1l1 r.eliv.u h.v. blln ulld, with I 10ClI o.eUleror ellvlring the. 

bend 60 - 90 Glh: for the "'Cl .. iuion Ind tlie. bind 135 - 1.0 CH. for th. 

lw.,. •• inioll . Both receiv.u h .... th ....... ptll b.nd VUIII 'IIptillen 

('o - 375! 125 KIl&). 

111 Pil. 1 thl .lIuud 

ndill profHu of the taitted 

power It IIICI .fld hCI .re .holm. 
- Then profitu nl obtdn.d by 

varyina tha toroidll "a""tic field 

and .uppoilna th.t the .lIi .. ion i. 

loc.U .... d in the hyer whlre 

1111 - Ill.,. ' "'2 - hca (w l Ind "'1 .U 
th. freq ... nci .. of the two loeal 

oleillat on) . 

It h c learly .een fro. thue 

r",ulu Ind frOll the 'r.u_tiedlr 

obllrved idellticd beh.vlour of the. 

't.>ce Ind ':lI.oIce I •• function of 

riD!, thlt thl 1_ power 11 redi l ­

ted It t.>c •• lId 2I.Ie l ' 

Por the ",plli ... nt.l condi­

tionl of ,il. 2 till opdcdIr 

thick IIYu cOlldirion fo~ the 

... eood hlt'llOnic (I) : 

2 k T (r) 

l/-::ry) Y~¥» 1 ,. , 

~ _ ~tal .. t-up <nl cI!arac- i. euily ."tilfie~ therefore ON 

tePietio f'Nqlilfnuiee p7'Ofil". : hive P~ - k'f 'iii (6I.J/2. il the 

"'ce eLeotroll "Ifo/.atron, "'UN b.od of t:. d4t: amplifier). 

upper h"bPid, Ill"" "'PP"r fW.t-o//. The eal."ion It tha fUlld_lI-

ul .how. the ._ bIlc:k-bodr 

b.h.viour Ind thi. it confirmed by the ruulU Ihcnm in ,il. ) whUI the 

p"",. profile i. co.perld "ith the ellctron te!Dp<!rltur. profHI .... urd 

by Tbo .... n Sc.tt.rinl. 

j 
1 
C 

J 
<. 

j' 
J 
f 
• .. 

• • 

....... 
'I']y .. 

11 '1 .... 1 11 

....... .. 

~ - f>t7u6r radi<lt.ld "t tJw Wca 
il6.mdillS ( 0) and aLaotron 
ta"",nrtlwd "",,_d bll 
1hamstm saatUrinv (.1, 
t=300 ... _I=360~, -3 
B=U KG, 1'11=3.10 _ • 

~ - SczI.Itooth osoUtationa of 
the poIMr radi<lud at III • 
(Lo""r tl'<UHl) and 2w 0 
(upper traoal. Tha oa 
f'Io'tdawntal and ,.oond 
halmmio radiation aJ'I 
lOOQli.ea at 1'=0. 

Howver lecordifll to conven-

tion.l bot pl.naa the.OfY for ... i.,iol\ 

I t lllce perp'!fIdicular to the. ...... tle 

fi.U ' -3 7 we find : 

- - 2 III I 11,11 

a.6r" (2i)112~{1-2-t) • , .~ 

Thh dilcrepeney e.n b. r ..... -

ved by luppo.iflg that pe r plndlcular 

electro.tltie .. Ive. thenully exei­

t l d nelr the cyclotron lay.r C.II 

prop'a.te towtrdl thl Uppef hybrid 

layer where tblr !!nrrlo I toUI 

..ode eonverlion ,_4.. and UIIIUr a ... 

e.icted outlide the pla ... i n the 

di ... etioll of illcrlllinl .. ,...tle 

filld . Condd.rioa th.t ttaDlverll 

DDppler effeet 11 the do.I ..... t 

dlllpin" tbe colldltion of bllelt-body 

elli .. ion fllf pe.rpendiculaf l1ec-

tI v .. /3 
.(~. c t l ) , 

andwithii _3.10 13 01-3 ,B_28lG, 
• 3 

Te -I QV, .... hive a.6r-6 10 » 1. 

Thl wealt dependlnce on the e.leetron 

t ... perltun . uagu tl th.t tbi. eOlldi­

tion 11 e .. i1y IIthfhd ovl r "".t 
of the. pi .... croll lection ill 

.Ire~nt with the ruuIu .hcnm 

in pi,. 3. 

The ti.a lvoludoD of the 

dutron te~e.ret"re and Iu lO<:l1 

fluctUltioll. CIII b. vlry I .. itr 

obtlioed and in Pig. 4 . 0 IUllple. of 

the .... tooth UlIlpeutun DICilhtio!" 

it pru enud. Tbe .utting lIylr for 

both "'Cl and lwee il locali.ed .t the 

pt .... <:ellter (r _ 0) .nd va..,. dUllr 

o.cilhdonl vitblD'l'Te:t 0,1 can be 

a.en on both ai ... d • • 

III concludDII the locd aI.c­

tron tempentun Ind Iu tI ... IVO­

lution e.n be r .. ,Ulr ob t ained by tbl 

e.illion .... un .. nU It "'Cl providld 

th.t the· r eceivilll hOn! in pod dOlled 

... hovn ill ril. 1. The optic .• Uy 

thick coodition for "'ee cOlIIPared "ith 

thl correapondinl condhlolI for 2blc• 

it .. thHed Over ... ch wide r uflle 

of the Ihctron derudty .nd tlmplrlt" ... vd ..... lUlr.inl the ... iOll .t wee 

.ore .ttr ac t ive for the · llectrOll templr.tur ..... uralllflt. 

~: 

CL7 '!'FR . Group prllented by R. C.IIO, 7Tb Europ ... n Collf. on Contfolled 

I'ulion .nd PIli ... Phytica, LIUlln"" Sept. 1975 plpe.r 14 b. 

Cz) DR. Croup Ind NPL Subailll.ter wave Group prlNntali by .... 1. Co.n.r. 

Ibld p.par 1'. 

Cl] Tu . N. Dnutrovakii, D.P . lolt .... rov IIId N.T . Skrydov Zh. 'flchll. 

'h. 33 , ·922 (l963) 

C'..7 1. ridon. and G. Gran." Phyl. ,luid. 16, 1685 (1913) 
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ELECTRON-CYCLOTRON DUSSION AS ... teMPERAtuRE DIAGNOStIC FOR TOKAKAXS 

W.R. Rlltl~n 

..... oei.tion Euratom-Pot, FOK-Innicu"'t YOOI Pl ...... fy.ic •• 

Rijnhuinn , Jutph .... Tba Nethuhlld, 

~. Electron-cyclotroll aillion Cl" b, llled ... 10ea( tlllllpuatun 

diaanoltic bllt the interpretation of the .... "re ... ota h not 11v.,.. limpl .. , 

aubeorptioll and ray refractive .. then on t h" em! .. i"n at c" ica the 11..,­

cron-cyclotron fn'l.lIancy an briefly ofhell ... d and n-pari_nully verified: 

It 11 .. heeD .hovn 1) th't the line profile of cyclot r on .ad .. i"n at 2w 

" (101.,. - 'I. 1/_; the "'"ctron-cyclotroll fnqlllncy) Cln be "nd to .... "re the 

t'"",oral variation of ch. ehct ron taper.tun with ,0001 .p;' t ial taBGlutioll 

for tok ... k di'chars .. under 10\1 runawI, Clloditiolll. For th ... dheher ... 

the. optical depth It 2w
C'

" i. IllUch IUBU than Onl . Therefore , rh •• p.dUe 

iatenlity of ndiltion h dinetly proportioDal to the el.etron telllpentun 

it the .hctron plllU fuquency fp. it conlidenbly .mall.r t hin the el.ctr on­

cyclotroo fuqu.ncy fCI 10 thlt e f hctl of pIes ... dilperdon cln be n.,l.c t ed. 

In thh plpnr ..... ur elll.nt. of ulf- .blor ption in .n opticllly thick line. 

t.mper.tun fluctu.tion. due to intl rnll dhruption. in the Princeton LarSe 

Toru., ..... 11 et .. e .. ur ... ntl of eIIIi .. ion und.r hiSh den.ity conditionl 

(fp• > fet) in tile turbulently he-ted t okamak TORTtJl in Jutphl .. er. pUI.nt.d . 

Iledhtion et 2111 I trOll PLT ......... urld .. ith • thn.- ch.nDel ,nciDa pol y­

chr01llltDr for vertic.1 direction of oblerv.rion throulh ch. centn of t he 

diacherl" Th. al ... und profile (Pil' I) i. bro.d , implyinl th.t udhtiOD 

elllitted outlid. the Int.nll. pattern of the d.tection .y.Um h ..... ured aft e r 

nfhction .t the v.cu .... ch .... r . Th. dinctiOll of ob.erv.tion h iJaport.o t 

b.c," n io the c ... of • tok .... k , radilt i on .t • particular f n qulncy it 

.lIlitt.d ..... 11 .. nlon.otly .b.orbed io I v.rticll pI ..... lay. r ia which 

th •• t .tic uga.tie field it con. rant . Por verticel ob ........ t ion cold pi ..... 

in front of the light cOU.cting con. c.n tublorb rediltioll f r Oll the hOtter 

pI u ... cor. if the .b.orption coeffici.ot it high. The r .. ult it • dip in 

the line profile ....... ured for 2w
c 

(rig . I ). 10 hct t he p l .. ma centre la 

cDllpI.Uly in.ccu.ibl. ill, phne of conlunt B for .n optie.lly thick 

piu .... du. to rubaorption2) Ind •• pace- r e.ol v.d t.mpe r ltur e •• llIre .. ent 

fro. cyclotron ... i .. ion it impo"ibl. in thh un. 

AD u.mpl. of the effect of te..,eretllr. nUctultioll on th. pillion i . Ih~ 

in ,ia. 2. The ... i"ion ..... lIred at trequenciu corrllpondinl'.: to lw
e 

1 , 
i 
I 

f\ 
) "LT. He 

. ., . " 

V\ /1 1 7\ 
"'" .r V 

... 11. 

• 

!!i.:....!.. 
Profile of 2I.t.Ie• ".Quad w1th 
two channel. (dot. ana ~1anqle.) 
ot • qratinq 1n.t rlllll.nt. Th. 
l ine broadenin'l 1 . due to the 
~1ty in the (.tatie) 
tor o1d.l ·_qn.t1e U.l d . 
Co l d pl ... m. 1n f r ont of th. 
li..,ht quide r .. h80rb. %ld1l_ 
tion frOll the hot COre wh.re 
the .tatie B- field, and aD 2wc ' 
ha. the .UII vllu • . 

' 19. 2,. . 

Cyclotron 1:III! .. 10n verells time 
for I frequency cotre.pond1nq 
to lII>c. It r • 0 coo (toro) ~ .... 
r - 14 <:Ill (bot tca). The tille-
• eal. h 4 .... "/II%'1e d1vil10n. 
lntlrll.l diaruption. IIIIJlU •• t 
th ..... lv •• I •• lwtOOth 0Ie111. ­
tion. On .lIl1i.1on from the 
centra of the duehuqe . OUre1de 
the 1n.tah111ty ,"rf.c. an in­
"rea.e 1n _h.10n h ob.erved. 

Pig . 2b. 

r _ l "" (top) and l' • 18 <:Ill 

(hottca). The tim.-eclle is 
20 0I.ec/d1vh10n . 
Notl the much lonqer declY time 
for: -t •• 1on .t l' _ 18 ell COQI-

to emi •• ion .t ., _ 14 <:Ill . 

.t r-O . l, 14 .nd 18 e .. f r DIII the axil of t he d i .ehule it . hown 11 • fune­

tion of till. "h'n internal diarUptionl occurred repeltedly. On •• i . t he .. ell­

known " .... tooth o.dU.tiol"" Ir. ob •• rved Iccomp.nied by In iller.ue in 

e.&lIion out.id. the in.tlbiHty .urlace. Her. t he dlclY tbll of th. pit­

tllrbltion incre ...... ith the rldiu •• 'th ... obllrv.tioo •• hClll' t h.t cyclot r on 

million Cln be uud ill the .. me WIY .. 8ulII.tr . h luns III1.url!1le nu 1) to 

.tudy hilt tranlport . Tbl advantlge la t hat, iD the cue of an optic.lly 

thiek plalllla . the emillion it propor tional t o Te and don not dlp.lI1d 0 11 

pl .... d'Il.ity or .ff.ctive char". 

Cllelllatiolll ~f .lectr on-cyc:lotron emi .. i on .n IDDttly dOni 1I'lIainS t h.t 

the ratio of electron-pIu ... frequ.ncy fpe over e1.ctroll-eyc:lotron fr equ.n­

cy fce i. lul11r than ona . Strons modifica t ion . of line pr ofil .. and toul 

...i"ioll c.n be expected if fp.lfca > 1 (Rar •• ). 'thlrdor;, •• illple exp.d­

.. en t .. 11 let lip on th' t urblllent heltln, ."p.ri_nt TORnlR ). R.oodiatlon .... 

.. eullred .. ith • Puthy d.tector. I .et of .. i., ......... h filteu and • polar h.r 

(". f iS. 3). The plra_clr f .'fce .... varied by changinS the pl .. u d.nd­

t y f rDl> 4'<10 19 11- ' to 1.4>< 102g .-'. Th. to t ll lllIIillion lod t he e .. i" i on I t 

ZIoI
e 
......... lIred fo r the extraord i n.ry 1IIOd. (E 1 B). Th. telDpDral behlviOll r 

of t he ... i .. ion 11 conlhUn t .. i tb the ...... ured diu ip i tion of . nergy ia • 

tur bulent .kin loUawed by the COUlPU of thia .kin IIld r edil t ribution o f 

enlrgy OVIr t he .nt i re eroll- "etton of t he di.chlrae~). I t it known that 

00 propla.tion I t 2IIIc of t he utraordinary lIIOde it Ill_ed for If < tplte < 

IS Ind f plfe < n. Wh.n t he pi ...... d.n.icy h i neu.nd. thh Itopband 11 

illd •• d found (Pia. 3 ). Radiation .... Ilia lIell llred for eon.t'Ilt d .... i ty . nd 

vldou ... p.tic field • • bec.II •• bllrltl of IlIp.t- t h.nul rldiatio~.t f p• 

In 1110 ob.erv.d occldonlU y. The l .vel of .,.i "ion. hOW IV.r,d.cral,,' f or 

I"'; a- fi.ld • . Thu.fore cyclotroll eIII i llion it not ov.nh.dowed by thia .tlect . 

Monover . t he .p.dU c i ntendty h .. ti .... t.d t o b, 10- 1 1 ... tt . - 2 It- I HI - 1 

fo r low del1lity, i nd icltinl • pI ...... t emp.r.t ure .nulld 2 keY, Which h ill 

.greement .. i th I-rey ..... lIr ement. at T. (Ref.5). Tbe .pedUc in~.ndty for 

hiah del1litiu ClII b ••• tiOllnd by u.inS the Ipectrel _ i .. lvity . .. ellell­

l.ted i n R.f. 6 for .fbitr.ry dlndt,.. A corr.ct ioll fac t or fo r bl.ck- body 

e .. i"ioll, t.Una pll'''' dhpenive effect . iIIto accollnt, it indicl t ed ill 

,ia. 4 b,. I broken lill'. Th •• ,,"r lll.llte Ira ill qllllita t iv. "re_ot .. ith 

thit t heofY bll t I de tailed eD1l1>.d lon ia d ifficlllt beelu" t he pl .. ma t a ­

p.retllre d.cn ...... i t h iacteuilla __ de llaicy. 
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L. - L. - \ 
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, , , , , . 

'1 , • • , 
1 " ! I 05 I' 1 0 .5 t 

~ \L 
1 !; c 

" 
" " " 

" :: 
~!)O 

~ 

.. • 
0 

0 

, 3 
oT,o RzoI2Iu } , 

ton~totot a 1 , 
>< totol em;~~ton 

tons t llnt n 

0 , , 
W: V'C'U\IIII .. indow 
p , polarh.r 
T, f U nr 10 !./lnch 
RI fllter 20 1/1neh 
C, eryeltat 

~ Pl . ..... 1I1 .. ion 1n the •• trlOfd1nuy .:>d. for 

0: InSb det.ctor . 

;:~l~;f:=!~:1 d:!I~h~!~. cr~!:~!~' ~~':!~:I::n 2~g~ 
different v.lll" of Ule ma..,netic field. Brolt.n lin&: 
... tilt. PE'Opl'lIUon not eUowed in Ule Ih.dld ".'110ns. 

In eonell1.ioa . cyelot r oo eodllion .... lI r emenu e.n b. u •• d ••• tnIPer .tur . 

dilsno.tic. CDlllpHc.tion. I r hins f r Oll tell.crion • • re.blorptioll in ollt.r 

pl .. _ laYln . and pla ... dilplreion .houl d b. Ivoided by llaiol 'n I h orb.r 

oppoait. the viewina por t, lookina lion, the ... jor redilll I nd k.epinS 

fplfe < 1.3 r up.ctive!y . 

AcnkowledulI'Ont. I t i •• pl.uun t o ... ntioll t he hotpiulity of t h. Pla .... 

Phylic. aroup durina 11)1 It.,. .t the Univeuity of MlIryl.od. Dileu .. ion. 

.. ith Dre. D.A. Boyd . P. Snllffer .nd H.W.R. van ADdd .. era very hdpfu l. 

Tht. .. or k v .. per foI'1lll!d under the Eurat ....... FIJoI ... od.ti on 18r uDllnt .. i th 

fiDllldd .upport f f Oll Z\IO .nd tllnc_. 

Plrr o f thh vork VII done It the Oniveni ty of MlIryland .. ith fin.ndel 

IlIppOr t 11'0lIl EJIDA Ind MSP. 
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SPACE POTENTIAL MEASUREIoIEIfTB 011' EBT 

R.L. Hic:tok, F.M. Bleniouk, P. Coleatock, K.A. Connor, " w.e. JenntnS8 

Rennelaer Polytechnic Ins titute 
Troy, Hev York 12181 U.6.A. 

~, 

R.A. Dand! 

Oak Ridge lIational Laboratory 
Oak Nidae, Tenne .. ee 31830 U. B .•• 

~: A he .. .". 10n be .. probe has been UlJed to _ •• ~ the 

apace poteDttal profile on EB'l'. The l'1!nlllte indicate IUl Inva:rdl7 diree_ 

hd electric field 1n814 .. tbe electron r11l6B and an outward directly 

field on the outside. 

Introduction: A hen,. ioo be&ll probe Magnoltic 'Y.te,. hu heen 

plat:ed in operation on tbe BLHO Bumpy Toruli (EST) at O&k Rid.6e Rational 

l&boratory. Tbe ultillata obJe<:tive or thil diagno.tic 1& toprovtdespace 

""d ti_ resolTed .uuruellts of n, ., and 1'e OTl!!r the ainor cro .. see­

tion of tbe plaalll&. Initial attort hu concent.rated 011 obtaining a 

radial profile of the .pace potential. Thil paper vill provtde a brief 

de.cripUon ot Em, discUll. the ch&rlLOteristics ot t.he diagno.Uc system 

'Gd prellent BOIDe Initial meuurelDl!nta ot t.he space potential profile . 

EBT iI a toroidallT connect.ed m1rror device whicb UlIII.III lntenee 

!l.ieronft rlld1atioo to prodw:e ""d heat a st.eady" Itateplaalllll. There are 

2~ II.1rror sectore eacb bavtos a 1I1rror ratio of approximately 2 to 1. 

Tbe 1ilAJ0r rlld1\l11 b 150 CII and t.be IIl1nor rll41\l11 is 15 elll at the III1dpl""e 

betveen a pair of m1rror coils . HOIIdnal center line ~etic tield ia 

0.5 T. Tbe plaslll& i. rormed Gd heated by 60 kW of radiatioll lit a 

fequency of 180Hz IIDd 30 kW at 10.6 OHz . 

There are t.wo cOlllPOneotl to the plulII/I.; a high beta, hot electron 

llllIulWl io eat:h II.lrror lector and a 10811 enerSeUc toreidal.l¥ contained 

pl&1D&. 'lbe bigh beta electron &IUIuli este.blish a reslon where tbere 

ia a reverie lI&gnetie tield IIP'lld1ent vhicb provides Itability for the 

toroid.al pl&8l1111. There ia no conftntiollal rotat.lona.l trl:llfo ... , 'bu.t tbe 

pl .... ie confined to toroldal drift l urtaces that are detena.1~ed by the 

radial. pressure gradients and electric field. Typical characterhUes 

for the toroidal plas lllll. are • de nlity or 2 " 1012 Gd an ele ctrlln 

temperature of 200 eV. 

Rea!), Ion Be_ Probin8: 'nIe principles ot heavy ion be .... probioa 

aro illWltrated in I"1S. 1. A bea.a 

or lingle cbuSed heavy lOllS, the 

prilllllJ'Y be .... , is directed acre, 1 

the contininll magnetic fhld and 

throua,h the pl&8me.. 50.,. ot the 

ions Wlderso ionblng co111&ionll 

vith the pllUlllll ellctronl to fona 

doublY charged sl!eon.d.&r7 iOIlll . A 

all&l..l dete<:tor locateO olltl1l1.e the 

plal DIII looks onJ.;r at those aecon-

dlry ione created in a IIIIAll ses-
Fll1. 1 Heavy Ion Be ... Probe 

Scbelll&Ue 

Mot ot the prilllllJ'Y ion trajactory, thereby providins three dimensiona.l 

lpatia.l resolution. The IIb,erYation point can be aCllllled over the crosa 

lectioll of tbe plume. by sveepi", the inJection an&le ""d energy ot the 

priMlY belli!. The intenlit,. ot tbe s econdar:y ion current 11 a _ l ure 

of nr{T
a

) >lbere t(T
e

) 1& tbe ettectlYe cross .ecUon tor tbe ionba tion 

reaction. Separate evaluation o t n and Te CIlO be obtline d h7 prohi", 

tbe sue point vith two i on be ..... that have dirferent ienlll", cros. 

sections, or by oblerYi", both the 2+ &.I).d 3+ ... eon"'lry 10nl troll a 

&1",le beam. The enerlD' ot the 2+ secondary i on <liffers rl'Oll ths inJec-

tion e nergy of the prima.ry be .... by tbe apace potenUal at the point where 

the secondlry ion n l cr eated. Typically this !!ne rgy dirfe r ence c .... be 

_Blured to better tb .... 10-4 V where eV is the energy or the primary 
p p 

bealll. .Be ..... probe lIII!!alIurellll!lIt. or n, f. IUld '1'" on other pl ....... IYltelll8 

have been .... ported in the 1.1terature[1._31 . 

The beM probe B,-at .... tor EBT is designed to operate vitb either 

Rb +. X+ or 11.+ priaary 100 be.... For Rb + the eaersy r&D&1! is rro. T 

to 20 keV. Prauy beaa current 11 or the order or 10 II1croaIIpa. Tb.1s 

prod\ll:ea .. a .. conduy ion CUI' .... lIt in tbe 10 DIlIlOaIIp rans!! tor .. 5 .. 

lample length ot the prhary beu traJectory. 'lbe priaary beaa ia 

chopped at 3 ICRz &ttd phaae-loclt deteetlon 18 used to iJIIProve the dgnal 

to noiae ratio. 'lbe plaalllll beta 1n the ele<::tron riD3 region il approld.­

IIIIItely 0.5 vhich prod""el a .... urable diaplac ..... nt ot the prilllllJ'Y tra­

Jectorin that are tangeot to the rinp, but negligible diltortlon ot 

other t.raJectories. Det.ailed ..... ureaent. of t.he traJe<:tory displace­

.mt sbould provtde into ..... tion about tbe abe and ehape ot the ring • . 

Space Potential Meuurellents : Tbe energy of the aecondary ion ia 

collplUfld to tbe primllry beu inJection by lDean. of a reedbll(:k controlled 

eledroltatic energy analyzer. The bel\lll tranll!l.it.t.ed h7 the analyzer ia 

detected vit.h a IIplit plate G!l t.he difference dgnal r-re. the tvo halvea 

ot the detector ia fed back to the top ot the an&ll'%er t.hroqb a Yery 

high gain e.mpJ.lfier. Tbb holda the be ... centered on the split plate 

deteet.or, ""d 1f the IIYst.e11 is adJIISted such t.bat the be .. elltera at 

the delign angle , the feedkck volt .. e 11 dimtly proportiona.l to the 

space potentiaL The 1IDi!ll1t.er 1. deB1l11ed to operate vith the be .... 

ineident at IlO angle or 32° vith relpect to t.he sr<>und plane. The 

voltase correctioo tor variation in entrlWce angle is les . than 20 vol.ts 

The .y.t ..... is calibrated by redw:i", tbe ener!D" lutficlently to 

helld tbe prlllarJ' bea.a into tbe .... &ly'ze r and inlert1D& a preciae sain 

or two uplifler in the teedback chain. It ia then slaved to the prL-

IIIII.ry sun YGlt&8" 80 that vhen it 11 1.IB&d tor s e coadary ion detecUon tbe 

feedback e1gnal. is proportiooa.l to the plallDIII potential. plus any correc_ 

tioo due to variation in entrance angle . In oper ation the an&lyzer io 

adJusted to cOlllpensate for tbe 2° dlf'rerence in entrenee angle hetveen 

tbe prilllll')' and seconda:ry be.... Figure 2 shOVll the potential profile 

alona the in.dicated Une throqb the 

pl..... . Tbh l.ioe lean, lIenerated 

by Yary1D& tbe 'bea.a enerlD', va. 

cholen due to the lov variaUon in 

antranee ugle ( .... 2°) of aecon-

dlll'ie~ produced alo", th1l linl. 

The ruults shov thlt there h a 

politive s pace potentia.l In the 

ri", repon vitb reapect to the 

center of' tb .. I.on>1dal pj.aaI_. 

'nIh illpl1es "" InVlU'dl7 directed 

radial field inside tbe electron 

12 c. 12 c. 
Pis. 2 Space Potential Prorne 
.uona tbe Lioe A_A. The inlert 
lhovs the location of thll line 
in tbe plaalll/l.. 

rlnsa and G '!~tvardl7 directad field outside the ri",a . 'lbe eymmetry of 

the nearly vertical. BellO 111 to be expected, hut it ehould not ba inter-

preted a l indicatiD3 arlal s~try. We &re presentlJ' carry1", Ollt '1ro-

tiln alona borbonta.l acan line. IIDd hope to .. p the cooaplet e c rosa 

aeetion iD the nlll lll' t"uture. 

L P. C. JO'beI, R. L. Hlckok, Huc . J'u&lon lQ., 195 (1910). 

2 . J. C. HOl ea, F. C. Jobee , R. L. Hlckok, and A. H. Oell1l, PhYI. Rev. 
Let • .JQ., 839 (1973). 

3. R. E. Re1novslcy , J. C. 01ovienka, A. E. Beaver, W. C, Jenni",. , and 
R. L. Hicltok, Trans. Pl ...... Bel., PS-2,(250) (1911.). 
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MEASUREMENT OF THE POLOIDAL FIELD IN THE PULSATOR TO!tAMA!t USING 

A NEUTRAL Lt BEAM IN CONJUNCTION WITH THE ZEEMAN EFFECT 

K. McCormlck and. M. lUck 
Max-Planok-Inl titut fUr PlaamaphYl llt, 0-8046 Garching, FRG 

J •. Olivaln, CEA-CEN 
92 FontecaY-llux-Rolea, France 

Abstract: A technique for lIIealul:lng the pololdal f1eld 1n a i'o­

k8l!lak plasma ie briefly s ketched 1 The experimental setup on Pul­

lator 11 des cribe d. To demonstrate the viability of the d1&gno-

atic, results for one diaoharqe aeriel are presented and di8-

cussed. 

The pololdal field BpCrl cauuI the ortentation of the total 

magnetic field to IlI SUI!Ie an .nql1 El • Bp/BT with respect to the 

toroidal magnetic field BT(r). The diagnostic approach used here 

mBIUlurel eCr) directly . Since BT 11 known, Bp may be calculated. 

Referring- to Fig-. 1 , a neutral lithium b.am of lome keV energy 

is injected into the plalma. '.'he colliliona1ly excited Li reso­

nance line radiation at 6708 R [2P-2S] i. gathered by an f/20 lens 

from a volume determined by the beam width and imaged f i eld ItOp 

size [here, 2x1x1cm3 ] . Since the optical I Yltem is situated per­

pendicular to the torOida1 field, the line il .een to be apUt 

into a Zeeman triplet. The Ihifted er component. are polarized 

perpendicular to the local lIIII.g-netic field direction and have a 

splitting- of - 1.1 R for BT - 26 kG. The un.hifted 'If component 

i s polarized parallel to the field direcUon. After pa •• inq 

throuqh the lens the 'If component i •• eparated frac the r COlllPO­

nente by a Pabry-Perot of 0.6 R band width. The .orientation of 

the 'I't component, and therewith the anqle 9, il mealured by a po­

larimeter cons1lUng- of a Faraday Rotator (FRI and a WOllaaton 

prism (WP) analyzer. The filtered 1iqht is split into two compo­

nentl by the WP, a·nc!. then detected by two photomultipl1ers, the 

output lig-nah of Which are fed into a differential uplifier. 

The lervo II.lIlplifier , reacting- to the difference aiqnal, drive . 

the PR thereby rotatinq the 'plane of polarization of the.,.. compo­

nent until the output of the differential amplifier i8 nulled. 

The PR current required to achieve this i8 proportional to e. 

Thus by monitorinq the PR current on an o.cillolcope, elt) is 

obtain.d for one radial po.ition. A profile for 9Ir,t) ia built 

up by .canning the Lio beam radially frOlll .hot-to-.hot. 

The ion qUII con.ilta of a cathode-anode confiquration of the 

Pierce type. Li ion. are provided by the IS-Eucryptite
2
-covered 

cathode. Neutrali.ation take. place in a puleable Li-v:apor cell. 

The 120 ma pu1.ed, 6 kV neutral beam u.ed for thele measurementl 

ha. an inten.1ty of the order of maqnitud. of 10 )lA/cm2 , Lio 

equivalent, in the Puleator torul. Due to the reltricted diaqno-

etic acceea1b1l1ty, only the out.r 1-9 0lIl on the plaama radiuI 

can be .canned by the baam. 

Me.IUrementl _re _de on a So kA dilcharge with neo- 3 x 

1013
0lIl-

3 , BT - 27 kG and a 11mitlr radiul of 11 CIIl. Fiq.2 IhoWI, 

frail. the top, the p1aama current, the photomu1t1plier output lin 

photonl/ •• c 4o,.. at&) for the cl.el of the beam voltaqe on and off 

and the lervo amplifier output (BpI~.In mracl..) for three conle­

cutive Ihot. at a r.diul of 6.5 cm . The PM lig-nal for the beam-

off ca •• relulte frOlll the plal .. continuum .pectrum. The time 

con.tant for the lervO amp1.1fier hal bee n adju.ted .0 a. to yield 

an acceptable .ignal to noi •• ratio, and thi. il re.pon • .ible for 

the 8igna1 r.1 •• time at the Itart of the di.charge. 

In 1'.1'1.3 the ..-r~ reeu1t. for a a.rt. of 36 Ihot. a r e 

plotted as a fUnction of radius for t-70 ma. The airc1ea give 

the mean va lue and the error barl the largest and s mslleat 

valuel of all data take n at a particular radiu • • The noise level 

is about what one would expect for the mea aured PM Signals and 

time constant, a s suming only photon . lltil tics as a noise s ource. 

From the experimental pointa the plasma center i . found to lie 

0.5 cm to the outaide ao that the plasma radius i . 10.5 cm. The 

safety factor" - rBT/RBp at the plasma center is 1.1. 

The three curves in Fig.3 are computed for the temperature 

profile Te- 800 eV [1-(r/11.5)21 2 and the three indicated Zeff 

profi.les. Spitzer resistivity and constant electriC fleld over 

the radius are aasumed . The actual Te profile, via Thom.on Icat­

tering-, wae not me asured for this leriel. The given profile is 

typical of Pulaator diachargel in thll density regime. Neverthe­

lell, Bp/BT is a sensitive function of Te(r) and since the exact 

Telr) is not known, and becaule the trapped electron effect hal 

not been included here, these curvel are meant to have more of 

~ inatructive nature rather than to aay anythlng definitive 

about Zeff(rl. Moat importantly, one seell that although the un­

certainty in the individual experimental pointa il large, the 

points taken together yield a reasonable Bp/BT profile. 

Efforts are now being directed toward. producing a more in­

tense neutral beam in order to increaae the l ig-nal to noiee ratio. 
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Iu.lf.Dnee"tronlcl1, 8.B.~.nlI:o 
I. V.Xurchatoy IuUtute of J:t:cm1o berg) 

D. P dOllt QIII.l'OT 

lIosoow Btat. Umn:rllU:1. Jloeoow. mSR 

fhe )WObleu d1.aou. .. 4 1n ;b.1II paper deal nth the ion tem­

peratlU'e detu,.,lnaUon tJoCIIl fut neQtral speotra for thick pi.., ... 

CJ' cz Il& > 1 t where (5'0% 1t]I the oharp-uchange Cl1'088-.. 0'UOD, 

D .. plallma dn.1t" .... pl .. _ radlW1. 

In thill 0'" one ma;J ••• three hpUhipe 1n upl.&1.D1JJ.s the 

speotral (1) J' (0) «H(a> (Ji (r) .. ZWIl1::ral 4UilUl). (2) central 

neutral dnaUr 18 bhm1nod. by reoombination, (3) neutral with 

IInllrgi •• 1",,0.1 .. 10 kaV UDderso allnr.]. aota of ~Qb.aDce, 

whlln movillg trOll the aenUl' to the periphU7 of tile planI& oo11lllJ4 

'rh. bul0 aqlaUOD for thtI diatribuUoD fUDoUon ot nlll1trale 

18 the follo'l1.l'a. 

-;Vt + at. (.or". BrD)'f i 11 .Cr.,,) (1) 

where 11 •• 0% + 11. 'oz- 0:,'%"'" III .000.T.n, 111'. IS'rTen, 
~ 11 IIlId a'r.:re the oros ...... t101111 t4 ion1se.t10D by 8leOt:rollB and 

phO·HI1"8oomb~Uon. If .. ':';1ooal ilaDe1.11an ion d181ribution. 

In the 41:tt'ulon appro:daaUoD. 

'" 
I • 1', oh~ (x) '+ nlS"rla' •• . ~(z) -J~ tb. (2) 

-'I . 0 1 
j:t ':'1 kaY Or a;.>10;.s IlDIl reocabinaUOll ill 4oa1naDt when 

up (De. \} cr-'cz 0; ') > 108 :rI'(a)/n(O)~ 101' partiole. leaTiq plallllla 

parallel to the X;:W. we baTe 

7 • ~(T) • J .. ~d.I. (J.) 

-a. 
wbere ~ • up(~ ! .u.'). Ueually the funotion P • P(Z){whar. 

B • .,.2/2) b n:p'~laental17 .'aeured. Por -tb.1.n- pleBllla 

'i{O)~~ . .. t nlnr/"'it 
It e _ £/'1'i(O»> 1, one m&7 get BD asymptotio tOl'lllula tor 

tbe integral {J) 1lJIinS .. ddle-point .etbod. l'uttinS (2) into (J ) 

w. obtain 

P. B11t + n(0)I2 • ,xp(-E) u(E) 

wbere 

a 
I 8:! • _B 't"' .. "{'f. J e(x' )dx', 

'" 

(5) 

(6) 

'rile .. ddll point. , (I) aDd. ~(E) oan be determi:tled trOll! 

tbe tollo1ril1g Iquation_. 

~ --f, <..ft+1J ··I"r) .. B't" -0, S; -i[f.k-I't't -0 (7) 

It ia OOnTlntent to introducl a eorreet1n& taotor 

r - 'i (O)P!i - 1 - 11n U/ile 
Let u.e oonsidlr a model problem. 

'i - '1'1(0) (1 +aI~ 2 )-1. ~. ~_, n _ oout } 

fTexT - Sax - oonat, creTe· Se - oonet • 1/4 Sex 
(8) 

It reeoll!b1nation ill not l.uent1al. then 

'" I . Eo ~t1' ~ eo 
T - 1 + 2E (1.. f + 0( £ - 21/5d.E3/Z 

(,) 

It reeolllblnatioD pl.,.. tbl dolllinapt role J tbln 

, .tro Eo 
't' • 1 + ££(1 .. re +:1£2) 

Bere Co - .a(Ti )-', V., + VE /5 • Por the '~1 0 inatallation 

at '1'i:::::: 0.8 keY, n N1014 OID-). a - )5 0111, -..f€o Z 20, 

!hI ruul ts of the ntlllerioal oomputation ot integral () are 

plotted in the Pigur .. giTeD below tor thl _ban .lntioDfld para­

.Iter. wben Ti - '1(0)(1 _}2.J,.5, D. n(0)(1 _ ,2),.5 , 

'Iutral dlneity protile. arl givln in .Pig. 1 tor ho value. 

ot pl .... d,nalt," za.(OJ .1 Ud. 2.1014 ·ca-). BI l'l aDd ion tbl otber 

Plgur .. the rl8ul ta . ot oOllputat1ob wi tbout reoollbiJl.ation arl plot­

ted in dotted 1~ne8. 

P1guree 2 &Dd ) rlprul nt tbe dlpendlncl ot 'f ·on tbe InlrQ 

ot neutral. and. pla .. denl1t1. It i8 evident tbat wben raoo.Una .. 

tion lA takln iD oonsideration tbe oorrlotion tor tbe oaloUlation ot 

temperaturl 111 .uob ~owlr. 1ba d. l pend_nOIl ot Ul.~ tv.notlon ~ on 

plesaa dlnll1t1 ~I plotted in 71g. 4 tor tixld energila I . _ 1.5, 

5.5 and. 9.5 keT. Olntral neutral danaU1 1(0) O~I 11 al.o givln 

in tbat P1gure. One oan lIal that .tor n>norit"" 1014 Oll-J r loo_ 

binaUon pl.,.. f;he doaillanf; role. 

POl'lllulall (5) ... (7) IIIIkI 11; poe.ibl. f;o obt.in tbe i~or.atlon 

about ion temperat1ll'e profile tr~1I thl p(l:) IIp.O"tr~. Let U8 0011.­

aider thl o .. e whin reco.binaUon 111 not 11I1II:dUal.. !akiDg the 

lopritha troll! (4) and. diftlrentiating it, one oan let 

. d fi" ~_ ... a. 0 

't" ... di lD (P(I) lIex ) + ~ J 5(%') cb:' 
;r: 

(12.) 

!akinl f;bl l .. t IquaUon f;optber with. tbe tir.t onl iD C7l. · onl 
I 

f're. tbl ozperillentally oa dlteratne two tlmotiona 't' (x) aDd. .(x) 

meaaured tunction P(E). na 1D1Ual ooD4iUona in tbl point x • 0 

are tbe tollowing. 

1:" 1(0) • 0, 

!hI authorll thank: II.P. PltrOV tor f'ruJ.ttul d1llc ... lona. 

., 
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DETECTION OF ATOHIC HrOROGEN Br RESONANCE FLUORESCENCE 

P. !Jogen and r .T. Lie 
Instltwt fUr PJau" physlk der Kernforschll ng sa nlage JUl1ch GllbH 

Assozl.tlon EURATOHIKFA, 0 517 JUllch. Gerlllany 

Abstract: An experlflent.l Irrlngtlle nt Is described which Illows 
tile deterllln .. tlon of .tollllc hydrogen densities down to valuu 
of 3. 109 ",- 3 by reson.nce flllorescence at LDt,(lZI5 a). Its pos­
sible Ippllcatlon to lIeasllrellents In the lllltter shadow of • 
Tokllll.k Is discussed. 

Introduction: The knowledge of thl neutral lIydrogen dens ities 
nur the w. lls of Toklmaks 15 of grtlt IlIIportance for the under­
sta nding of the energy l oisu by hst charge exchange neutral s 
and of the recyc ling of tile hydrogen 9Is. A lDeasure,unt of thl! 
'bso lute Intens ity of .. suitable hydrogen line can give the de­
Sired Infor,utlon. If the electron density ne and temperature 

Te Ire known and are sufficiently high. But local lIydrogen den­
sities .re difficult to derive. An llternlt1ve. but technica lly 
1I0re Involved "Ithod. Is the resonance fluorescence on the La:. 
I1ne. Thts lIetllod Is practically Independent of ne and Te (ne 
.nd TI lI'y be zero) and allows local "I&surellents. Since power­
ful luers .. re not Ylt 1V .. llable at the desired wlYelength of 
1215 X. we h .. ve studied thl detection Hlllts which can be 
achieved by ruonan" fluorescence using. ther •• l light source. 

Theoretical estl ... tu: The nUllblT of photons efl ltted by • Ilgllt 
source with ~ bllCkbody telllperlture T per tllZ surface. per CII 
IIlYelength b.nd .nd per solid Ingle at the wavelength A. Is given 
·by 8" -(Zc/ )..4) [eXP(hcAkTl-I] - 1. e.g . T_SO 000 K. A_l21S X. 
8",-2 . 8' 10 21 pllotons/clIZs X sr. In the clSe of an optically tllln 
absorbing I"ylr of tlllcknus.e the lIIou nt of li ght Ibsorbed Is 

given by .if KdA = rrez,;tZn.f.t/-mc:Z 
IIhere K,ls t~e Ibsorptlon coefficient. f the oscillator stre ngth 
.. nd n the neutr.1 particle density. For n.t _10 10 clI)-2 we obt. ln 

the v .. lwetf....t<:d.:t.S.lO-S X. Illlllllln.t lng the scatte ring vo l ume 
V IIlth .. n Int ensity BA. wslng • so lid angle4QI • the nil lib er of 
photons scattered Into. 'sol1d .ngle6.QZ 15 gIVen by 

4J= ~B, ~ I(. ,0.- VC' oQ, On, 
For an esthate we ISSUlle n_I0 10 CIl- 3 , tt..f21-4.Q2-10-2. V_IO- Z 

u 3 .d'_ 10- 2, T.50 000 K. Mhlch gIVes In l/us .bout 100 photons 
on the photollultlplier and. with 101 quantuII yield, ID photo­
electrons. which can usl ly be detected. If the plasll. radl.tlon 
Is not too strong (fit .. kes .. ccount of the losses at the IIlrrors. 
... Indows .nd tile grltlng). In the .. bove formul •• quenchi ng colli­
sions (norll. ll y not I lIport.nt) .nd polarlutlon effects (giving 
slll l l correct i ons) Ire nlghcted. 

light source: To obhln I low detection l1r11t. the l ight source 
should hlYe a IIlg11 telllperlture ... I .. rg e uea Ind • long ellllsslon 
tillle. A solution IIlght be offered e.g . by a laser produced 
phua 11/ or a vacuum slidi ng spark /2/. Experiments Mlth the 
htter sho ... ed considerable difficulti es due to the fact thlt tile 
phsm. ejected from the sowrce d .. maged tile optical parts after 
I fell shots. Th erefore lie preferred a gas discharge hmp fill ed 
with 100 Tor r hel1um where, because of short mean free paths, 
tile dalll.ge of the optical plrts by the plasma lIas conslderabl.y 
reduced. The hllp mainly consisted of a qw.rtz tube of 8 CII 
length .nd 0.6 CII dllllleter . the plasma was obse r ved tnd on 
through' hole in the electr ode. At a current of 40 kAt telllper.­
tures up to 70 000 K were measured .. t the Ht A.-4686 X line. The 
dllratlon WIS about Z/us . For the resonance fluorescence on the 
La. line. the "-1215 a line of the He WIS used. A sptclal pro-
bl .. Is posed by the l1ne reversal due to ~1I.11 allounts of hy­
drogen inside the light sOllrce. especially at tile cool ends. 
Since the Loc. lines of hydrogen .nd deuterlulI are sepulted by 
0.3 a and since the deuterlulI concentration Is 1.5'10-4 ti mes 
sllaller than tll.t of hydrogen, tile problell of line reversal Cln 
obv i ously be solved lIIuch IIsitr for deuterium tllan for hydrogen. 

Experimental Irrlngement: Light sowrce, focusslng IIIlrror Ind 
sptctrometer I r e set up as shown In Flg.l. We used I spectrome­
ter between Ilgllt sowrce and scattering volume to get a clear 
distinction betllun the reson.nce signals due to LIX, and otller 
scattered light. 8ehlnd t he exit slit of the speetrometer. I 
LIF window separatu the scatteri ng volume f rom the spectro-

• 

IIlter. A nWllber of baffles screens the dltlctor against the 
stray light prodw~ed by the slit and the window •• dWllp .t thl 
end of the sc.tterlng challber .bsorbs the ligh t beu. 'erpend l­
cwlar to the light bUll. the scattered r.di.tlon Is dltlchd by 
• solar blind photollwltlpller with CsJ photocathode .nd MgF 2 
wlndolL The scattering volwlle can be filled either with I noble 
gll or with ItolDlc hydrogen prodwced frolll K2 by.n 11ectrode~ 
I us ring discharge as Indicated In Flg.1 or by I 1I0lybdenwII 
wlrl heated wp to ZZOO K. 

~ Typica l fluorescence Sig nals froll .t~oIC ~~uterlulI It 
Loc,.are sholln In Flg.2. The slgn .. 1 at n-1.5·10 CIII Is more 
than 6 tlllles higher thIn the false light ... asured 16 R a .... y 
from the line and also 6 times higher than the slgn .. 1 observed 
in vaeu ulII at L ~. Thh lIIt1ns. th.t the d.t.ction limit (f lll o­
rucence slgn.1 - false 11gllt slgnll) Is .. bout n_2.5'109 c .. - 3 

Becawse the atomic dewterlulI denSities are difficult to .euure 
by other lIethods. they are derived frOID I comp .. rlson of the 
f luorescence slgn.ls In deuterlulI lIith those In krypto n (A._ 

1236 a). tile density of wlllch Cln IIslly be deterlllned with. 
pressure gluge. For equIl lIonltor signals Ind Iqual densities. 

the r a tio of tile fluorescence signals Is SD/SKr-fo "Zo/fKr '-:ZKr 
-2.Z . The .lln error In the calibration Is presulllbly caused 
by line reversal fn tilt li ght source. A second rOllgll callbre­
tlon can be derIVed f rom the curve of growth of tile fluores­
cence slgn.ls In deuterium (Flg.3). Its mullllwlI hIS to .ppllr 
at an optical thickness C-1.6 (C_8.3.}O-13 nftAZ/boo In cgs 
unitS, the Doppler width 4 0-7.16'10- 7 A(T/lu)I/Z .. nd/u-mole­
cular we i ght). Since T Is not accurately knOlln. this ca librt­
tlon Is accurlte only within. factor 1.7. With in tills e rror 
limit. both calibration lIIet hods give the same result /3/. 

Fluorescence In atoll lc lIydrogen gave a flctor of 5 lower stg-
n .. ls th.n In deuterlulI under otherlllse equ II conditions •• 
phenolllenon which can easi ly be wnderstood. considering n l f 'b­
sorption In the li ght sou rc e. 

Co nclusions: The detection lllDit of 3'10 91 c .. - 3 Is sufflchnt l y 

lOll to /leuure the deutertulII density In the shldow of the Tota­

IUk ll lllter IIhere n Is tstilllated to be In the order of several 
10 10 c.- 3 • Th e excitation by the light s ource described above 
wlth.n _10- Z Is equivalent to the excitation by electrons with 
n _3'10 12 cm- 3 T _lOO eV or n _10 17 c ll - 3 • T -I eV. Therefore e • e e e 
the fluorescence r .d1atlon should be sufficient l y .. ~ove the 
nohe of the plan. rldlltlon. If tinge nth I observltlon 15 

possible as It is phnned In the TEXTOR 'PPlrttUS. In thts cue 
the IIlUllln .. tlng rldlatlon has to pass through I 1I0h of .bout 
I u dla •• ter fn the liner. which gives only a s.lll perturbl­
tion of the pll5l1i1 ... all interilct1Dn. The phnned .rr.ngelllut Is 
sholln In Flg.4. 

Flg.l Experllnental arrangelllent 

:t=':;'~':'~' ~':<~' ~' ~'~' ~'~';=:;~ ... .... .... ....... .. ..... 
FIg.J Curve of growth 
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MODULATIONAL INSTABILITY PRODUCED BY LANGMUIR TURBULENCE 

IN A MAGNETIC FIELD 

R.Pozzoli and OoRyutoV(+) 

Laboratorio dl Flaiea del Plasma - AS8ociazione CNR-EURATOM 

Iatltuto"di Flsics, Milano 20133 Italy 

~1 The mOdulational instability of broad spectra of 

Langmuir oscillations, excited by electron beams, in a plasma 

in a magnetic fleld, i s studied. Criteria of IOOdu!ational 

instability are found, which are completely different as 

compared to the case of no magnetic field. 

FORMULATION OF THE PROBLEM We consider the influence of an 

external magnetic fie l d ! on the stability of a plasma with a 

high level of homogenous Langmuir turbulence, with respect to 

the excitation of low- frequency , long-wavelength perturbatlons. 

The existence of the corresponding instability in a plasma 

with .!!" O was demonstrated in 1964 by Vedenov and Rudakov [1] 

(see also Ref.2). We restrict ourselves to the case of pertur­

bati~ns with wavenumbers q smaller than the characteristic 

wavenumber of Langmuir oscillations It. The case q~Jt will be 

considered separately (for a plasma with ~-o it has been trea­

ted by Nishikawa and Zakharov D,4J ). we shall refer to the ca-

se of not too strong magnetic field, when the electron gyro­

frequency Wce is smaller than the electron plasma frequency 

£Jp' In this case the maqnetic field results only in a small 

correction (as compared to t.) ,p) to the dispersion relation: 

(see e.g. Ref.5) 

GJ. Wp+3r..l'1f-//2.Wp+(wc~l(.i/2Wpl(2.)( I -<.);/t(1,) (1) 

where vT is the electron thermal speed, a nd k.!. the component 

of ~ " .perpendicular to .!!. we consider the case where a broad 

spectrum of Langmuir turbulence is excited by a beam of ele­

ctrons with characteristic kinetic enerqy E (say, runaway 

electrons in Tokamaks or beams of rel ativistic electrons in­

jected into so~enoidal systemsh Estimatinq 1("'W,ldl~'fi'''l(''''t'+Et 
we observe that in IDQst of the present experiments the maq­

netic correction in Eq. (1) overbalances the thermal one. 

DERIVATION AND ANALYSIS OF THE DISPERSION RELATION The ef-

fect of Langmuir oscillations on the low frequency motion 

of the plasma is due to the ponderomotive force. For one 

electron it may be written f __ VU , with U .. (W /2n) fN,d' • 
- P _-

where N~ are the ftoccupation numbersft, related to the spectr-

al energy density of oscillations W~ by the relation 

N~~W~/~~. In the unperturbed state the pohderomotive force 

is zero; ' It ari ses because of the spatial inhomoqene~ty intr­

Oduced by the perturbation. The coupling between the perturb,!!. 

tion of the occupation numbers ON~ and the density perturba­

tion on is described by the linearized kinetic equation for 

the occupation numbers [1,4 "'N,, + "It, . Vb N!1 _ "bN~ • 'iJ 6W!t ",,0 
/)~ I:i" 

where ~= ~ is the group velocity of Langmuir oscillations 

and &Wlr-"'lo""-,h",. Considering modulational electrostatic pertur­

bations with frequency ll«Wtt and phase velocity]n/91«v;. 

we treat the electrons as beinq in BOltzmann equilibrium along 

the field lines. ThiB results in the relation: 6'11. .. ,6!/'-bU 
" T 

where 61f is the electrostatic potential of the modulational 

perturbation. we assume that the ions are cold and can be 

described by hydrodynamic equations . This leads to the rel a-

tion: :i;: e~:~-:- + W,lt ~~'n. )-~[ 11 W. + W;~(~ . vyO'f ] 
where Wci is the ion gyrofrequency, and !! • .!!/B. Notice that, 

because of plasma quasineutrality of ll\Odulational perturba­

tions we assume h1l., .. 6'1\.~ h'l\.. From the previOUS equations 

we obtain the following dispersion relation = 

D: ,- WZL/fl.1 
'" 91 ~ 

1- wA ~19/ 11.'1. M 
where 9 is the angle between 51 and .!!' and Teff is defined by 

the relation 1;:"_(W;/~f\.)f9.·dN/!'/?J~ clK (the integration should 
.fl.-S·1!"'t" 

be performed according to the Landau rule). Note that Teff is , 

generally "peaking-, complex, and depend" on batoh Jl and 3.' 

Since the ions are essentially involved into low-frequency 

modulaHonal oscillations, we expect thatln/CjI«hr,.i • In 

fact it may be shoWl'l, a posteriori, that this relation is ver!. 

fied under very unrestrictive conditions. For this reason we 

neglect .Jl. in the denominator of the expression for T ff' w, J "lIC. oNIr/,},K d. • 
With this assumption T ff· - - !S: where ~!!!5I/q. 

e If."'- "&'1l, 
NO!:II that ~ow Teff depends only on 9 . 

We consider here the case of isotropic turbulence (for a det­

ailed investiqation of the general case see Ref. 6). In this 

case N~"N(k), and Teff· ~JlC1*I(I<;)cLt with I(k) "'Jdc !:~i' 
where !!.=~/k, and do "represents the integration over the solid 

anql e in ~-space. Using the Landau rule we can write I in 

the form: I .. i.lCJdo ~."!!:d(~ ·~,)<f"fd.o !:~.... (2) 

where f denotes the principal value of the integral. It is 

easy to see that the inteqra l with the 6-function in Eq . (2) 

is zero , and I (and Teff ) ill real. 'The stability probl em is 

reduced to the determination of the dependence of Teff on e , 

the condition for instability being that for some anql e 9 

Tefi'T. An estimate for the maxiJnum growth rate of the inst­

ability is C.,(e) ...... 1C: Vff e-,..(9) -0 . The analysis of the integral 

I is very simple when thermal and relativistic corrections in 

dispersion relation ( 1 ) are neglected . In this case· T ff may 
"t'W:; r e 

be written in the form : Teff,;t~F(8), where "W"JW~d~ is the 

energy density of the Langmuir oscill ations , and F(EI) a well 

behaved function of e,which in e .. O and 9-"lrj2 tends to-OO 

and + 00 respectivel y. Thus, mOdulational perturbations 

propagatinq perpendicularly to the maqnetic field tend to 

be strongly unstable. When relativistic and thermal correcti-

ons are taken into account the divergence in F(e) is removed, 

and the analysis of the integral I shows that the· most unsta­

ble perturbations are in a region around e. 7th." Ift this re­

gion (which turns to be much more larger than the interval 

le-I I < ~ where our assumptions on the electron O'IOtion are not 
11 , w..~! 

valid) we can estimate T ff '!::: ~ - - F (S) where 0( is of 
e hVwic( 

the order of the introduced corrections and F (El) ... I . 
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BUPKllJ'ID SmoCTURB or tJllP SP.::fBtDI C. TRB BIPLODDIG CUHRENT CA.VlTOB . ) 
N • .,. hr.pal.k1.D, V • .&.. Suprunallka, V_j' ht"t'iaehvUi, II.P. V.ail'.v 
(KP'l'I L6 UkSBlI., Xh8.l'kov, USSR. liE, lIosco .. , USSR). 

Tha anal1al8 ot ntIIIIaro~ pl. ..... ~.r1lll.nt8 mo .. a the epord1c all­

p.rtheru.l UlO' radi.tion 1.11. the vicinit1 ot pla_a :traqU'lIC11J~w,. 1.11. 

currlnt diach8.l'g.a to ba · the Wl.iv.raal char.cter1atic ot JlOllIIlU"nlli_ 

, . 
( 

( 

( 

( 

" • 

f' 
J 

tOl'lllld b, two 1lld,plndent Illthocb. lA the 

1'1ret (iIld1rlot) II.lthod the Izplr1Alnt"al 

~t.[4} .. r. u .. 4 OD the fluctuation ,p.o~ 

rum of UHF radiation W~1I.lpt 1rillch .. N ob ta­

tn-d at Iquar ... l ... dAtlOtlOD of nob •• Wpc 

lJ 11.... in. wide trequlnc, band.6IIl~O.1w,. tor tb, 

1'1g. 2 plum. 1.ndlplnd.lnt of heating teohnique and • magnetic trap t,pl (It... 81Dtb, •• 1I, bl IIllaJ1.l ot cOlI!put,r, of the 81-

llarators, tokUlUa,2 - and9-plnohU). 'lb.. eera ",peradlo" radiation .nu tluCltuatloD aplotrWII by •• bation ot IIplctral oOlllponlll,t. and fur-

111 borrond troll aetrophJllcIlI and. lt dAtil~. the mOlt oo~l.tlll ~t Iih,r Iqu.H-l ... tran.:Cormatlon of • speotrum-model. In the .. cood. IIlt_ 

phonomenon in pl_PlI dlvioes -.bloh resemble, lurprh1.ng].l the 1.t-t.1P~ hod t~ 11!.torlllaUon .... obtained b, 1I1aJU1 or • wi4~an.d pill •• UHF ana­

lolar radlo-81111aUon burlta. A 8plol1.l. internt to thll1 type ot 1'1418- lynt' in 5,"0 (t'-15*2~s.o). Piga.3 and. 4 aho .. UHF radbtLon ap.otr. 

t1011 .... a ahown up in .xp.r1lll.nta on pll.Blla turbulent h •• tingl1}. J..n tor · the .ba11Ul11 pl. .... , raep.otiv.ly, the ·apactlW-lIIod.l arid the sp.ct-

rUIII at the output ot the f .. t-n!IPone. anal1Z8r .• Notic., that fr.qu.D-

d.cr ... 1.ng aocorcU..ng to tb. l'''~IAI·I., ..... obll8rv.d{21 ~ In the bur.t c1 re.olution in .th. 1..D.U1.18 in both caea ..... IlOt wore. than }to 6t1Cpa. 

t-5·10-8 •• c 'CCOIIP&llJ'~ taet pl ... ha.t1.ng in a torual3}1t has bean In tb. fir.t .:r::p.r1lllent tha lIup.rthel'lllal UHl r.dhtion .... ob .. rv.d 

diecovarad • deap_100.1 .. odulation of-w,.radi.tion b1 tr.qu.no1.e ot froll a pariph.r, pl .... ngion b1 111'&118 ot • f'wIDel-abaped antellD.& on 

acouatic rADae .. 21A1rt- • a trequenc1 '4r'1~.56B.t (Rz"'h6ko., tt. .. 0.56). In tb, a.oond ,xp.ra.nt 

.&. d.taU.d iDv •• t isati on of 'Patial-tille aDd spectral characteri&- tha radiation .... rec'ived b1 a couial tmI' probe loo"t.d aleo 1.11. a pa­

tic. ot sup.rtharlllal llOi88a-~and-'4:- in conditione ot quaai-.t.tiona- ripheral plUll& r.gion on tlw r.dius t."5c. (tb. radiOJJ of an e48e UD­

r1 currant h'atillf> ot pl ..... in "Urqan" atall8.l'.tor [11-1 l.d to tb. oon- d •• tro1ed lII&gIIetic aurtaoa in tha etall8.l'.lIor 1 .... 6e.). 'Dle 1'8c,11o.d 

oJlt,aion. tha.t the 1lO18. n:oitation prace .. h.d n:oaptionallJ' a::qllo.ive .igna]. t1'8qu.nC1 w&s1J,or:13.1to.35G!4, th.8 ~ti~ t'l8ld fIS-1.5kD., 

thr.shold character and .... prob.bl, COllll8oted .. ith trapp1.ng &Dd .ccu- tt_0.63. In both C.88S the m.;:dmwa pl ... denaie, in. colwm celltre 

lIIul.tiOD ot turbulent llOiaa. iD local regiona ot plUlll.. In thesa ex­

periment. the infcrm.tion on looal char.cteristic. ct-w,..and~to>pl oeci­

llaUon coup:;--Hp in pl ....... obt.i.Il8d b1 111'&118 ot probes, as •• U 

ea b1 the method ot anal;:laillf> HP' - modul.tion speotrum ot UHF -radia­

tion -w,.. obaerved out of pl": •• The mecha.D..1:~ pt auparthel'D8l emiasion 

-Wpt ia shown tc be OOllllacted with nonliu8.l' 1.n.t.r.otien in. pl ..... of 

two speotr.1 Iol .. ~ and W-W,~I 2w,:.. IIononr, the llOi ... W .. w,t and 2Wr. 

5 

.. re identified .. lo~ .... ve o.cill.tiona with 

V".1!:~ exoited uar lo .. tIJ'brid-raaonanee tr.qu­

encie. in inholllopnaoWl plaama. 

!Eb.. fe.eur. of .. w,..and .. w,:. l1018e 'xcitationa 

iD o;oOragan" .tell.ar.tor 1.11. pure hJdrosen diaohar­

pe tell into tb. fact th.t an 1nteneive naah 
aoa.nt al .. ..,.a collfol'll8d to • pl .... daneie, .trip" 

6 p1ng phu •• as .. ll as co1Jlcided with • aoaent ot 

occuring .t:rollf> looal '41_&gII8t1c perturbation, 

micb value .a&>-10~f • :rig.1 ahon oecUl0S­

rue tor hJdrog'll 41acharge (8a-1.2I:o.).1 - vol-

J'ig.1 taga 2Ci11Y/clI per div., ourrent - 2 lta/41v.1 2 _ 

denait1 ii.. , between l1.n.l. _2. 1012clII-'1 3 - 2 IUl alp.]. 1nterferogrPI 

,[0 
~ . ouGHz 

Pig. 4 

.. aa 14 " 3·1012cll-3• 

The e~otral a.nal.1al8 n­

aulta show that both ill4epeD­

dent methoda give praoticallJ' 

identiOal .p.ctr. ot apor.­

cUe 01D' •• illaion 1n the "1'ici­

n.1 t,- ot .lac tron plUII. tr.-

qUenC1W~w1tb • ch8.l'llct'r18tic lIet ot coherent l.1ue &hittad .t a 

trequel101 on b.Wl<iUpt"1051 1501lCpa for Z .. 112. In thU oase it 18 obaar­

ved in the apeotrUIII 11 r.ther int.naiv. pair ot 11118. 41aplaoad o. a 

1'requeoc1 aoale in • charaoteri8tic value 26W-2I1lrl, m.re .bout 6~ 

ot pl8.8!ll' UHF rad1atioll anerg,o 18 cOllOantr.t.d. Q _ t.o tor of theee 

line8 i8 high and conatltut.8 Q~1cY. 

Tbl d.t. ot 1nd.apendant lIIa .. uralllent ot!turbul.nt llOi.a epeo tru. 

i~UD8 in allllilar reg1ae. OD "Urqan" at.ll8.l'.tor" (41, w!l8re the 

~radio excit.tion ot lI.8lTo ... band oeoillation ep.ctrwa-ZII\4.u ob­

lIar98d, allow to ident1f,. IIIlpar.t. B.nae iD 'Peotr. p1'8aanted 1.11. Piga3 

and 4. Pig.31 1 - 1il,.,"*ZIolp:.; 2 -c.J"t . ~tl 3 -toJ,t. 4f4.t1 4 -~ 5W,t1 5 -Wport 

6~ Pig.41 1 - u.,.1 2 -O/1Ij.:1 3 -w,.-. 2!tf;.1 11- -~ 36.1,u 5 -~ 4Wpt. 

Thue, tha sup.rtharaal 01D' a.i.a.ion 18 saner.tld b1 pl .... OD t12:ed 

4,5,6,1 - probe dgn.ala ebael'"!'ad from the l ocal 1ll'iI' a1D.ultauoual, frequel1018e. perhapa the aat.Uitas 8.l'e radi.tadl ~lI)pl and W,.,+3W,l; or 

toR. , Wptl t {ti 1Ok.v) and 2w,t., reapectivel1. (Sc8.IlllingI250j1aac/dil'). W,..-+ 2W,:. and cq...+ 4Wpt • 

It has bean cb.arvad • etrollf> ap.tiel localilllation of ailP18la b.Rz, Wrt, It 18 pOllllible to conclud., while euma1.ng up iDvaatig.tion n_ 

u,;., 2WfC. and 1 OD the lallf>th "<to.5cll on charao.teriatic r.dii 1.Il8i48 th~ eul ta. th.t the 114cbani_ of aporadic UHJ' emi .. ion Wreand th. exci ta-

pl .... oolUIID.. Ttt. ranp ot .ignallocalisatioD on.t.and 1depeD4ed on tion ot 1ntaoa:,:,.. aleotromapetio oscill.t10n. in plUIII' .. ith IIUTO .. 

Vl.lU~ i «A.4 tt"O 'when required it coUld be w1thdra-.n into the resion epaotrum. W-Wptl2Wpt 8.l'8 solel1 conn..c ted wi th an a::qllo81ve proc ... ot 
• 

of oOllblDad probe aerial •• The cOllOlueion about sp.tial looalh.tion tha releael ot el.ctrollagnetic .ll8rQ accu.ulated in re.Oll8.D.t plaama 

ot iDet.biUe, resioD iD plUlla ha.a alao bean drawn troa w1.tbout-oOD- o.v1t1e..-oav1tOna. We 8.l'8 OllllllOt axcluded that it 18 just the ourrent , 
t.ot .a"UNlllante ot OlD' llOia. lIJIeotru.. :riS.2 gh .. tb. heliua pl&8ll. c.viton axploaioDII, th.t pl'1 tn. IId.D role 1n tra.o.ater ph'llOmena,an.d 

.peotr., .veraaad over. great nuaber ot diacb&rp', tor various aagna_ alao l •• d to tbe inj,ctlon:. ot .upertbimal electrona and iona iDto ~ 

·tio ti.ld etr'lIf>th. (1 -4.81 2 -1.2 and 3 -16.6ko.) .t conatant par... cloud uguatic trep, and thase are aocelar~tltd to 1'81et1v1aUo .. ne~ 

.atare nt"4.2'1012a.-3 , ",.,oo.v, B .. 25 .... /c. and Et =O.56. It la ... D gi .. b1 the quasi-st.tionar, elactric tield (runa .. .., electrons). 

th ••• t tr~ition to high aapati. :t1aldB~"!oI~, it tu .. pl.oe ·. au­

perth~ apeo.trua shUt into the r8ll6' ot •• v.l.ngtha). .... collfol'llline; 

to • plaam. lIlDiaua de.u.1t, 1.11. tbe colUJllD. olntre. 

Por profound iun,Us.tion ot tbe pur.tion Ilachani_ ot apor.cUo 

UlIJ' IU;lia •• tb •• tud,;y of aup.rtlDa atructura ot UBP apectrl.llll •• a par-

1, V • .&.. SUil:r:uunko et al. AtCmnayll EnIIrgia (USSR). 1963 • .1!t:, 349. 
2. B.X. Zavo1aIQ et al. Zh. Eltsp.r. i 'lWor. Piz.(UBSR).L 1911, 60,13211. 
3. N.li'. Parepal.lr.1.n, 6.D. Fanohenko. Doklad.;y Ak. N.uk. I:II:!BR, 1~, 

.1§3, 288. 
4. A..V. Loll81n.ov, N. :r. Par_pIl.lr.in, V.A. Su,prunanko. ·Fizika PlI.8IIIJ'. 

1916, 1. 626. 
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ID. ACClEI.ElU!IOJlf III BESO!lAlfCE .lB8OiPTIOll EIPERD!Elfm 

H. 8sb .. ,l. I. 11.1 ••• r 

theoretic.l PhY8ics I, Buhr-Un1~.r.lt1 Bocbum, lRG 

Ab.tr.ctl !be iaportancl ot denlity barrier. in tbe generation 

ot t •• t ion. ob •• rTI4 in r •• onance ablorption IXplrtalnt. 1, 

pointed out. SolTing .odl-couplinl equations nualrieal17. two 

.Iebani •• arl found to be r'.ponlibl. tor ion .cell,rat10DI 

i) • tranaition troa •• tanding to • ,oTing atat. ot tbl dln­

aity harrier. durlns • atase c.l1.4 1011tOD rl •• b, and 11) thl 

enhanced .. bipolar field. related "ith thl 4ln81q barriers. 

~ri •• nta1 Ob •• rTlt10DI &how thl appearanoe ot hlSb 

.nerv ionl wbln • pI .... 1. 1rr.diat,4 b1 •• 'VI. :Bec.u •• tb. 

acel1Ir.t,d ion. C&rr1 an appreciable .. ount ot InlrgJ with 

the •• bulk ha.tins ot tb. pI .... 1, reduced. It ia theratorl 

d •• irabl, to underatand tb. orls1n ot thi. ph.no-.non. 70r 

thia purpo •• , w. eol.ed the aode-eouplins equatione and .x­

plored the ph1aiee involved at the r •• onance layer. 

w. u •• 0 .xt.nd.d v'raion ot Z1XRiBOV'. equation. which 

d •• crib. the int.raction ot Lansauir- and ion .av.e on the 

ioDic tia •• oel •• It E ie the collective variabl. r.pre •• nt,ns 

the hip tr'quene7 o,eill.tion, ud 6-n. the ion deneit,' per­

turb.tion. the .qu.tion. are 1) 

~'H"lo~>!)E -¥'-i':i)~E - 'f"-' e'M (1) 

~-<a:)({~",,~';-J';~= ~~[4~TO ·(~r+,;.; ~ 1 (1) 

In (1) •• h.v. includ.d aD .xt.rnal .l.ctrio ti.ld caeil­

latins .t ""0. ~ • 6w • Du. to i te pr ... nc •• narg co be 

.xehans.d vi th the .,..tea. 'or 6c..I < O. oue 18 in the resf,ae ot 

the o.cill.tins twc .tr ... in.t.bilit,' . • h.r. eavit,' tora.tion 

tak •• pl.c., ueloSilua to wh.t h'ppana .t the r .. Ol1&Jlce layer 

ot an inhoaos-n.oua pI..... In the ion equation .e have inclu­

d.d the tull ion diep.r,iOD. and .lao the lo.eat ord.r ion 

nonlin.arit7. In additicn to the viecou. d .. p1ns t.ra in (2) 

•• al.o con,id.r.d the Land.u daapins ot both w.v •• while 

,01TinS the .quation. iD the 'ouri.r ep.c.. !he .dvant.s. ot 

auch • _,..t •• as.inat • particl. a!aulation code i. that be­

eid •• the coaput.tional .ttici.no,. it allo.. to i.olat. Ph1-

.ic.l .tt.ct. and to look tor the •• chani ••• invol •• d. _. I., 
it turna out that a k.,. role in .ec.l.ratins ion. i, play.d b,. 

trequenc,. eitt. ot the iOD .a ••• who •• tiae_ and .. pl1 tud. 

d'pend.nc. can ••• il,. be inv •• tis.t.d. 

Th. nU-'rical tiDdinS' are •• tollow,1 It the ext.rnal 

ti.ld exceed. a tbreeold •• lue the .,..t •• ia unatabl •• sainat 

the .odulational in.tabilit,'. D.n.it,. c.viti.a are toraad iD 

which the hiSh tr.qu.nc,. tiald baco •• , trapp.d. It puaha •• way 

the elactron. b7 the pond.roaotiv. torce (r.di.tion pr.,.ure) 

and, throup the .. bipolar fi.ld, the ion, will .leo b. pulled 

out ot the r •• onanc. repon. Becaue. ot .... con •• rr.tioD 

ehould.r. will .pp.ar on both aid .. ot the cavit7. Th.a. 

&bould.r. are n.ar17 .tandiDS in epac ••• Ions •• ti.ld tr.p_ 

ping tak •• pl.c •• Th •• tt.ctiv. tr.qu.nc,. ot tb. ion .od •• 

cou.titutins tb. d.n.it7 p'rturbation i •••• n to b. u.arl,. 

s.ro. ~t • c.rtain tiae •• trong chanc' in the •• olution oc­

cure. !b. el.ctric tield int.neit,' "hartns tbe .hap' ot • '0-

liton atao.t coapl.t.l,. di •• pp.ar. in • t.w ion pI .... p.ri­

oda, and th. iOD d.nait,' perturb.tion atronsl,. incr •••••• Th. 

die'ppearance ot lE IJ. 1e du. to the Landau daap!ns ot the 

el'ctron .ode. b.ins .nhanced b,. the gener.tion ot hish k 

.od~., and i. al.o du. to an .n.rg ,xcha.n«. with tb •• xt.rnal 

ti.ld. Tbi' et.se call.d ,oliton-tl.eb (or qu.si-cOll'P •• 3») 

ba. aleo been ••.• n in laborato17 .xp.ri.ente 2) ae well as in 

particle .iaul.tione '). Tb. sbould.r, up to tbi •• t.ge are 

.tanding in epace and tb.retor •• ble to ren.ct and trap ion' 

thrOush tb. r.l.t.d .. bipolar pot.ntial. During tb. n.eb tb. 

ponderoaotiv. torce r"pon.ibl. tor the dovueitt ot ion •• ve 

tr'qu.uc,. die.ppeara and the iOD aod.a beco •• iOD .couatic­

lik •• ~e • re.ult the lIhould~r •• tart .oving .part with eound 

ape.d. c&rr,7ing witb tb.a tbe tr.pp.d ione. Purth.raore tb ••• 

ion. are situat.d near th.ir turning points and .xperi.nee • 

• troDe torce du. to tb. sr.dient. or tb ... bipolar potenti.l. 

Thue, tb. ione will aov. with. larg.r v.locit,. and l.av. the 

r'gion ot .!lbanc.d d.n.it,'. !h. lIhouJ.4.r. th.r.tor. will 41t­

tua' ., the,. are .0vinS .part. '1'hi •• tt.ct can cl.arl,. b •••• n 

in the aicro w ... ~b.orptlon up.ria,Dt of Wons and Bten.el 2) 

in vhich 7.V iOIl' (#1:1 35 -r. ) are tound. In. thh .xperl •• nt 

tb •• hould.r. are un.,....tric. Th. .hould.r .t the lov.r d.n­

.it7 .id. i. aor. pronounc.d than the oppo.it. on •• !hie i. an 

.tt.ct ot tb. den.i t7 sr.di.nt. ~ccordinsl1, on. would .xp.ct 

•• trons.r nux of .ccel.rated ion. dow the denei t7 cr.dient 

which i. ind •• d oba.rv.d. Jot. th.t tb. pond.roaotiv. torc. 

••• po •• ibl •• cceler.tion a.chant •• vould pr.dict •• ,....tric 

f lux ot t •• t ion.. I1n.l17 ve .entiOIl th.t aleo the particl • 

• iaul.tion. ot Bigov & 1h04ir.v 3) .upport thi. ide. ot ion 

.ccel.r.tion. 

1) 1. Eleieeer, H. Bch .. el, Bn-Report ?6-L 2-OO? (1976) 
2) >- y- Woug , R. L. Btena.l. Ph:ys. Rev. Latt. .2.. 727 (1975), 

>. Y. Wong, Uak1 Pr.print PPG-277 (19?6) 

3l Tu. B. Blgov. Tu. V. Ihodirev, Sov. Ph7.ie. Doklad1' 21 

("9?6), ,.44. 
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PLASMA PAltAKE"l'RIC RESONANCE IN THE 

NON-MONOCHRClIO.TIC PUMP-WAVE 

Yu.M.Aliev, A.A.Chernikov, O.M .Gradov 

v.V.Puetovalov, V.P.Silin 

P.N.L.abedav Phy.ical Institute, Academy of Schnce. of 

the USSR, Mo.cow, USSR 

V. Stefan 

8Ori. ltidrUi In.titute of Nuclear Science. - Vint., 

Be09rad, Yugo.lavia 

'l.'he effect of a finite-bandwidth pWllp-wave on the 

evolution of potential parametric instabilitie. is 

considared . It i . found that conditions with f inite­

bandwidth otabJ.lJ..e pla.ma Or facJ.lit.ate par ..... trJ.c 

growth of the turbulent noi ••• 

Any r ... l generetor of electromagn.tic radiation have a fi ­

nite-bandwidth affect of which on parametric in.tabilities csn 

bl e •• ential[l-jJ, In this r eport WI represen t. SOllle .spect. of 

dynamical finite-bar,dwidth paramet.ric th.ory, r ecently deve­

loped. by us. 

We considered a fully ionized pla ..... interacting' with the 

pump field 

ETt"1 - ~)dnllllot- + . lt11 (1) -..,herl amplitude Eolt) and phau .( t.) al'l a.sumed to be .low 

varying compared wJ.th carrier frequency 1110' which i. closed to 

t.h. Ilectron pia." freque ncy IIILe • First, we con.idered the 

ca.e of a s.t. of rectanqular 1mpul.e. with duration T, repeti­

tion period T and peak intensity E • Introducing an effective 
2 T O2 electric field inteneity Eeff • " Eo which characterize time-

average power of a g'enerator, we write down the Olcillating 

two-Itream instability (OTSI) threehold for rath.r durable 

impulsee Ya T»lIYa - growth rate of O'1'SI for aonochrOlll&tic 

pWflp-vave) • 

(2) 

where y i. a decrlllllnt of electron pla.ma wave. The, bes t ccn­

dition. for Ixcitation are fulfiled for wave propagating along a: with wave-number "m saUsfying the condition 6", (k ) • 
1 2 ' 2 0 III 

- "'0 - QlLeCl + ! kjji. rOe) - -Ya' The expre •• ion (2) takls place 
also in the case of a very short impul.e. YaT«l, but thl IX" 

trlml ~ave;~~r km h defined by thl condition 6"'0 (kill) -

- - Ya T + -r' ' n-O,tl • •• 
The effectJ.vI thrlshold of periodical non-d.cay CY»"'. ) 

in.tability J.SI 

E2. Y Y
s eft .thr '" 0,78-- (l) 

and h realhed for, '\, 0,35. The value IJ) i. ~ times lellB 

than corre.ponding Ixprl.s ion for in.tability th!e.hold J.n the 

ca.1 of monochromatic pump. Let. u. not.e that decrla.ing of the 

instability thre.hold take. place al.o for negatiVe mi. matches 

6l1li0 + n. i- - fIIS ' n-O,!l •.• , b.cau.e of .xcitation of _ ny 

frequencies in spectral .xpansion of a pWllp-wav • • 'l'hl Iffect 

of dlcrlasing of the threshold was firstly discovered in [4] I 

for thl case of two monochromatic pWllp-wavel. In the ca.e of 

decay of a pWllp-wave int.o Langmuir and ion-acoustic waves such 

a decreaae ot the .ff.ctive f ,ield int.nsit.y doas not occur. So 

if T:»T, hs - 'Yll»l, /II.T:»l , t.h.n 

(4) 

whlre w. a nd ys are trequency and d.crement. of i on-acoultic 

wav •• 

L.t UI consid.r nCN the ease of slowly frequency modulated 

pWII~SVI! . If the frequency wJ."'th 6 11 dafined. by periodical 

frequency modulat.ion 

'n' h. (t) - -o2t for • 
It l<92 , ~ .. (t + ~I • I5w(t), n-O,U •• 

then for rathlr wide apactral :if)~ 

OTSI incraa.s •• by the factor (VI 
ca.e of .anochromat.ic pump-1otav. 

6)O)Oy. the thrllhold of 

in comparison with the 

y~ 1/2 
·81 ,.) 

• ·0 

(5) 

(6) 

The thre. hold for the d.cay instability (t_l+.) with auch a 

pump 1.1.0 incr ••••• 

Z!hr _ ~ 6'min(y.,Y') 
I7l 

411neT. 11 "'OIllS 

For monot.onically time-changing frequ.ncy a f1(~lll ampli­

fication of the coupled WIV. pplitud.e tak •• place • 
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PARAMETRIC EXCI TATION IN LOWER HYBRID HEATING OF 

A TWO-ION SPECIES PLASMA 
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~I The parametric excitation of lower-hybrid and 

Duch.hllum wavea 1n 8 two-ion species plll~1l le described by 

maans of the fluid equationa. The growth ratea are evaluated 
and the effects of plll~a and pump nonunlformitlea upon the 

instability thresholds are d18C\l888d . 

Introduction= The par~etrlc excitation of lower-hybrid and 

BuchabaUIII waves 18 one of the nonlinear procaine_ which cOuJ.d 

be important 1n the heating of the high density reglon of Il 

multiapecies toroid.l pI_am. by RP waves which match the lewer­

-hybrid frequency near the center of the plaBlDa. In a tWO-ion 

Bpecies plasma in the presence of a uniform m.qnetic fie ld 

!-So! and a crosse~ · electri~ field ';-(EoCOS r.lot - *)! waves 

propaqatinq in the x-direction can be driven unat.ble by the 

coherent re l ative ion motion induced by the pump field(l,2) . 

Ion couplinq Iklllj< l) I By~' :the line.rhed continuity 

equ.tion, the x and y-cOlllponents of the equation of motion. 

where temperature and colliBional effects are neglected, to­

gether with the Bcaled Po i Bson ' s equation, i.e., x replaced by 

IH . .f~!)-1/2x. one arrives at the following equation, for a 

tWO-ion species plasma. 

a2 _2 2 -2 i · · 
(~+l»pjT£lj)nj--l»pjnj,el'-:l:I' .(j,j'-1,2tj"j') (1) 

whe re nj - Zj irjeil'-j It), Zj an~ .?ij beinq the charge nwnber a nd 

the denaity fluctuation of the j-th ion species. respectively, 

~ cosw. t mj . . "0 . (2) 

_2 2 2 -1 2 
I'-jj, ", l'-j-"j" I»pj"' (h-Mpe/£le) &Pr Equations (1) constitute a 

syst8111 of two coupled equa~ion. for nl arn:1 n 2 (here 1 and 2 

danote the two-ion species). It appears that the pump field 

h •• ·.n effect oh the pluma provided that 1'1 "1'-2' i.e. 

i'l/m
l

" Z2/m2' We condder Eqs. (1) in the weak coupling" limit. 

IPH,I «1. For the case in which there .re two diltinct time 

Bcales one can separate Eqs. (1) into. hiqh frequ,ency part. 

describing the hiqh frequency motion (lower-hybrid wave) and a 

l ow frequency part. describinq the low frequency motion 

(SUchsbaum wave). One thus obt.ins the two coupled equations 

Which describe the propaqation across a maqnetic field of lower­

-hybrid .nd SUchsbaWD waves in the presence of an extern.l pump 

field, 

a~ 2 
I~ + (l)LH)nl,LH 

-, 
.. i(l)pl "12 n l • B• 

(3a) 

" (~ + lIli)nl ,s 
-, 

i IIlp2 "12 nl •LH , 13b) 

with 1Il2 !!!(1 + 1Il2 / £1 2, - 1 (1)>2 , + (1)22) the lower-hybrid frequency 
LH pe ·e P 2R 2,..,2 2D3 2 2 

for a two-ion specie. plaBlDal IIlB~l""2+ I»P2~f (1 Pl+ Qlp2)the 
Suoh.ba ..... 01" ion-ion hybl"id frequency; .o~<Qjpj' 
Thr"holds and growth "toS I BOth decay and purely qrowing 

instabilities can result from the ion coupling induced by the 

pump field. Sy denoting 

to< 

• n' 

-2;2 k Y 2 eE 1i1 z· 
r 251 1 ~ (..!.....2) , Y !!!!--..£ 1--...1.1. (4) 

.n 'ts Ql
s 

tIlo . 0 lib ml m2 

the decay instability(3) ' t he minimum threshold, [rill (d) 1 2 ..... LH .... S' 

max1mum qrowth rate. J'old)", .J; CtiS-+'LH'(J'old)"iQlS), are q1ven by 

(
Vo m) (dl 4 r. - 1Q";f 

q Z ILl/2£1I1 .... io 
Il......!.....!....!) (-1.)(::::::!-)(...M:! 

q, z,.., '1>1 '10 '10 
~l/2 IS) .. 

-.£.. _ 1 1...1-'-'- ... (k 1 ) (....td:.) (...!)l/2 (..B!) (o2), 
yId) (q '""'- 'J .1/2 tu...," .. 3/2 V 

Ql9 1 . q2 ~~ .'X (\8 Ilt "b "'0 Ca 
(6) 

z2 N T ~ 
where c! -~ ~ m;' q j. Ne I "LH and ... ~ are the damping 

ratel of the lOWer-hybrid and Suchsbaum wave. respectively . For 

the purely growing instabllityql (IiIO<' ~)' the lIIinimUIII 

threshold is iI. factor IWs/2 ,;s) 1/ 2 hiqher thsn the threshold (5 )· , 

.nd the max1Jnwn growth rate J'~al_ (2"'Sr2) 1/3 (>"'s), can be 

written as J'~II~_[2~(J'~d)121l/3 • where J'~d) ie given by (6) with 

Vo/Cs such that the threshold for the excitation of the purely 

growing instability ia exceeded. 

Nurn.r1gAl evaluation of the instability growth rates I We now 

consider the specific case of a plasma composed of hydroqen 

(species 1 . hereafter denoted by index H) and a second spec i es, 

e.g., 0-+. ":2. 0+8, characterized by Z2/A2 - 1/2,· with A the 
Vo - 3 

II t olll.ic mas~, so that Q2 - £1../2. One then has 1:; - 2 . 4~ 

ra.. 11+0 . 5 ....!)]-112 E /f T l;~ (~, GH:I:,keV), it follows th.t l"H qll -3 0 0 e cm 
\;'/Cs - 4.5xlO ,for QH-o.8. Q2-o.2, Eo -3 kV/cm, fQ"'lGHZ and 

Ta - 3 KeY. Threshold (5) turns out to be (Vo m/Cs) {d)_O.ll 

B/(kx~e)fo (v H/Q)LH "s/tIls) 1/2, (Te8la . GHzj, for 0)0"' ~H' 
i. e ., ·NH,",2XI01~ cm-J • for f _ lGHz . For cOlliaiona1 damping. 

-7 ' J. 0 -6 (d) -5 
"LH/tIlLH 1.7xlO , "s &s <::: 2)(10 ,so that (Vc,m/C_I) 10 

for S - ST. fo - IGHz and (kx~e)-o·03. which corre~~nda to 2 

(kx "H),a:0.3 with Te - 2 T H• Therefore , ~0/Cs-4.5xlO ~4.5xlO 

(V 1C) (d). Le . , the threshold value of the pump field ie about 
'0.11'1 • (d) 3 1/2 

6 . 67 V/cm. The qrowth rUe (6),7 . f lU - 24 . 95)(10- Ifo/B) 
(d) 0 0 5 

YCsIGHZ, Tesla). yields 70 /Qlo - 5xlO- for the above 

parametera. The growth t1me of the decay inst..bility. 

(J'~d»)-1::':3XIO-6 sec, i. typically A factor 102 .horter than the 

elec';ron collision time. 

The threshold of the purely growing ",de is a factor 

(&s/2"s)1/2 5)(102 higher than the threshold of the decay inllt.­

bili ty 10 that the case we are consider ing of a pump field of 

3 kV/cm. should be lIIarginally atabl e (the reaulting threshold 

field is in fact about 3.3 kV/cm). We note, howeveJ:". that the 

threshold for the exci··tation of wavelengths shorter than the ion 

Larmor radius(l·2' · is a f.ctor 

4 _ ~11Q)p2 '22pl, 
(

k2 2 £12 2 • k2 2 £12 Ql2 )'/2 
2 2 2 2 

III (lIp2 -+ £1 2 (l)pl 

!whet!!' k21l~ .«1, with Pj the LaI1llor radius). BIIIaller than that 

correspondinq to the exciol:ation of waVelengths longer than the 

ion Larmor radius conside red here (1) . For our speci!ic case 

0. _ 0.24. (TH-2T2 , Z2-2,. a nd the threshold field for' IkOj)2~1 
is then about 8xl02 V/cm.. 

The density qradient and the finite spatial extent of the pump 

produce effecbJ.ve thresholdS which can be higher than the uniform 

thresholds . For a local scale length of the density gradient 

ldNj/Njd 1-1.10 CIB, the finite extent of the pWIIp produces the 

higheat ~hreShOld. which can be wJ:"itten as J'o it J'eIl .kxlv!UI) ....,~B)I/2, 
with V~lH) (V~B)) the x wiip ..... tuL of the gxaJp velocity of the loMr-hybrid 

(Suchabaum) wave and L ~) the width of the pump in the x .-~ . 6 -1 
x-direct i on. Por the case we aJ:"e considering. J'eff:'1.6ItlO sec 
"3!5J'~d). ~~ 1. 7 ODJ , i. e . . the threshold field due to the spatid 

v.riation of the pump intensity (the puIIIP wave propagates in 

well-defined· resonance cones) is .bout 15 kV/Cl1I.. tor the con­

vective decay instability. 

One of the authors (H . B . ) whishes to exprea8 his qratitude to 

the Centro Gas Ionizzati, Frascati, for hospit.lity during pa.r.t 

of this work. 
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Abatractl It 1. analytically shown that the nonlinear inter­

action of lower-hybrid. con •• with finite frequency density 

fluctuation. can l •• d to IIIOVlnq solitary envelopes for the 

wave electric field. 

We consider the propaga tion of intense lower-hybrid waves, 

taking into account the nonlinaar coupUng- with finite fre­

quency dens! ty perturbation.. The physical idea 1. a. followe I 

In the linear analysla the rl transport reduce. to the linear 

mapp1n9 of the source along the characteristic Unea which are 

called lower-hybrid con •• . In the nonllnear regime the propa­

gation characterl.tic. 1 . affected by the pondaromotive a. 

well .. i1: .1: force •. Aa a re.ult, deViation. frOlll the 11near 

cone occur. The nonlinear effect. can lead to filamentation of 

the lower-hybrid fie14, an4 the interaction of pluma partiC­

le. with localizei field. affecta the transport of the wave 

enerqy to the center of the plasl\Ul. In particular, Morales and 

Lee [1] conai48re4 the filamentation arising from the coupling 

of lower-hybrid .... ave. with perturbationa in which electrons 

and ions move adiabatically along the externa l magnetic field 

lines , such that both apeciea ratain their Maxwellian diatri­

bution •• The use of adiabatio pert\n'bations i. based on the 

.. aUlllption that the generation and e volution of the lowsr-

hybrid filamentation occure slowly compared to the trlmsit 

ttm8 'of the dan.ity fluctuationa acros. the wioU! of the wave 

structure . Such an aa.umption may be inadequate in real plas­

_a [1]. Here, we generalize the investigation. of Moralea and 

Lee to include finite frequency denalty perturbations. 

Proal the wana. two-fluid equations, one can readl1y obtain 

the equation governlng the slowly 1I'I04ulated lower-hybrid po­

tential • - • (x,z ,tl exp(-lt11tl + c . Cr where ni « Id« ne and nj -

ej Bo IlIIj c ' la the qyrofrequency of .pecia. j. Within a two di­

_ndonal model, one [1] finda 

~~ax [l + ~ (1 + ~) ] ax.+az [a~+~~ (1 + ~) ] az + 
(11 

where thermal effect. have been treated aa hiqher Ol:der cOl:rec: 

tlon., and ion. al:e a •• \llMd to be WlDISqnetized. The terma in-

volvlng i\(x,z,tl ari.e due to the interacUon of lower-hybrid 

cone. with the flnite frequency den.lty oac111ationa. We have 

alao defined eo - v! III~ In; + Villlpti/lll"' b o - t '1 W;j I/o)" , 

co - -2V: Id;'/ n! III' + 1 vlwp'i I 1110, vj - Tj/lll.j, andlllp'j-4.noetl 

al.j . For i'i - 0 - a o - bo _ co' the wav.a propaqate alonq the charac­

teriatic lines dx/d% -C i {t, / lt.ll
llI

« 1, where t, . 1+ w~1 
0' e 

Applyinq the usual WJ(B anaatz, namely at .. at -ilol and 

at 01; /11, we obtain from eq. (1)" 

(2) 

Denaity modifications appear because the lar~. amplitude 

lower-hybrid wave exerta a low-frequency ponderomotive force 

on the electrona and iona . The equation for i'i ia qiven by 

aJV!o!;J - 0 , 
(ll 

where c. ia the aound apeed . In ~rivinq (l), the oold plaama 

diapenion relation for the lower-hybrid wave, namely tl a~ + -
It. 1 a~ •• 0 ha. been used. We have alao aa.UlIIed W ) IIILH - wpi 

(1 + w~ I n!I-1/1 . 

Let us introduce the new variabl.a I; - x - Cz, t - Cz, and 

eonaider aolutions in the fortll ••• 11; - Vt, tl ,. i\~ n(1; - ~, t). 

AaaUlll!ng .tationarity in the frUle .eving with velocity V In 

the I;-direction, for V < (lIIe 11111' 1,1, C C. lit Ae' and <It <Ix « 0i <l z ' 

where k ia the wave vector of the lover-hybrid pump, and Ae ia 

the electron Debye length , we obtain fron III and (ll 

(4' 

where, _ -C(m + BC1 )Ylw%[s'IIn III (Y'_C1Ct)Vp]_III<I • p. o i a I; , 

-(c;/ lt .o lcl)UVlwI P, 6 - (ao +co C1 +bo C"hI/2VP, and p. , + 

w~ 10~ + C'. 

It can be .hown {ll that accordinq to eq.(4), a monochro­

matic wave of amplitude Vo become. eonvectively unatable if 

1.0 1 > S l':o' where 1':0 ia the effective wave number of the pump. 

For 6 _ 0, we obtain the localized aolution of eq. (4) by let­

ting • _ "exp(iel, I': - at e, 0 - - 3p e. We conalliar solutiona 

of the fortll" - 1.(11), I': - 0:0 +1':,(111,0 - 00 +01 1111, Il· I;-Ap, 

where 0:
0

, 00 , and A are real conatant •• We look for .olutiona 

which vaniah 'aytllptotically at large diatancea. In the caae 

1 no + o:~. ) 0, a localized solution [l] for the &lllplitu~ ia 

A' - (S) 

where 6.. (o:~ + 1 no)-YI/2 . Furthermore, the nonllnear pha •• 

i a detel'lll1ned by 0:, - (3/81,,1, and n, - -o:~- (l/B) O: oA1 • 

I n suramary , we have ahown that the finite frequency per­

turbationa coupled with lower-hybrid wavea can yi.ld propa-

qatinq localized enve.lopes which oan cauaa tranaport of rf 

enervy into the plaalllll beyond the boundary reqion. Finally, 

we I118ntion that the role of ! -" li nonllnearlty on the aol~ton 

profile !!lay cause a dlllllpinq of the pump wave by the excitation 

of a aideband . Thi. problem ia treated by Kaw et al . [4]. 

+ Supported by SPB ·Plum.aphyallt Bochum/JUl1eh·. 
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VARIATIONAL PRINCIPLE FOR NON-LINEAR STABILITY ANALYSIS 

Dirk K. CALLEBAUT and Ahmed H. KHATER* 

Physics Department, University of Antwe rp (U.l.A . ) 

Unlversiteitaplein, 1. 8-2610 Wilrljk (Antwerp). Belgium 

~: A variational method tor mhd a tability extending the 

work of aernBt.a!nl } to higher orders 1n the perturbation 11 

given. 

Introduetion 

The variational principle of Bernstat" et alu!l) for the 8t.U-

dy of mhd stability 1. well known. It may be recalled that it 

deile with t.he second order energy variation corres ponding to 

motionl of fir s t order 1n (. the perturbation displacement.. 

However 1n 1II111lY Itability problems thia I1nesrlzed approach le 

not lIathfactory . E . q. it usel infinitesimal perturbation, and 

yieldl no idea of the domain of validity. A non-linear analy­

s is ia de8ired. A higher order analy8i8 waa developped by o ne 

of ,/-sl). extending the l1nearized. n0r1ll41 mOOe ana1ys1s . The 

method is formally rather simple, but. tha calculation of the 

coeff1cients of the higher orders a. functions of the various 

wavenumber •• etc . is very cumbersome. A var1at10nal method for 

higher orders is wanted from : 

a) A practical point of view. This requ1rei less calculations 

than the normal mode analysilE': one has only to calculate the 

sign of the (minimal) change 1n the potential anargy of the 

IYltem under consideration . Of course, o ne obtain., lel. infor­

mationl only tha knoWledge stable or unstable for a certain 

range of the 11near perturbation tor/of t {see further ). 

b) A principal point of v1ew. Moreover, thie may be a first 

investi'l8tion of a general variational way to study non-linear 

stability or motion. 

Method and calculations . 

Consider a (static) equilibrium configuration. All relevant 

quant1ties are lUpanded in serial to the fourth order in the 

linear displacement t. The change in the potent1al energ'y due 

to the perturbation is 

(1) 

where W. is the potential energ'Y of the unperturbed Iystem, 

where bo1W - 0 (aquil1brium l ), where bo1W is the result of 

Bernstein et alui1 ) and where 

. . 
~ p. (dlv.t) {diV. (t .g'rad.(-tdiv.t)) 

" 1 1..-:-1) 
.j 

+ tu I {~ (boB + B. diVet) 1. div. {(d1v .(+( .g'cad.tl 

"1 1l'i':"':'1} dv. 
. j 

,,, 
The third order term is always destabil1zing', unless 1t is zero. 

Choosing' now the displacelltent in the form 

a. for tha firlt order ana1ys 11, one obtains (trivial) expan-

810ne in t . Now the method of callebaut consiets 1n Uniting' 

, • . and OKP at into ono qua nt ity: E _ ". exp a t yieldin'1 Cnon­

trivial) e xpans10ns in t. E.g . 

'" 
Minimizing' the functional 1ntegral one obta1ns the Euler e~a-

tione: 

'" 
which are a system of partial d i fferential aquations . Solv1ng 

(5) (directly or by iteration) and substituting' in (j) and 

glving' values to the parameter t yields zRrO-stah11 i ty lines. 

Further elaboration and discU88ion and in particular the appli-. 

cation to force-free magnetic fields l )·)W1"1l be presented 

orally. 
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S£LF-COw.;:ISTENT COHPUT..t.TION OF TVO-STJtEA1o:t EXPLOSIVE J:NST..lBILITY 

Z. SedlAII8k 

rn.titute oC PLa.~a Pbyaioe, Caaoho8 1 ovak ..t.cBdomy oC Soienoeo, 

Nado .. 1fno!k4 600, CS 1 80 69 Prague 9, C~aobo.J.ovakia 

Abetraott The t wo-atreom a~plo.lvB inotability we .. in~atigatad 

numerioally with a Hamiltonian model of waVe_wave interaotion 

including ooupling of thO waves to the stream. and harmonica 

generation. An abrupt and almost oomplete deoeloration of the 

.troame aooompanied by aatura tlon oC the e~ plo.ivo growth and 

formation of a turbulent state was found. 

1. INTRODUCTION 

The majority of invostigationa of explosive instabilities 

[1_6] are r .... trJ.oted to purauing the time evolution or the re _ 

SOnance triplet of the interaoting wavea, Non_linoar .. eohanis~s 

for the exploaive 8rowth li_itation were proposed [4_6 ] but the 

influenoe of the reaotion of tbe baokground distribution funo_ 

tion evolution and the banllonioa jJ1Ineration lIeelll to have been . 

with few exoeptiona (7 ), overlooked . In thie oontribution , 

taking the explosive inetability of two oounter-etreecllina 

eleotron bea_e with equal denllitioa and equal ve l ooitiell C) , 6] 

aa a lIIodel exalllple, we show by numerioal integration of i~_ 

proved ooupled~Ode equatione the dralllatio influenoe of tbeee 

f.otor. upon the evolution of the axploaive inetabi l ity . 

2. lLOULTONllN DESCIUPTI:ON OF THE WAVE..lND S'mEAJol DYN.lHICS 

The lIIethod uaed waa propoead in [9] and tellted tbere on 

the baalll_pla ..... inatability. The basio Ha.iltonian ia derived 

frolU the Fourier trBnefermed .. ioroaoop.!.o oontinuUlll Lagrana-ian 

due to Low [10] by an expansion eohellle wbioh .-akea proper 

distinotion between oeoillatory and seoular variablea. 4eUlllin8 

the equilibrium dietribution funotion in the for~ r(v) .. 

.. N1J(v- ~)+N2£(V-V2) o no thus obtaine: 

- 1 1 
H(f 1,n, 1T1,n; f2,n ,1[2,11 )"'[ (2mN 1Tt-n 1TYl .r 2mN tr2,.n 1T2,n-

11.·- 1 2 

-inkV,{"n If',n -jnkV,~2,nlf2,n' 8~ e_,en ) (1) 

[ -r'I" -y -r'/., y 
en· - 4rrs N, e .l:.n (f';<) + N, e "n I(,;<)J 

Z (E).' +i,onk['['£ •• + 
-" \0( )- 11 2! n, n

2 
n+",,"'''2 \"1' nz 

2['['[' +~ (;nk) ", "2 n, Cn"1"n,+n 2 +n) Fnl fill fn,+ ... 
Here eVI , R i,1I i f2,n. , l"(2,n are the Fourier oOlllponenta of the 

die plaoe.-ent veotor end their oanonioally oonJugate 1II0menta 

for the firet and eeoon d stream , r oe peotively, d,. ~ 1 for OC- 0 
and zero otherwiee , and the prime at the eum aigo ie to de_ 

note that terllle withnirO are omitterl. ~s sgen , tho oou~11na 

ooeffioionts depend on the vari.blee ~1/0 ,f2,O . The equatione 

for the _ri.blee f~CI ,1[1,.0 i ~2,CI ,7t2,o deaoribe the evolution 

of the baok8round dietributien funotion and are, in their 

turn , dependent on the wave amplitudee, th~ providill8 fer 

the eelf _ooneistent deeoription of the wavee and atre.~e: 

). COMPUTATIONAL RESULTS 

The eet oC oanonioal equatione generated by the Ha~ilton-

ian (1) wae eolved eubjeot to periodio boundary oondition and 

to tbe initial oonditione oorreepoDding to th .. reeonanoe tri _ 

plat (the e elDe aa in f), 6]). Varioue numbere of apaoe barmo_ 

nioe and erdere of wave-wave interaotion Were tried. In genera l, 

eaoh oomputationa l run gave a eilDilar over.ll pioture (Fi8. 1): 

an initial explosive ata8e with ooh erent wave_vave interaotion 

well deeoribed by tbe idealized theorie, ree~rioted te tho 

reeOllllonoe triplet [4_6], followed by a total oollepoae of the 

streama . sa tw:ati on of tho w.ve 8rowth and fOnllation of a 

tw:bulent atate oharaoterized by etoohaetio behaviOW: of all 

the wave amplitudee and equipartition bet",oen the meen kine~ 

tio and mean aleotroatatio energy of tw:bulent puloationu. 

I~olueion ef higher herllonioe and higher~orde:r ",eve~",eve 

interaotiona enhanoea th .. exploaive 8rowth, but doee not 

alter the final etate eubatantially. 

4. CONCLUSIONS 

It 'la evidCi.,t th .. t fo<' Un. 1'1na1 etage ef the exploaive 

inatability evolution the enormoue alteration of the baok_ 

g r ound diatribution funotion ie of" dominant i~portanoe. The 

fourth_ and higher_order wave-wave in teraot ione alone are 

not capable of developin8 the eaturated turbulent atate. 

SilDilar ooncl~ion weo drawn by Dyera et al. [ 7 ] for the 

c aae of an exploaive inetability of oyolotron wavee. 
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(a) 
,t."G'" 2 t .. " ..... 

(b) 

(c) 

• 
Fi8. 1. Plota of (a) tbe total aleotroetatio anor8Y ~E 

(meaeured by the equilibrium kinetio ener8Y of one atrealD), 

{b) variat:ion of the ett"88111 velooity LlVZ (meaaured by tbe 

equilibriuw velooity of the etream). (0) the oanonioal 00_ 

ordinate ~2,O _ an i ntegral of 6V2 (meaaured by the wave_ 

length ~ -21T/1<.) to dooWDent the total l oee of' ve looi~ of -, 
the atr ..... e. The unit of time i'" W

P
' , kV/wpl " 1.597. 
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STABILITY OF BOK EQUILIBRIfI 

K.R .SYlllon~. J . i..Schwarzmeier* 

Dept. of Phy.9iC3, University of Wisconsin, Madison, \/is . . U.S.A. 

and H. R.Lewis'" 

Los Alamos Scienti fie Laboratory , Los AlS!l10S, N. M., U.S. A . 

Abstract: An analysis of the stability of a SOK equilibriuPl 

301ution of the Vlasov equation is presented, as an illustra-

tion of general method of analysis of inhomogeneous equili _ 

bria which 1s particularly suited to numerical computations. 

Comparisons are made between the results 01" the analysis and 

numerical simulations. 

I.h§.~. We consider a one - dimensional electron 6i1s in 11 

fixed ion background of density no. We assuPle a stationary BGK 

wave solution f,,(F), cA (xJ , where 

£=tl'>lv"-er/>,,{x), rP,(X+a.) =cJ.(xJ , ,n 
The l1nearilled Vlasov-Polsson equations for a small perturba _ 

tion f, cP in density and electrostatic potential are 

~f t£~?lJ!i __ £..H. J,p )~f _ iN (2) 
Tt+V'll"'/f1~J(iJlI- /rOlvlX' .lll.--I/1Te v. 

It is convenient to transform to a modified perturbed distribu -

tion function 9 as follows: / .If. 
f-:P</J+,) P=-ef" =-e aF (3) 

Equation (3) is a special case of general class of useful 

transformations in which P can be any suitably chosen operator. 

We substitute Eq . () into Eqs. (2) to obtain 

if + .f$ '" ef.';t , /\, = '/TfefS Jv, 
whereJ,:,A are the Liouville and Debye operators: 

+ e ;)q.. ) 
r:;;, 'iT r.i } 

- k;fJl.J J k;ld = - 't TTe i1.jfo'(E)iv. 

''l 

cs, 
(6) 

Note that Kc> is the reciprocal Debye length. The algebraic 

merit of this transfor mation is that it eliminates a</>/ax from 

the Vlasov equation, The physical merit is that the Poisson 

equation now contains a term whiCh may make the eigenfunctions 

of 1\ resemble the x_dependence of the eigenfunctions of,l.. 

!ill! ~.QD. We introduce eigenfunctions of the operators 1\,1.: 

A,,,(K) = "\,,7,,0'). (7) 

J.. [~(€-£1 e 1I'.Af,rJ7IX,EJj = /r..n(~"")d(£_F')errll.(~')nx,F) , (S) 

where ...fleE') is the frequency of the particle orbit with energy 

E, r is any integer, and T(r,!') is the time required for a par ­

ticle on the orb1t of energyE" to go froDl some reference p01nt 

to the point X. There are ord1nari1y several orbit s at eaCh 

energy; integrals over 1: are then understood to 1nclude sums 

over each SUCh orb1t . All eigenfunctions can be' Chosen to have 

the Floquet form: 

(9) 

The ent1re problem now becomes diagonal 1n the 1nde'J( j. We as ­

sume f1xed ch01ce of li 1n t he example below, f :rr/tl.. We 

expand the perturbations 1n these e1genfunctions : 

O(X V t) "'" I 'f. IF t) e'·~.1lU)r(x, E) 
;J I J r r ' I 

tjI(X,t) -:-£.., (J(,,(t)1J,,(X). 

We Laplace transfor m the resu1t1ng equations for the 

( 10) 

( 11) 

coeffi-

cients tj-' "'11 solve the V1asov equation for the transformed 

coeff i cients ~ and substitute in the field equation to ob_ 

tain: 

I., (w), ( 12) 

where w is the t.aplace transforDl frequency variable, I,,(w) de _ 

pends upon the initial conditions,and the d1epersion Dlatrix is 

o (<<J) ~). ~ ... '/rre 2£ flt,- r.>f.'(€)K~;(E)K~'r(E) 
111'1' to " .. ' r w-~..ll(I!'J ,(13) 

(1 ~) 

~ Dispersion~. The matrix D( ... ) has the interesting and 

use f ul property 

• LD."..,,(w)] ~ D)I'''' (<tJ#-). ( 15) 

A matrix with this property may be called a hermitian f.!.!.!l£.1.1.2. 

When Eq.(12) is solved for ;;' .. , and the Laplace trans form in_ 

verted. the solution may be expressed as a superposit10n or van 

Kampen modes located along the cut in the real ""-axis assoc1at­

ed with the matrix O(<<J). plus a sum of discrete normal modes at 

complex frequencies G.l which are roots of the dispersion rela ­

tion 

(16) 

The coeff1cients of the eigenfunctions ~ .. {.ll for any norl!la1 Mode 

forM an eigenvector corresponding to a null e1~enva1ue of the 

matrix D{..,) evaluated at the normal mode frequency. 

Numerical ~. The above analySiS is particularly suite d 

to the numerical deterMination of the frequencies , growtl. 

rates. and perturbed potentials and distribution functions for 

the normal modes. We discretize the energy spectrum of .the 

orbits . chcosing a finite nUMber of energies suitable for de ­

scribing .the pertUrbation. Integrals over energy become sums. 

We also choose a small number of eigenfunctions 1J~(X) . The 

transforMat1on 0) results in an operator /I whose e1genfunc _ 

tions matCh rather lIe11 the 1011 frequency normal modes. Thus a 

single e1genfunction 1'), (X) leads to fairly good results. and 

three lead to quite accurate results, as we shall see below . 

Simulation ~. The above analysis was applied to a par­

ticular case for Which results from numer1cal simulations were 

available for BGK equiUbriUM and for the unstable norMal 

1II0de. The equilibrium potential is shown by the solid . approx­

imately sinusoidal curve in the figure be101l . Also shown ' is 

the forM of the pertUrbed potential a ss oc1ated with t he 

unstable mode, and the corresponding e1genfunc t ion (dashed 

curve) of the operator /I for this case. If the pertUrbed po_ 

tential is expanded in the first three eigenfunctions of 1\, the 

result ia indistinguishable from the siMulation result. In the 

table belcw, we shOW the theoretical and simulation results for 

the growth rata (in un1ts of (,,)f'~f) using a matr1x 0("" based 

upon one or three eigenfunctions of 11. and for the coeffiCients 

of the three eigenfunctions in the expansion of the perturbed 

potcntil1 l. 

Theory Simulation 

Growth rate (lXl) 3,03 3.10*.0~ 

Growth rate (3X3) 3.07 3. 1 O;t:..Ol! 

Coeff. of "1 , 

Coeft . of 'tJ. 

Coeff. of '}3 

0.9989~ 0 . 99861 

0.03765 D . O~115 

0.02662 0 . 03215 

*&lpported by U.S. Energy Research and Developnent Administrati on, 
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QUASI-LINEAR EQUATIONS FOR THE TWO-MODE MODEL. 
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Abstract: The usual approximation to inves tigate the pertur­

bations in the kinetic theory of plasma (:onsists of the Onl!!-

mode an satz. To obtain a more rigorous description we int ro­

duce a two-mode model which has sClveral interesting fea t ures 

as il l ustrated for the quasi - linear equations . 

1 . Introduction: Tho one -mode analysis is currently used in 

the kinetic ;theory of plasma in order to facilitate the cal­

culations. This seelllS to be a serious restriction, not only 

froll the lIathematic a l point of view, because the required r ea ­

lity condition i_ediately illposu t he property wR(t)--wR (-I) 

for the real frequencies. Moreover there exists often lIore 

solutions of the dispersion relation in such cases than for 

instance one lIIode wit h positive phase velocity . 

As an example we examine the usual quasi-linear ana lysis 

of the Vl asov -Po isson system . 

2. Analysis: The dielectric function in the Vlasov theory 

is defined by 

D (t.,p) - I dv - 0 , 

if the longitudinal electrostatic fluctuations vary like 

exp(i~ . : - pt) with p - -iIllR(t.) - yct). With the aid of 

u - t. .v/k and./Fo (V)d
2
V1 - Fo(u) eq. (1) is transformed 

into 

DCt ,p) - 1 -

( 1) 

(2) 

Shilarly the dielectric function for the (-t} - mode s , ".hich 

are also pr esent , roads 

<S F 0 ( - u) 
---du 

Ou 

It is easUy obsorved that D(t. ,p) - DC-t, p) fo r 

sy_et rie diatribution func t ions . This lIIenns that the fre­

quencies _Ust be the same irrespective of the t-sign ! 

In the limi t of long wave lengths the frequencies are 

found ( r om eq . (2; to be : 

ond 

(5) 

with Iy/wl '!I' 1 , 1"1 .. k and vm - luFo(u)du which characterizes 

the uyu:.etry of the distribution function. 

For the (-t)-lIodes lie have from eq. (3) 

(0) 

ond 

(7) 

We ilDlllediately infer that there lITe two modes w
R

<,,) and 

- wRct) which ~ satisfy the relations (dR(t) • · IPREt) and 

y(t.) • YC -i) , if VII r O. In the other case (VIII - 0) there 

exist two possible relations. First the just mentioned ones , 

(odd property) and secondly we have two lIodes for which 

wR(-t) - wR(t) and again y(" - y( -t) holds . Now the 

quasi - linear equations can be derived in both cases . 

alIUR(k) .. ...:IRC-k) . In particular the diffusion coefficient 

lIIay be written as : 

(8) 

where Q(l)(k) (_QCi)( _k);i_l,2) .represents the ,pectrll function. 

of the potential waves lIoving to the right (I-I) (positive 

phase velocities) and to the left (i-z"negative phase ve locities) . 

The total spectral energy is defined as Qct) IQ(i) ct). 
1 

(9) 

The spectral functions p(i) (t) have now the property 

pCi) (k) _pW( _k) (i , )- 1, 2 ; i~j). Hence waves moving to the 

right and tb the left appear in both torms of eq. (9). 

The usual conservation laws still hold in both cases 

and the different approxilllations for the diffusion coeffi -

cient mly be used as ".e 11. 

More practical examples can be considered. The two-

stream instability problem f o r instance will show very easily 

this behaviour of the different modes. 
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l;)wer Hybrid HllCltin!! in 0 Mirror Plamo 

H.D.rfl." C.G.hr., F. leuterer, H.M.Ma)' •• , M.Tuller 

Mox·Plonck- lnllitul fUr Plosmophysik 

D-80046 Gorehlnlil. Fed . Republic of Germany 

EUlATOM-AuQeiollon 

Ablt,oel: W. examine 0 rf plosmo ptodu«ld In 0 mirror modi In •• Th, density obtained 

gmeJPOnds 10 rh lower hybrid demlry. W. olnerve rftOflOllee cone propoaar1on, 

poromtlr1, decay and harman! e elCeltorlO1l. 

Th. mirror mochine ~Liw .... x~ ho. (I I""grh of 2.8 m, 0 unler mogn.,Ic: field of 

6000 GauO, and 0 mirror mllo of 1. 8 . The plmmo ;1 produced In the unler of the 

devie. by 30 kW rf power at f
o

• 106 MKt. In 2 ""e' pulles, which 0" applied 

_ lolly to 0 ring between two IImi'e'l, (It Jhown in Flg. l. Pr.lonlzotion 11 done 

by short, negative SOO V pulsftl fed to two Penning plates at the end of Ih. mirror. W. 

Uled d.tut"rlum at 0 preuu •• of 1 to" . 10·" Tor •• AI preuv,a < 2 . 10··To,. we ob­

loin 0 maximum denllty of 6. 10] 1 cm -3, which og'", with the lower hybrid d8fllity. 

At hl~.r preu .... el we con exc .. d thll wlulI; the diomallnetic IIgnol, haw ..... r, 

d.c.reaffll with Increallnll p' IIIIU,.. FIII . 2 showl the phalli IhHI of 0 mlcrowo .... Inter-

ferometer and the dlcmogn.tlc algnal 01 functlonl of the gpplled rf power. The dia­

magnetic: 11 9110 1 inC'lIOI1II propcw-1Jonolly, while Ihe density saturat,l. Frcrn the dia­

magnetic lignal T
j

" 90 eV WOI .YOluoted, c.ld Iynchrotron radIation m .. JUr .... n!J 

@® .~~ . ~:f···~--L ......... .... 
FIII·1 

Fill·2 • • • 

L te, 'lI:IOoY 
~ ,..., 

• 
01 2 fce yielded Te & 2 eV. The ... alu. of TI WG, confirmed by c:horge; .xchange 

mecauremenll. 

With on axlglly mavoble and tumable double rooax probe we determined radia l profl 1111 

of the axlo l e l.ct.lc field. In FiIl.3 top w. lIIe that the proflllaken gt fa .howlltronll 

rnoximo gt radia l politlons n.or the IIm1ler rodiul . Wi th Inc,eol1ng dillonc. from th. 

coupler thltl8 moximg accu, at the lCI'IIe radlgl position. bul ge;1 lllleo,ed out. We 

beUeve thot thll 11 due 10 0 ._ce C(ItIe1) propGgIIling with 0 very l1li011 cone 

ongle. beCOUIII fa ~ fut In thll ccue. Indeed, Interferomelric m_.em,"1I con­

firmed the forward character o f Ihll field In axial direction ond rile bockword wove 

chara,ter In radia l direction. The moxlma decreOle by obout 10 dB In 0 diltonc. of 

30 cm. The frll'<jllency l.,.clrvrn a lOl.lnd fa I1 a lymmetrlc and exhlblh Ildebonds 01 

A.f .. n • fc:i at the low frequency .Ide. Co"esponcli nglinll near f "' n • fcl ore 

oblll, ved in the low f.equency Ip'clrvrn , which IUlllllllt, pCllOm.trlc decay. Radio l 

profillll 01 riI. frequency of Ih. fint Ildebond 01 we ll 0, ol lhe cortftPO"dlnlllow 

fr~ency line 0,. oho lhown In Fig.3 and show on ev,," mar. pronounced 

FIII·3 

localization at the palitiOfl of ,h. pump Frequency maximum 01 observlld .arlle r by2). 

Th •• id.band and decay line maxima are. however, more than 20 dB w. aker than Ihe 

pump wove moKimum. Wilh increOlinll rf power Ih. lin. character of the Ipec tra dil­

oppeatl in Increaling background nollll. At conllant power and inc realing neutra l gell 

pre"ure Ih. linel dilappear nearly In the sane Wat 01 doel the dic.nggn.tlc lignol. 

In addition to thi' po.rometric pump decoy we oblerYe 0 very Ilrong generation of 

harmoniCl of rh. pump frequency (up to the 17Ih). The inlemily of w cceui v. 

harmonit.l d.creoJa by only -4 dB . From thb we may eJtlmole, Ihgt Ihe power In rh. 

harmonics I1 about 1/ 4 to 1/2 of the power In the pump wave. The hgfl'!lOtllcl also 

propoggt. along ret.ananc:e con .. , which becaUl. of Ihelr higher frequency pene trale 

deeper into the plasma, 01 lhown In Fig" for Ihe 51h harmonic. AI higher hannanlu 

,h. m_lma can b •• lten 10 ioln on the _I. ond thltn d;",.rging <lgoln with lncreOling 

di.lance from riI. coupler. 

• • I<m 

• 
, 
M · 

• 
• 
• 
'" .. Fig . " 

In Fig.S w. compar. the meolured c:one ongl. for each harmonic wllh theorelical 

curvet for voriOUl denllll ... The.e hov. belft abtoined from the resonance cone 

equation 

auumlng hamag,:"ItOUI dendty profile. The fin l harmoniC! also IhaW paramel.lc 

ddebond$, which IhemllllvlII propagate along resonanc. conlll corresponding to th.lr 

frequenc:l ... 

:1 • • ! 
~"1:1. .\ 

• 
, 

' . ... InI. 

1:1,.-1. Flg.S 

1) R.K.Fhher. R. Gould, Phys.R.v. lell. B" 1093 (1969) 

2) P.Ja .... I, G . MUlle., U.Weber, R.R.Weynanll, IPP '2f2'19 (1976) 
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ABOUT LC1II HIBRID ~ING nr 'l'OKAY.iK.S 

S.L. Mueber, 4.Y. iubenchik, B. I. Bturman 

Institute of automation and electrometr,r 

Siberian Branch of USSB Acadeay of Scienc8s,Novoalbirsk, 

OSSR 

We c&1culated the absorption energy di.strlbutlon via pa_ 

rametric instabilities for tokamak ~-3. 

1. In a usual scheme ot: low h:ybrld beat1Dg energy IllUst 

rel ease mainly in the center ot: plasma at the expense of the 

transformation of an el ectro!lLaKDetle wave into pla.sma one 

(1-2J. But recent experiments on large units [3J .b~ed that 

a greater part of HP power absorbes in plasllQ peripbery. 

This absorption is expla1ned .ost likely b,y the development 

of parametric instabilities [3-5] • 

Anomalous dissipation caused b.T coll ecti ve processes 

allows. as opposed to tbe usual scbe.e, to opt1m1ze heating 

characteristics without binding i t rigidly t o the existance 

of transformation point. In the present work we will show 

thAt it ls possible to achieve rather uniform plasma heating 

by choosing trequenC7, slow1ng-down ot electromagnet ic wave 

and t.7Pe of exoited oscillations. 

2. Let us consider isotheraal Te - Tt. plasaa with the 

denait,r changing Bmootbl1 aeross t he magnetic field. Choose 

its direction for,l axis, and let X axis be in the direc­

tion of the densit,r gradient. Let e l ectromagnetic wavs pro­

pogates along the X • ita energr C cbaDges in con:tormit,r 

with the equation 

~ 1f'.<C --re -Q 
'OX • ( 1 ) 

The energr flow into plasma attributed to pe.rllmen-ic in­

stabilities was found in [6J.·) With the fu1til.ment of a 

rather 1I..11d condition ~; ;:.GJc;,)N and rather high exceed1.ngs 

over It threshol d £ ~ {tit.. £ : 
G.J;4 Ex ... Q = oJ i5&!ffn.T ---p[ (2) 

Threshold field £ th i s defined by Qollisiona or by the in-

homogeneit,r of plasma and pumping. Deneit,r and temperature 

profiles we chosen close to those observed in t~ 

1l-n.UJ - ii? ) ; T- To (.1/ _ -ij ) "-
where lZ is a small radius of torus. 

In the frequency range under consideration there are two 

types of electromagnetic waYes, i . e. fast and slow oDes.Until 

. recently plaB118. heating was ~ related to S -waYe for . 

which it is easier to :ruUll transformation conditions and 

the opaqueness area 18 narrower [ 2J . 2-

3. porS-wav. lfc~Cc.;'fl.2 ;C",Uji=-J.i.i.In concrete 

calculations plasaa par8llleters were used corre~ponding to 

tokaaak Dl-3 - Tor:. 9OOo:J; t?v: 5 .1013• Gf.t= 7 . 1011 • '!'he 

value of the incident power Pr-a.)- E (-a.)zg~-a)changed h 

the l1m.its from IQI/I-m~ which corresponds to the par_eters 

of Bl generators commonly used. to 100 kw/cm.2• Representa­

tive results of the calculations. when 12£= 1 ,5, artS givOtl 

in Pigs . 1. Prom these calculations it followes that sel ect­

ing frequency and power of pumping it ie possibl e to obtain 

~)Tbe coef"ticient h (2) is taken from work [7) ,where the nu­

mer;lc&1 simulation of the parametric instabili t,r ... as carried 

out. 

rather unitora plasma heating. The 8~tuatlon is extremely cri ­

tical to the change of the heating parameters however.The part 

of energr absorbed in tbe canter decreased 3 timea as the 

power increased twice, about 2 times as the frequenc7 decreas­

ed !'rOll. 2. 5 c.J£, to 1.5 c.)~ • and 2,5 t1aee as at.. (soe (~» incre­

ased tram 1,5 to 2 times (sos. Fig. 1) . 

{l 

Spatial distribution ot the (l,bsorbed energy • 

..P'~.r': 1.p.r-a)= ., kw/CJA2 • CurTe I correaponds GJ r:. ~ • .2 ~ , 
f-'(a.)/A'=GQ", 0.13. Curve II - GJ .. 2.5Co..t. ,.qa)/pr-O) .. 

'" 0.29. Curve III - G..)"" 1.5-GJ,I" 01-= 2 . 
Pig.2. The heating by It fast wave. P(-O-) _ 15 kw/cm2. 
Curve I corresponds GJ .. q, Curve II - G) .: 2 G.1:. • 

It should be noted that in a l l calculations presented a 

considerabl e part of energy is absorbed at the edge of the 

interval,.r~-a. This fact indicates tbat energy absorpti on 

in the region of l...1lII.1ters.X..:-a , which was not taken into 

account can be rather substantial. 

With other heating parameters the energr distribution 

over & section can be obtained With the help.o~ the following 
ft~m P. a t 

s1ra1litude relationships (see (1 ) - (2» r:2t./ -co-z...s:. 
4. Plasma heating by a fast waye has becOll.O the subJect of 

stu~ onlJ h Yjry recent tae [al,. 70r a· fast wave 2ft. ~C~4 
E_frf{/,2~; {-2. ve" zI (4) 

. p 
In the plasma periphery l-f't 

of the form: 

,8 
exceeds cQIl.Biderably 2lit 

but in the center they are of the same order. Therefore the 

wave energy and thus anomalous absorption in the periphery for 

the r -wave considerably reduce When the power of pumphg ar! 

the same and the area of the energy absorption shifts towards 

the center Q_n.3p2jr. see Pig. 2 . 

Extremely Bubstantial appears to be strong dependence ot 

the energy absorption by the I' -wave on n.t, as it is seen 

!rOID. ( 1 ) (4) fi~ n~6 . Equati ons (1),0) illustrate that 

for the )7 -waVe collisional damping reeults in the heating 

of the central plasma areas as well . With the depelldence on 

fi...1. so strong taking into account the toroida.lit,' is qv.tte 

..... tid [8] III ~ {/,; (A -i)/(A - '</a) . 
The absence of absorption of the f -wave energy in the pe­

riphery allows to combine a ~ollective method of plasma heat­

ing with that based on linear tr8.Dsformation. In ·conclusion it 

may be said that, a relatively long absorption length of 

f! -wave makes in prom.1sing for beating in large-scale devices. 
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THE 'i'.A.VE EXCITA.TION IN J.. PIJ..SIO. AT A. HELICAL RESONANCE 

HP I:ili:1TIHG 
R •. l.Demirkhanov, A.G.Klrov, S.T.Ilyinsk;r, V.V.Oniehenko, 

A. V .Sukacbov. and D.A. Vo;rtenko 

Sukb.umi In.etltute of ~.ljlce and Technology of the State 
Committee on Utilization of Atomic Energy, Su.khumi, USSR 

The main experimsntl1l. dependencBs and an approximated theo_ 

retical model ,of t!L,e p~Wlma resonanc"e HP heating in e" toroidal 
trap when Bo/(~'" =W/ ..... (1) (:-here (0) is the HP field e.ngular 
trequenc:y. and;. is the wave number along the torus ~ ... 'rk./n ) 
had been reported a.t the recent conference /1/. The theory /2/ 
in case of the condition Bo/~J~)Y!.k;/;~ (2) met, predicts the 
"belical resonance" _ the BJ:citstion of helical HF MHD oscill­
ations in a pl asma at w« Wi!>~. These oscillations !IIlQ' be r6pre­
sented in the first appro:rlmation, aa consisting of two types 
of waves : l!UI.gnetlc acoustical and Alfven ones. The phenomenon 
obeerved is treatod as a constrained resonance BJ'. field e::r.cit_ 
otioD. of stable helical modes of Kruskal-Shafranov type with 
T. O. I t :toUon from the theory that the field distribution 

in the pl asma must bel ~-,t z \ml-l 

Hi -rJ:: ;" H~n:lq,(j -';')] eT +lj -~·)(1;) ] (?) 
where z·n is the resonance denominator. the first addend. i e a 
ak.1nn.iJl.g qua.ei-Alfven wave and the second one _ a fast mag­

netic _ aCOU8!~~ !avo. 
At Bo(*.r,~) _W/J(I/(4) , a "pure" .llfven resonance is 

reali uhle whe:n 8' vol ume Al fven wsve with itr < r;. is e::r.oi ted 
in the plBBllla. (rp is the plasma. radius). In case of a non_ 
uhiform dencity distribution over the radius there o~ be 
11 singu.lar point (3) within the colum:n and there can occur 
the Alhen wave excitation, amplification and effeotive dis_ 
sipation /4/. Both resonances greatl,. differing in their ph,.e­
ioal na~, elightly differ in their reeonance field vdue 

(Bo)' especiall,. i f we coneider the real non~iform densi"t7 
dietri"b~tiona. Therefore, the JIlS.croscopic IIIIpiri oal depend_ 
ences presented in !I/ do not IIilIOw to Ilake .. singl e-mean-
ing Conclueion neceseary for thel'll.onu.clear predictions bet-
_en t hese two Ileohani_s of the HI' field excitati on IIlld COIII­

p l ificEt:ion in tbe plasma volume. In both cases, the dissipe.tion 
· lIIechsniS118 of Hi' energies should be different. 

In R-D2 device described in fIt we have c.rried out III number 
of measurements on the HP field distribution· wit hin the pl aslDll 
in the resonance region b,.. means of m.i.n1ature muIticoll lbgDetic 
probes. Th. speotr.,l oomposition of the osoillations hu been 
.enured bJ a: epeotral enalyzer. The present paper gives tiso 

the result. of neutron emillsion meaaurements in the resonance 
regt.e opers:ti.l:la: with deuterium, then mel!lSurementll oOllpletll the 
IIsses_ents of ion heating in the resonance obtained &B a· r esult 

of dillll.8.gneti c and spectroacopic lIeasurements. 
The lIIeeaurellents have been cfH'ri ed out in the region of the 

resonanoe pea.k,Bo:.l IkGslI/ at. n .. = 2.5.IOI}c.-' • .& rotation hel_ 

i oal Jlagneti c quadrupol. fie l d -.1th 110..2, no=6, f;I , 2 Mlls, 
~"400.I. bIIs been u lled 118 an ex~iting Hi' field. The q.uui-et_ 
tionery ourrant in the Plaellla..1,4 Ik.&, the ate11arator rotational 
angle ·being io~ 0, 5!f". Helio. SI1d deuteriUII served a1l opers:ting 
guea. Probe and d i 8llegneti c ei gnal. aeuureJlent a have been aooolll­
p.m.1 ... bJ aiOl'OWll"t"e lUasurelllenta of the den.d"t7 and the qu.asi­
_statiollU7 ourren t in the pl Ulla and t he current i n the H!' wind­
ing. I t should be noted that the Bl!' field was turned on from the 

very beginning for stabilizatioJi a1&e. The plasaa donaiv :!.n­
crea.eed aDd reached it.e reeonance TlIll.ue ~or siveD Bo iD the :r:e­
gion of ,00-400 tS d"ter the disoharge onset. 1'b1s led t? the 
fact that the plasma aver.ge deJl.lli"t7 in the disoharge proceaa 
had pused succeelliT'8l,- the value oorreeponding to the "quaai­
_llf'nn resonance- (}), ed dte~. it _nt through 17he value 
oorrespOllding to the "heliod reSOnance- (2). "lhen t he a.nrqe 

densi "t7 qproeched to 80lle critioal value of Dres lIIeeting 
bpressiOll (I) , the HI' pow.r begCl. to be strongl,- ai>sorbed, Idld 
there appeared the Tolt.!lg8 drop in the o1reuit and the di .. ag­
netic 8ignal grow;th. The di8..llagneti c signal grOWII up to i te peak 
y~ue ~or I~I50!S. 'rhe probe 1II.eaaurelllents abowed that during 
thi. period III considere:ble growth of the Bl!' field leTel took 
pl ac. in the pluma • .l1'terw.llrd.e , 1111 of the par .... ters reach et_ 
tionar;r valuee. Pig.I shows the HI' f i eld dietri"bution in the 
plUJlltr at the 1I0llent of the peak value reached for dillJll.agDetiall. 
It 0&11 be seen that nearl:,- for the hal1" of . the radius, the HP 
field inoreallSll 3-4 t1lllell in CQIIIParison with the TecUUJII HP field 

inteIl8ity in the eame point but witn_ uF.EFFF=t==t='f=t=t=J 
out the plasm,. and a.t the same cur':' U 

rents in the HP W"inding. It should be :ff Cl 

immediately noted that on removing 

the magnetic probe tubings out of the .'I-t'-t-±o"''f'++-I,,"-i 
HF field intend t,- and the diamagne- R. m 

tic signal in the plasma began to 

increase. This indicates that the re- <t-t~-i-1,A--I-I-t-+-1 
0.1 gains are higher at the resonance, 
tb.all oited. The total pa"ttern of the 

Hi' field dietribution and the lIign Fig.I. Di8tribution of HP 
characteristic change, in the f i ret field BIIIplituliee in the 
approximation, _11 ooinoides ..nth plume. at the fued point 
bp!".(,). ifS" =. Ic1ll., which cor- of time 
raapo:pde to the dioobargo ole.otron 

ccnductivity within the acouracy- of the factor of two. Tbe initial 
preseure can be ohoeen baeed on the average densi"t7 value:ii.:: iires ' 
In such e case we obeerve some 8lI)plificatioIl the HP field, its 
spatial m~um being shifted to the plasma surfaoe while the dis­
chargo develops, i.e., _ observe the density increase. The above 

~aDlics ooincide with the motion of the local "Alfven resonance" 
point (3), with increasins the peak value of the deD.si"t7 noIjuni_ 
form profile in time. How.ever, there is no lIIarked hell:ting of the 
pla6lllB. in such co~tions. Unfortunatel,., _ &:re lIhort of the ex_ 

perimental date identif"ying this regime with the "AlfTen resOnanoe" 
exactly. 

Pig.2 shows the HP field intensity at the second negati ve peak 
(Pig . I) of the plasma. specifio energy and the HP circuit curreut 
(for ths oonstant Voltage at 
ths HP generator) ea fu..nct10Jl.ll 
of the intensity of Bo field 
during the discharge 8tation­

a:J7 IItege, when iie~es' Here, 
a _l1-defined correl ation 
botnen ths exci tation, the 

tt~.t 
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., HP field resonance end the 

P1g.2. I) plasma speoifio ..... 

anergy I 2) winding ourrent,Je J 

,) fie l d Talue in the pleBJD.a. • 9 fO 11 fZ • 8."". 
'Pig.,. 1,2') aequenee of the IIIltil radiUIII 
points frO!:. the oentre to the periphery I 
,) neuum field on the plasmlr surfacel 
4) diamagnetic eigna].. 

pl,e..ama heatins is also. eeen. The current drop 

in the B1' oirouit indicates the reeonance ab- I~~~~'"1,~,t sorption of the BJ' power. Pig.' shOWJl the di~ 6:1 ' . 

m&.pletic si~ and the BP field inteJl.lli ty in 
the pl asaa at reSOnance as functiOns of tho v 

ourrent ' ,. The ena:l,..ds of theee depende:pcee 
1l1d1oatee that at f i rst there oocurs the HI' HH-++-l, 
field e::r.citati on and ampl ification in the pI u- 0 _ __ -.., , It 

IJ!!;, and dter the f i eld a."tts.1.na eOIll& threshol d 
JIlagnitude the pla8118. energ:r begina to 1noreaa& :rut. 'DUs fact 
coincides with the results of !If and indioat.. .. nonl1naar 
typ" of the HI' energy- aeohlln!llII dillllipat10D /21. This lqpothe­
lIis is partiall,. conftr.ed b,- Ileasuring the speotr. of aep.eti o 
probe signals, the probes being looated in the plaameo. The apeo._ 

trwa anal;rzer proved th8."t the HI' field frequenc,. h8.l'lll0nicIII .!f, 
lw. :tUl excite which constituted a aarked PlIZ't of the pI .... 
diamagnetill.ll grOW1t"h and the llitationar;, etage when energr rello­
Tal from .the plasma wu euata.1netl, by the HP energr diui pation . 

'l'he ~oll.01I'ing eo.nolusion.e cu. be drawnl I) :I.l."l the resonanoe 
heating regime the HI' field excitation and ita feetor of five 

gain <at least) take place OTer the whole p18.Slia vol Ulllel 2.) the 
distribution type of fields in the plUlla 1n41cates that t his 
l'8l1onance ia .ost ololle to the "hel ical rellonance" as j udged b;r 
ite pattern I ,} sOlle experiment&! data indicate the parametrio 
e:tfects sppeered in the resonanoe, theee effects ma;y be respons_ 
ible for the HI!' energy diesipation /2/. 

The ion tllmperature eTaluated on the basie of the neutron 
emisllion aaounts to '1'i.<:( ,.I02ev(deuterium,Bo"'IIkG·"D=3.IOI"cll~ 
whioh _11 agreell 1l1th the diem&gnetic end speotroscopic _uure_ 
!let resultll fIt. 
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DYNAMICAL aTABILIZATIOH OF mm CURRENT rnSTAIlILlTIES 
IN J. 'l'OROIDAL SYS~ WITH RZSOllANT EXCI'l'A.TION OF 

flXLIC.iL HP' 'IIAVBS rn J. PLA.Sl1! 

R • .\.Dem.1ckhanov, A. G.K.1rov, S.I,Ilyina}:y, H.I.Jlalii'.l) 
~nd V.V . Onishenko 

SUkhWl1i Inati tute of Physics and Technology of the State 
COlDllllttae· on Uti!1zation ot Atolll1c Energy, SukhUllli, USSR 

Dynamic stsb1l1utloD of MIlD instabilities in order to get 
q ~ 1 le one of the ~ean8 ot optimization the thermonuclear 
reactor based on tokamak. The dynamical Hl!' stsbl1ization 
effect of WHD current ins t abilities , includi.ng the disruptive 
i nstability , has been demonstrated in the experiment described 
in /1/ . In those 8l1:periments tbe KJ flald hlls been skinned a t 

the plaslllliL colUlllD bounda.r;y and plssma parameters have not been 

large ones, Te~IOO aV. Although the atabl11zatloD effect is 
dietinct17 exhibited and plasma mscroscopic oscillati ons were 
completel7 removed the HP f ield pressurs required to stabi11ze 
hae been relatively large, i~ !B~"O.5, while it wae conaider­
abl7 les8 than the plasma pressure , Pf "'" I. 'l!b.e skin HP sta_ 
bilization drawbacks are such that : I) the skinning process 
can result iD the dlfnaity gradient sbarpen1ng and d1ftuaion 
l oss iDcreaae and 2) with such a method of stabilization there 
is no direct effect on volume modes whioh develop iD the centre 
of the plaena oolumn and can play 11 deciSive role in developiDg 
ths disruptive instability, according to the recent investisa­
tion /2/. 

In our experiments in R_02 /,/ it has been found that a 
resonant iDteraotlon of a helical HP field with a magnstized 
plasma column takes pluee when Bo(4",p~f~"~f (1) where >. ls 
the HP field period along the torus and f ie Its frequency' 
In /4/ the HP excitation and amplification in a magnetized 
plasma in such conditions have been indicated and a theoretical 
model of the phenomenon bas been offered. In case of s helical 
resonllDce /1/, w,e bave ~erforll1ed comparable investigations of 
the plasma column macroscopio MHD instabi11 t;y within and 

outside tbe resonance resion in order to determine tbu effect 

of the HP Wllve volume excitation in a plasma on the ~cal 
etabilization condi tioJUl. 

The expsriments have been carried out iD R_02 device which 
ie t =2 stellarator with a 10ng:itud1nal current in the pl8£m.a 
/,/. A. etab1liz1ng HP field 18 pressnted by a- rotating belical 
quadrupole nth 11=2 , n=6 and f=I , 2 KHz. Ths toroidal magnetic 
field iDtensitiea are Bo.5+I4 kGs , plaama densltiee: 
It.7.IOI , om- ' and helium and hydrosen were used as operating 
gases . The stellarator rotational angle is i. . " .... 

Without the HP field the disoharge is macroscopically un­
stable ; especially strong instabilities develop at q%~ 1.4. 
'11th the HP field the diecharse regime essentially changee . 
lt small magnetic fields, Bo: 5+8 kGs_ and large densities , 
ne:J 5-7. IOHcm-' when BO'<fly.' 'f. t.( ;\ r and the HP field is 
sJd.nned SOme critioal value of the HP field intensity eXists 
which meets the ratio; B-1 /Bi ~ 0 ,65 /2/ and when it is 
slightly exceeded (- 5flO ~) the discharge transforms into a 
stable state in a thrsebold manner, the plasma conductivity 
eesentially increasing at the eame time . '!!he measurements of 
this stabi11ziDg current threahold value iD a BP circuit, 1, , 
at various magnitudes ot a quasistationar;y current in the 
pl asma, allowed us to determine the stability resioD in these 
conditione (1'1S.I), The stal:lllizing HP field threshold value 
well coincidu with the results of experiments in R-O device/51 
and the predictioJUI of ti;l.e ~cal stab1lization tbe017 for 
eld.nn1ng HP fields /6/1 a,,/ 8f ~ ! m (ma..r. (m... ITIJ- iJFY,f, (}). 
Qu.a1itatively, the discharge transforaation into a etable state 
on lleetiDg the condition BoI(~i j'jI~). ( remaina unchanged, 1.15., 
at a given qu&sistationar;y current in the pl asma there exiets 
the HP ourrent critical value in the circuit and when it is 
exceeded the discharge tranetor.s into a maaroscopical17 stable 
state in a threshol d manner . How.ever, this critical value becomes 
COJlBid~abl7 lower than (2) and is equal to Sf/Sf ;J: _0, 2, 
where 8f is the field generated 1:17 the HI!' currents, le. , in a 
HP wind1ngs , at the pl asma boundary omitting the HP fields 
generated by the HJ' currents in the plasma itself. The corres ­
ponding stability resion in Pig.I is lilllitsd b,- Curve 2 frOQl 
above. The Variation of the discharge main characteristics, 

the plallma current and 
density meaaured by !l micro- .l.A 
wavs interferometer lIIi th ~_ 

A s2" mm, is shown in 

""'" / 
Pil.2 and ,. respective ly. 
with the trOJlsition through 
the atab1li t:r threshold . In 

these figures the Bl ourrsnt 
s t abi11zing value iD the 
windings for Tracss 2 is 
only 10 % higher than for 
Traces I. 

As it follows from the 
meas~ements presented in 
another paper contributed 
to thie conference, in case 
of Il belical resonance iD 
the plasma, a cOJUliderable 

::1 Ail l. 
:~ 

o lOO - - - - "' c,A 
Current plesma etab1l1ty 
r egi ons for dJnamical 
stabilization. 

Pig.I. 

I-NoJU'eoono.noo roSimo. 

2-Resonance resime ( stability 
region is sbaded) • . 

amplification of the HP fie ld takes place 0 .. 5 timu) . Tbe 

stu.bllity condition 0) approx1lla.tely holds if one acce'Pte the 

]'ig .2. 

IJ t.m~ 

I 

Current variation iD 
p18.8llla at transition 
through the stability 
threshold. 

i{c-'" 

1 

Fig.,. 
o lIS lD ,., t,IO'IS 

Plaema dSDC1ty behaviour 
at transiti on through 
the stability t hreshod· 

fiuld within the plasma 88 Sf. This fact indicates that in tbe 
present OSS8 the inner HP field exerts a stabilizing effect. 

'l'he anal7sis of the experimental data alla-s to make the 
following conclusions. 

I. In t he conditi ons of the he11cal resonance , the HP 

ourrents iD the oircuit necessllr'7 for s t abilization and, thua , 
the value of the active power absorbed in the B:P circuit. can 
be e&eentially reduced (the power being Ieee approximete1.7 by 

an order of magnitude); 
2. In cs se of the helical resonance, inner volume modes 

can be stabilized in principl e ; 
, . In a thermonuclear reactor, it ia pos8ible to combioe 

the tunctione of addi tlonal hoatiDg and eusta1n1ng the IlHD 
stability at 8IIIall q 10 the aUle high-frequeDcy e;ratem at 

W<"WIt: . 

R EF l R ~ H 0 X B 

I. R.A.Demirkbanov et al . , "6-th European ~ oll:rerenoe on 
Controlled Fusion and Plasma PlQ'sics", vol. I, p.I69, 

Moscow, 197'. 
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,. R • .A..Demirkbanov et 81&, "?llth European Conference on 

controlled Puaio.n and Plasma ~sics", Lous.!l8D8, 1915· 
4 . R.A.De1llirkh8Jlov .t &1., "&-th Intern. Oonf'. on Pl.!l8lllR Phyl!. 

and Oontr.Nucl. Pusion Research", Berchtelgaden, FRG, 1976. 
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1973 • 
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DIlUMICAL PEEDB1CK OOll'l!ROL or 'l'HX 0URBEN'l' PI.l.f!IU 
COWIIN POSI'l'IOB .&NIl S'l'.UIILI'l'I DJ 'l'OROIDAL SYS'l'J!MS 

a.~.Dem1ckhanov, i.G . Kirov, G.I.istapenko, L.r.Bouchko, 
E.K'lLomakin, 1.. V .Sukachov, V.B.llaiburov 

Bukhumi Institute of Pb;raics and TecbDologJ" of the State 
Collittee on Util1zation of ""tomc Energy, SultbUlll.i , USSR 

£l!S'nU.OTI The experi.Jllental resulta on feedbaoJc control of the 
lUojor rsdiue M1d vertioal direction plL8Dl& colWIID. equ:1.libriU1l 10 

a- ol device and feedback stabilization of KHD kink instability 
in ft-O device are presented. 

Laboratories in several countries develop the thermonuclear 
reactor projects based on tokamak . 'l'here' arises a problem of op­
tia1&~ plasma and reactor paramatara and impoving ita techno­
l ogical and economical aspects 1I'ithout altering the principal 
design of toksmak. 'le suppose that the moet coneiderable effect 
can be achieved by intr~ucing pl asma d1namical control systems: 
I) by 1aproving the equ1l1briWII control qualit)r over the major 
rs.diue and vertical direction, especi ally during i.n1tial stage 
of diecharge and additional heating staga ; 2) by d1nalllical sta_ 
bilizstion of IIHD instabilities in order to gst q ..... 1. 

is the estimatiOIl8 show, on lowering the satet)r factor q, 1I'S 
can essentially 11.m.1t the resctor size and cost , the cOll8tant 
ms.gnetic field intell8ity rsquirslQent , etc. 

The principal poasibility of the equilibrium dJ'ns.mical con­
trol by feedback in the dischargs stationary stage has been de_ 
monstrated on TO-I 11/. Dynamic stabilization of JmD and dis­
ruptive instabilities by HP fields in toroi4al systems with the 
current at small q'a has bsen demonstrated in our experiments 
on ft_O and BT-4 devicee /2/ . The effects of flute instability 
feedback stabilization in mirror machine has been shown in /3/. 
The theo%'7 /4/ predicte the possibility of suppreseing MUD cur~ 
rent instabilities by feedback while the experimental data ana­
lysis suggests that surface kink MHD modes are reepoll8ibl e for 
exciting dieruptive instability /5/. 

The present paper gives the experimental resulte of pla8llla 
column equilibration and stability d1namic control b~ feedback. 
The r esults show the possibility of considerable improvement 
of current toroidal discharges by dyrBmic control Deth~s. 

E:J;periments of mejor radiue and vertica l direction plasma 
column equilibration control b,. lIIeans of magnetic fields have 

been C~ied out in B-OI tOkamak (B:045cm, a =3, '}Cll.) at Bo"IOkG, 
p-I.IO torr • .Jpd.5ki. 'l!he fast control s;ystem (0 _ 200 kHz) 

is designed according to the impedance principle /1/ ; it con­
t r ols the column poeition during Illl stages of the discharge, 
including the 1nitia1 stage. 

The main goal of the e:r:periment:Jis to s~ the behaviour at 
the diecharge parameters (,JP ' B..I. ' f!~,(nas a function of the IIIaj<r 

radius control system gaill KJ." :~ ~~~~b. ' from K..L.60 , 5 up to 

K J. " 5 ; K .... '" 1, 6 corresponds to the i deal casing. '!'he system 
control ling the column vertical position has the constant ga1.n 
Kr = 3, wlich corrasponds to the ideal casing too . The control 
system introduced results in complete elimination of the column 
displ acelllent in the vertical direction at ~).2 and in consider­
able improvelllent of the discharge parameters . Further increase 
In ~ up to '} does not effect the discharge . 

'!'he major radius plasma column equilibrium experimental 
results at various K ere shOlll'D in Fig. I : 
I) K .... ..t0,5 (sectiona of 
control windings are 
closed) ; 

2 ) K..L " I; 
3)K J. =2 1 
4) X..L::: 3 • 4. 

It is seen that et closed 
sections ot control wind- '. , .. 
ingS, the discharge cur­
rent decreases fastl~ 

Fig . l . as a :function of gain K J. . 

after reaching ~U11 in a time of 1 IIIsec , which coincides with 
the time constant of windinge . On changing the gain froIll K i '" I 
to KJ. = 3. the discharge current increases approxilllately by a 
factor of 1 , 5 , the current duration at the level of 0 , 5 increases 
by a f actor of 2 and the l ooy voltage decreases from 10.15 v to 
3.5 v. On further increase ,of the gain up to 4 + 5, there is no 
improvement of discharge parameters . The measurements of plasma 
conductivity accomplished at K ... - 4, Jp- 2,5 k.A and Bo _10 kG, save 
6_5 .1015 CGSr: which corresponds. to pl asma temperature of 60 eV . 

The controlling field value , BJ.' be i ng somewhat high in COIII-

parison with the required value B ",ilf(tnl'j- +jl:J+ l~-2 ) 
~cates that w. can reach p,>1 at Ko&.:::':: 3. 

Thus . the experiments with a fast control systea of plsua 
equilibri um indicate the cOll8iderable improvement of the dis­
charge parameters b,. inCluding a rigid control of the major 
radius from the 1nitial atage of the discharge and b1 including 
the automatic control 10 the vertical direction too. 

The experimente on the stabilization of the Jd..nk instability 
have been performed an R-O device /2/. In order to accolllplish 
these experiments there has been deYeloped e. si::l:channel feed.­
back system 1nclu~ three psirs of helical windings ~th 

m"I,2 , 31 nmI, amplifiers With phase correction and current 
pOW'Br output amplifiers. Each pair of helical winding coneists 
of "sine" and "c<!sine" If1.n41.ngS , which are abifted at angle 
1f/2 relative to each othsr along the major aziauth • .lm:pli:t1ere 
-.ith phaae correction have the summator which summarizes eig_ 
nals from "sine" and "cosine" windings of various ~ights . It 
allO'nl to introduce a spatial pba.ae shift. The output 1IIIlpU:t1ere 

pel'lllit to obtEin 15 J. of loa41.ng current in the frequence 
range from 100 kHz to 1,5 11Hz . In the nperillenta identifying 
kink ioatability modes r anges of q-value s have been determined 
a t which kink instability with m:l , 2 , 3. n",1 occurs. The data 
obtained lII1"e well agreed with the theoretical. conclusion, 
however, it has been found that the lllain UDstable mode develop­
ment, . for example, 111",2, is accompanied by the excitation of 
intense ra=l; 3 modes. Th1~ can be partiall,. expla1.ned by the 
magnetic axis displacement over the major ra41ue in B- O. 

In order to exert an active effect on plasma, m;2 mode hlUl 
been chosen. Without feedback, the p l asma current increases up 
to the value a corresponding to the sa1'ety factor q ... 21 there 
occurs Shafranov- Kruskal kink instability which restricts 
1"urther increase of the pl asma current. 

With feedback the plasma parameters improve esaentially 
when amplifiers phaae characteristics and. spatiel phase shifts 
bave been chosen correctly . There has been a considerable in_ 
crease of plasma conductivity and plasma . current magnitude and 

duration I the j)peration at q=I,5 has been provided (Fig.2). 
At the gein of control e,.stelll equal to the conducting cas ing 
close to the plasma, the optimal spatial phase abift is 

1::.'1'=70· (Pig. 3). 
However, the anal ,.ais 

of the resul ts obtained 
shows that at this etage 
of experiments a complete 
suppression of kink in­
stability cannot be pro­
vided. Th1s ~ be exp­
lained by the fact that 
( as i t follows f r om the 
analyeis of the disper­
sion relation for kink 
modes with feedback) at 
given frequenc,. charac-

t-.. 
•• 

0 

Pig.2. 

2 
~ 

V I, I" 
IV ~ ~ 

.2 ., Q. t.ltS« 

:Jp(t) dependence: 
1) without feedback ; 
2) .. i th feedback ,A'!= ,}O·; 

') with feedback , 41/=230·. 

teristics of SIIIplifier s, we can onl~ reduce ths kink instabi­
lity growth rate, because the feedback system frequency range 
is restricted b,. low 
frequencies . 

Thus, the experi_ 
ments show that the 
feedback ctllbili.r.c:t:ion 
system can considerably 
infl uence the current 
discharde parameters 
in toroi4al systems . 

;-
.. 
u 

, / 
·U 

, 
f 

/ "-. "'-
or ............ .....\ -----r-

In such cases the cur-
rents in control wind­

ings are J rontr (IO- 2Jp, 

Fig.3. 'l'he current amplitude change 
vs spatial phase ebift 61/. 

where :Jp is the plasma current . 
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Shear Alfven Wave Heating ElCperiment in the Heliotron D 

K.UO, T.Obiki, A.Sal aki, T.Hutoh, S.Kinolhita and A.liyolhi 

Plaama. Physics Laboratory 

Kyoto Unive raity, Uji, JAPAN 

Abl tract l The pla8llla heating in the Meliouon D d evice 11 suc-

ceslfully per:formed Uling the Shear Alfven wave. The caule of 

the quick electron temperature decay during the rf pulse is 

inves tigated. 

A method of plal DIII helting which make use of the shear 

Alfven wav .. hAil bellln propol ed by Hasltgawa and Chen (1). BX­

perimlllntal relultl of the Ihear Alfven wave heating hiIIve allo 

bee n reported in retl. (2), (3), (4) and (5), and they ahowed 

the l ignificant heating ot the plasma. However, it haa be en 

reported that during the rf pulse the alectron temperature 

quickly reduced after the temp.rature reached the IIliIIxilnum value. 

In thil paper, some preliminary resultl of thele phenomena are 

reported. 

Heliotron D device is used in this heating experiment. 

The detaill ot th" experilnenta l arrangement was d.lcribe4 in 

ref (2), (4) ~nd (6). A helium plaClllll was .produced by an 

Ohmic dilcharge and a plasma current, I OH ' is 5 _ 15 leA with a 

toroidal magnetic field Itrength of 2 - 3 kG. The ion temper-

ature, Ti - 20 _ 50 eV averaged on a chord including the center 

• was measured by Doppler broadening of the He D 4686 A line, 

the p l aama denl ity ne of 3 " 10 1 Z _ 2 w 10 1 I cm-I by a 4 /!lID 

microwave interferOllllter, and the electron temperature at the 

plallllill column center, Te - 30 _ 300 eV by the Thomson scatter­

ing of a laser light. The politionl of the measuring apparatus 

for the temperaturel are located approximatp.ly at the oppalite 

s ide of the rf antenna along the torus . The toroidal length 

of thl antenna lection is 1.45 m which correaponds to the wave 

length of 2.9 m a nd a toroi4al mode number n .. 2. 

Exalflples of the tilQe variation of the plasma param.eterl 

with and without the rf puls e are ahown for thre e different 

plasma. parameters in Fig.!. The upper curves show the varia­

tions of the electron temperature and the lower curves that of 

the ion temperature . The electron temperature is almolt 

doubled at the maximum in each caee and the ion temperature 

increaled about 15 ~ 20 eV. The electron t8lllpe~ature rilel 

quickly at the beginning of the rf pulle and it decreasee allO 

quickly, during the rf pulee, down to the level without the rf 

pulle. The plaema current does not change eignificantly during 

the rf pulse and no l arge amplitude fluctuationl are observed 

during' and aftar th .. rf pul..,. . The plallJlla denl ity measured by 

the microwave interferOllle ter ShoWI a gradual increa se during 

the rf pulse. its rile tilQe ia longer than that 'o f the electron 

temperature. 

The rapid decreale of the ele ctron temperature seeml to be 

caue ed by an rf breakdown in the vicinity of the rf antenna due 

to the electroetatic fie l d of the applied rf power. We have 

taken til!'e integrated photographs of the plasma a t the rf an­

tenna s ection. Pigure 2 ehows examplee with and without the rf 

pull e. It can be leen that the light intensity at the plasma 

region and. in the vicinity of the rf coil is increalled when the 

rf power is applied. The occurrence of the rf breakdown is 

also confirmed by the spectroscopic measurement. Figure 

s hows a time variation of CIU line intensitie s at the rf 

lection and at the oPpol ite aide of the torUI. It i. allo 

lho~ that the ilQpu.rity line intenaity il larger at thl rt 

laction at the beginning ot the rf puhe than at the oPpolit 

s ide . This ilrIplies the ilrIpurity concentration i l incrlased by 

the bre akdOwn. These fact s l uggelt that the e lectron en.x-9Y il 

loet at the rate of the energy confinement time of Joul., h.,at· 

ing (100 _ 200 UI ) a s I hown in Fig . l if the rf pow.,r input to 

the plasma i a preve nted by the breakdown. 

In conclueion, although the experilllent i s at the pre lillli­

nary I tsge. the rf breakdown at th., rf antenna l ection le_I to 

this phenaaena is not essentia l for thil h l ating I cheme line., 

the breakdown 11 avoidable with UI., of an electrostatic Ihi.ld. 
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HAGNETOACOUSTIC RESONANCE HEATING or A PLASKA BOUNDED BY 

PARTIALLY IONIZED LAYERS 

H. Burel and E. Tennfo1'8 

Association EURATOH-NE 

Royal Institute of Technology. S-lO{)44 Stockholm 70. Sweden 

~. A partially ionized boundary region surrounding a 

RF- heated plssll\.a lIIay absorb ill considerable fraction of the 

power unless a resonancl! Is uled to enhance the RF field in the 

plasma . 

1. Introduction . Full-scal,!! f usion reactor's are likely to 

operate in the impermeable plallWl density regime [1], with a 

lowly ionized gas b lanket surrounding the plaSM core. Radio­

frequency fields in the boundary reg~o~s produce ourrents and 

dissipation, influencing the heating efficiendy and the plssma­

-gas-blanket balance. In the internal ring device F IV B we 

have uaed the loweat lIIagneto- acouatic reson"nce e t about 1 HHz 

to austain an imperlIleable plasma [2,3]. The resonance was also 

studied by the excitat ion of eigenoacillations in " rotating 

plasl!Wl. [11]. The damping of the oscil l ations and the v"ri"tion 

of the reaonance frequency indic"tes that absorption in 'the 

boundary relion and t:he influence of the pl asma.-gas-blanket: 

ba l ence on t:he boundary conditions a re illlportant . To est:imate 

t he ae effects , we uae a silllple cylindrical model and compare 

the results with experiments in F I V 8. 

'2. The cylindrical IIIOdel. We conaider a hOlDOgeneous fully 

ionized plasll4 colullln of radius r 0 surrounded by a hOlllOgeneous 

partially ionh.ad shell with tha inner and outer boundary radii 

ro and rw respectively . The Iteady magnet:ic field ~ is axial 

and homogeneoul. The absorpt:ion in the fully ionized region is 

aasulll8d to be due to resietivity, while ion-I'u!utral collisions 

are more illlPortant in the outer Ihell. Obtained profile a of the 

oscillating field qua ntitiea "re publillhed ellewhere (5]. 

Fig.l shows the f requency dependence of t h e fractio n g«(II) of 

the t01:51 power that is 

absorbed i n the fully 

ionized region. Three 

cases with different 

plaeru radius are shown . 

The other parameters 

are:Bo~O . '2S T , rw~O . llll, 

T=lOSK(plasJU)and bl03K 

(shell) ,n
i 

= 10'21111-3 

(plaalllaland 2xlo 20m- 3 

(shelll ,and nn~8XI020m- 3 

in t h e shell. It is ob-

vioua , that IDOst o f the 

power is abaorbed in the 

""l 1 l\ /\ .I 
. \ I \ / 
! . i }\./ 

.t N, i , , 
!:\\ . ./ /\ 
I , \ " . , I \ 

! I I \ 
J I , ' /: / 

I , 

i / 
i , , , , , , , , , , 

blanket except at the Fi g. l . The fraction of the total power 

reaonance peaks for the abaorbed i n t h e fully ionized region. 

calle with a thin layer. We also obaerve how the reaonancea 

shift as the plas lII4-gas - blanke t boundary ro IIIOves. 

3 . Experi ments. A rot&tin, illlpermeable hydro,en plasma with ion 

density 10 21 111- 3 in a l!Iagfletif field of 0.37 T is created in the 

internal ring device F IV 9 by crosaed field tech nique [2]. 

After an initial phase the velocity of rotation decreasel un­

til the heating power reachea the lIIini.u/ll level (2,3]. Then, a 

traneition to a lowly ionized state takes place . A radio­

-frequency field is applied by a coil around the plasma. The 

RF-powe r P rf delivered to the coil is measured by s fast ana­

log multiplier, and the azimuthal induced current J'f by a Ro­

,owski coil. The radial low-frequency current and voltage asso­

ciated with the rotation indicate the input power Pr due t o 

rot"tion. Fig.l ahows the powe r input by rotation , Pr' by RF, 

Prf , and the ampli.tude of the azimuthal curr ent J." as func"t­

ione of tilll" . Th .. cmrrant indicate .. a rellonanCe hoth during 

acceleration and dece leration of the rotation. The total Rr 

power Prf on the other 

hand seems to be higher 

after the resonance, 

which aUlgests that the 

resonance in the pre-

sent case decreases 

the RF field in the 

blanket. However, e ven 

at the resonance, "the 

field. and the disaipa-

2D 

1.0 

QS 1.0 1.5 !(ms) 
tion may have a. con­

siderable effect. 

Fig. 3 ~how~ the ratio 

rig.'2 , Heating power and azimuthal 

curren t during a ditcharge . 

of the i nduced curNnt to the current J 1 in the a ntennlt coil , 

all poi nts measured at the resonance. For high induced f"ields, 

J. does not incrf!ase linearly with J I • Thil My be due to 

J. 
heating of the boundary T," 
region, which may al'ter t. 

the relonance condi-

tions and increase the 

dissipation in the 

hlanket . At high 

fields, ioni;!;ation may 

also be important, but 

that il l'Iot included i n 

3 ... \ g 

our simple model. 
00 OS ID 

ij . Conclus ions. For Fig.3. The ratio of inducf!d currentJ1 (kA) 

frequl!mc iea in the to antenna current at resonance. 

region of the frequenc y of ion-neutral col l iliona , the a bsorp­

tion in a partially ionized boundary layer may be considerable, 

unle ss a resonance enhancea the fields il'l the plaSllla region. 

This absorption Ilily provide a means to control the pl asma- gas­

-blanket balance, hut decreases the et"ficiency of pIa" ..... htlo ­

ting. At the resonance the induced current seems to saturate at 

about 3kA. Further atudias are needed to sea how serious this 

limitation is. 
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ABsTRACT I A set of azimuthal calls which carry properly dephased rf-curn!nts 

1n the KHz frequency range can be IJsed to heat torotdal plasmas by perpen­

dicular Landau damping of subsonic Alfve" waves Ill . The heating mechanism 

and the rt-fie l d structure are discussed 1n some deta11. 

THE HEATING SCHEME . In any toroldal plasma there is a thin almost 

cyl1.ndrlcal vertiCil shell wllere the 'A-l1nes of force lie essentially 
parallel to the equatorial plane. (Throughout the paper the (R ••• Z) 

coordinates based on the vertical 1)(1$ of synmetry 101111 be used). There 

the particle guiding centers drift w1th unidirectional vertical velocity 

(1) 

where V
9

15 the gyroveloctty and Wc • eB/lK. Superposed to velocity (1) 

there i500f course. the ..agnethation drlft-c.rot(lIv~1t/Z8) I'll which ensures 

that the mass flow along Z vanishes. As shown in Ref. III. condition (1) 

can be .elCplolted to produce substantial perpendicular landau-damping of 

uh)'lmletr1c Alfvf,n waves provided they have a vertical component of the 

electric field. E
lZ

(R). upl(kZ-wt) which travels alqng Z with phase veloci­

ty of the order of Y ii! vtl/Rwcl (vti - 2 TI /II I ) - the dr ift velocity of 
the thennal Ions In the toroldal fie ld. More specifically: 

- The optimum frequency for Toroldal Drift Magnetic Pumping (TOMP) is 

W " o.kY or,assuming k - 1I/b (tiere bh the vertical minor radius of the 

Phsma)f(KHZ) . 1) Ti(key)/b(m)R(m)B(T) where I) - o.(T/TI ) with 0." 3.4 

If Te - TI and a " 4.3 if \ - 2 TI • 

- Frequency 101 has to exceed "coll for the energy exchanges of the 

resonant Ions (whether trapped or passing) which have ~i + v~1'l a I)vtl • 

so that v2 " 3o.vti !Z. For I deuterhn plasma, this condition reads 

SI' 25(aTI (keY I) » b(lI) R(II) B(T) n(lOIJcm-3) (2) 

where n is the Ion density. The rehttvely hlyh a-values IIIiIke It poSSi­

ble to fulfill (l) even if the ph5llla Is quite collisional with respect 

to diffusion. 

3 - The TTKP shell defined by (I) has an average radial width 21t.RI ,,2a3/4b. 

.Pa/R where p& is the poloidal ion lar.lr radius at the edge of the 
phsllla current. 

4 - In tenllS of (R)expi(U ..... t). the Fourier transfonn of the radhl COlllPO­

nent of the ItiD-displacement vector t. the mean power density absorbed 

within the TOMP shell Is 

(3) 

where, as an example . F(J.4 • 1) " 47.3 and F(4.3 ; 2) " 144. These 

hrge n\llll!1'lcal factors help to cQlr4)ensate for the fact that absorption 

is restricted to the TDHP shell. This Is due to two effects : first. the 

resonance surface In velocity space, VIi + V~/Z a const .• is much closer 
to the equlden51t;y surfaces , VI .. cons t, than in the usual cases where 

the resonance surface is ~I - const. ; second , the rate of change of 

the kinetic energy of the particles. de:/dt - e v.t1 + paB1/at " evllZ, 
depends on the SUll! of the curvature and the grad B drifts rather than 

on the betatron tem as in cOlllpresslonal TIHP. 

Eq. (J) has been obtained by usumlng that the unpertUrbed veloci­

ty distribution function is a uniform rpaxwellhn and that In the TI»4I' shell 

En(R) is essenthlly I synmetrlc function of (R-I(Z), where 1I"(Z) is the 

radial distance of the shell rriddle-polntatdlstance Z from the equatorial 

phne. Such a field configuration can always be produced by properly dis­

tributing the rf-currents among various azimuthal coils. Tllen vR3fl13FHO , 

and we may write the lInearlzed Yhsov as l(kvZ-IoI)fl+{de:/dt)dfw'de: a 0 

{the term (dv/dt)O.afl/av is negligibl e because of (I». 

SINGlE PARTICLE I«lTlON. Contrilry to TTMP, also the energy of the 

gyromotlon Is increased by the TOMP field since IdB/dtjl " vl·grad B - cE1l1 

R ~ 0 (as shown later BI is negligible). However (vglv)Z decreases when 

de:/dt > O. Thts Is not at Vlrhnce with the preferential Increasing of VIZ 

The particle kinetic energy can only Increase if the rf-fiel d 

destroys at least one of the 3 adiabatic Invariants which Ire associated 

with the 3 velocity COllPOnents 'Vg, ~I' and 'VJ...IJI. The magnetic IIlOIrent is 

obviously constant. The longitudinal Invariant '11 Is not conserved because 

~il .. B/kBz '" qR/kr (q-rB.'RBe) Is comparable with the 'connectl on length. 

Since, however, w/~I <:<: vti ' JII-changes are of no profit to power absorp­

tion. TOMP can be said to rely entirely upon changes of J.a. ' the third 

invariant. Notice that In iIlCisymnetrlc systems the exact invariant P ..... Rv.+ 

eRA,.lc corresponds to J// a const If! a !.' and to JJ.. • const if ! Is pure­

ly poloidal. Otllerwise P~- P~ (JI1 • JJ..) and both Invariants may well change. 

RF-FIElD STRUCTURl: . By proper choice of the rf-coils It 15 in 

principle always possible to produce non-rigid 1410 disphcements which have 

the required stnJcture within the TOO shell and are compatible with the 

presence of sol1d lImlters (e.g. radial rall-lilllters). However. a quanti­

tative picture of the wave stnJcture is arduous. essentially because the 

synmetry of the TIM' shell Is Intrinsically different fl'Olll the natural 

synmetry of the ItlD-wave pattern In toroldal geometry. 

Quantitative predictions can obviously be mlde In the one dimen­

sional case of a vertical cylindrical phs ... shell confined radially 

between RI and Rz ' with pressure p - p(R) and - - '.(R) + -Z(R) where-z 
corresponds to the peloldal fle.ld of a toroldal plaSllll (J~ dRRBZ • 0). 

The whole set of the l1nearized Idell ItID-equatlons reduces to a single 

Euler equation (f(') '-9f; a 0 141 where the prime indi cates d/dR . Since 

the TIlHP frequencies are well below the IflD-f~uencles we lIlY limit our 

attenti on to the -marginal stablllt,y- 111111t (1012-0) : 

Thus f; is Independent of B •. The EH-fields are 

(') 

This shows that B1+ .. 0, as anticipated . f and g vanish at the 

magnetic axis (R - Rol where p' and BZ + D. Apart f1"Olll the cas. of unusually 

steep p-profl1es, and If we consider plasrus with 8.p" 0(8i) and T[)IP 

fields with k .. . (Rz-R1)-I, then g .. kif . As a result. for a large class of 

equl1lbrhn profl1es, f; behlves essentially as a Bessel function of an 

IlIIlglnary Irgllllent which depends on kR. The allpl1tudes are found In terms 

of the elCterna l fields (B
IR

• BIZ ' El. ) by using the Jump conditions 

<: PI + !1·!J4"1> a 0 and <:n.!> • 0 at the plasma edge where n Is the unit 

noma). If the rf-coils are located outside the liner (some of them could 

then be those producing the equlllbrlUIII vertical '-field) the rf-current 

intensity has to be high enough to overcome field attenuation which Is 

mainly due to olvnlc losses in the walls. With JET-like parllllilters (TI _B_Ral; 

b. l. l ; bla a 1.6 - a Is the horizontal minor radius of the plasma) a 

global heating time Cl O.l s requires IUal .. 5 .5 10-2 . This Is a reasonably 

low value as far as magnetic surface deformations and 1410 stabll lty limits 

are conce rned. However, It certainly requires fairly high voltages in ex­

ternally located coils. At the price of some additional complexity, the 

situation could be improved if the rf-coils are fed In such a way 151 as to 

produce hel1cal fields which IMtch the "'ID-singular surface q - 1 (if It 

exists In the plasma) becau~e then local field amplification can occur 16/. 

REFERENCES. 

111 - E. CANOBBIO, lAEA Berchtesgadl!n Conference 1916. 

III - C. l OHQo1IRE, Elemeritary Plas ... Physics, Intencience Publishers , 1963. 

131 - -6. lEHNERT, !lYnaJllics of Charsed Particles. North-Holland Publ. Co. 

Amsterdam 1964. 

/4/ - W.A. NEWCOHB, Ann. Phys . (N.Y).!Q. (1960) 232 J .P. GOEOOlOEO, 

Physica g (1911) SOL 

/51 - F. KOECHLlN and A. SAHAIN, Pl\Ys . Rev. l ett . ~ (1971) 490. 

161 - E. CAHOBBIO , These Proceedings. 



RF HEATING 161 

RESOHAKT KlD-PI.JIPING AT "Ra ITRAAIL Y LOW FREQUENCY 

E. CANOBBIO 

ASSOCIAnoo EURATOM-CEA 
N~ de Phy6.iqut !UL Pw_ e.t: de. li. FiUlon ContWlh. 

StAuiu. IGn - Ct..IltAt. d' Etudu Nucl.f4iAu 
JS )( - 31041 Gll:EHOBLE CEOfl( 

~ : Hel1cal rf-fields w1th appropriate 'fIIve nU!l'iblrs tin be used to 

upioit for heating purposes the existence within the phslIII. of the 1110-

singular surflclI where l.t
o 

• O. In thh wly the TTI4P heating rite can 

uceed the non-reson.nt value by • factor of order 1/8 and the working 

frequency !II. (l.to/Bo)Yu can In principle be choosen arbitrarily low 

(but preferentially .. ~ \lco11)' 

INTRODUCTION. RF - hunching structures designed to produce 

nonvanhh1ng polo1dll wlve nlt1lbers Ke ! m/r In addition to torolda' wave 

manblrs K. =: n/R , have been considered (or I(RH /1/. TIHP /2/ ,/3/. Al fY~n-Wave 

Heating / 4 - 7/ , and for Toroldal Drift Magnetic PlllJll ng I~/. In the Proto­

Cleo uperllllent 171 the Inequality 

(1) 

(IIIc l • eBo/lllc) wu sathfled In spite of the fact that I'" v.Mlrl and 

Inv .... /RI \llere both larger than IIIc1. 

In the nMP lItter.ture there hno.entlon of the an.logous 

possibility of lowering the working frequency by upl.oltlng the ulltence 

of the ItlD singular surfaces witll1n the plasma. The TTHP frequency Is 

Ill'" nvtl/R In the cOl'lopress10nal version (v~1 • ZTI/" I I. Ill" vtl/R In the 

tonlonal version of Ref . IU .nd III '" vu/qR (q:: re./R 88 ) In the uhynle· 

trlc 1111 • Z version 131 producing surface hntlng. Thh oversight Is 

surprising In view of tile obvious Interest of using frtquencles which are 

50 1011' that the rf·col15 Cln either be put outside thl liner (If wiZ, ~10KHz) 

or be protected by stainless stHl If they hive to be III face of the plulIII 

(ld/h .. " few 10 KHz). 

WORKinG FREQUENCY. The correct upresslon of the optl_ TTMP 

frequency Is 

(2) 

where F Is a factor of order unity IV . /3/ . 19/. Power deposition 11 stl 11 

substant1l1 at .. * &I with &.l 'wiZ. 

Eq. (Zl Implies that In the neighbourhoods of the singular surfa· 

c.es r· rs where t.to " 0 (or q • · Al/nl plulIIlo heltlng!MY be produced at 

arb i t rarily low .... Since In most of the perfonllant ToklMks q(O) is slightly 

below unity, the s lnguhr surfa~es q( r) • I Is flllbedded In the flit central 

region of the phsma therefore n • - m • t 1 are the most Interesting 

cOlllblnatlons. They are produced either by a pa ir of hellCll wlnd lngs (Ideally 

represented by a sheet current r .6( r.rc) with J! IJ:· . Rlrc ) or • .:Ire 

conveniently. by the pair of horIzontal colll proposed In IU . In the 

absenc.e: of surface q • 1. sur face q • Z can be considered. The rf·colls 

should be deslgn.d 50 as to Ivold the production of Intense hI9he,.... (III . n) 

hal'llOnlcs which would $It1sfy condition t .• o'" 0 at the phSlM edge . with 

advene effects on confinement. Hotlce. Incidentally. that In the Stelle­

rators. where IBalrl Increase with r. such perlpherl c res~n.nces rw.y \lleJ1 

have been excited In the TT1f' Ind A1fv~n·wave experiMents. wile ... PlA\9Out 
occur ... d durin9 huting 110/ . 17/. 

RF-FIElD STRUCTURE. As is well known (rGnI stabtl1ty theory In 

cylindrical geOlllltry Ill/ .IlU. the whole set of the Hnur ldi!al IflO..£qs. 

reduces to I slllgle Euler Eq. (f(·)· -gt. D. where ( is the radill cOlllpO· 

nent of the dlsplaceroent vector t . t(r).upl(me + kz-wt) . Ind the prime 

lM1Ic.ates d/dr. Since In a low-B phsme. the TTHP frequellcles (Z) are very 

sllll1l cOl'llpared with the KiD frequencies (1) . we lIIIy Hlltt our attention to 

the -"' rglnal stab ility" lIlIIlt loll. O. ASSWIIl ng. moreove r. klrl «111 . 

which is appropriate to the Tohm"- .l;Il1n9. we h;J.ve 

(3) 

In the neighbourhoods of a slngul.r surf.c ... r · rs' 1f X! r - rs' we lMy 

write f • (1)11 • 9 • 11 + yx + ~Xl and find the solutions to Eq . (3) In ter-.s 

of hypergeOlletrlc functi ons 11 1/. wh i ch beha¥e like (1 • X"' I and Cz • X"'1 

(If .... 0) with 

The s i gn of the upresslon under the square root Is positive when SUydllll'S 

criterion Is satisfied: then one of tile solutions Is infinite at rs' 

The r.dlal width of the resonance zones Is governed by the posl· 

tlon of the roots of the quadratic equation g(~) • O/IU . which In our 

problHl play the role of two cut·offs. If ml • 1. the resonance zone Is 

quite broad 

(S) 

If 11111 ~ 2 
(6) 

The largest field cC*ponents In these zones are 811/ • '1.'./80 _" 

B~ ('/11. Elr .. - t ' lI)r Bz1me. and the electrostatic field tIes " (grad nl)Tel 

/ano which ensures charge neutrality Ill . /3/. 19/. In contrast with the 

stabil ity cue. these fields art not .Igemodes : thlY are driven by the 

external rf·currents. 

POWER ABSORPTlOH. The la.rge rat! of change of ~e kinetic anergy 

of each particle In the resonant zones . ev.t1 + )J<lB1tat (v Is tha guiding· 

center velocIty and)J the constant IIIIgnetlc IIIOI!Ient). rtsults In I very 

l lIportant TTMP heating of the plaslll Ions (primarily along to) If condition 

Ill. VII t.It./llo Is satisfied by ~/· O(vtl ) On a s ubstantial friction of 

thl zones defIned by Eqs . (5 ) .nd (6) . Since b.~1 = b.(t.1iBo) • t.q(n/qRl. 

In order to have III • (Jv tl / qR with (J « 1. fl"Oll b.~"~1 .. &q(nJo) lilt conclu­
de that TTMP occurs on I fraction of order (J of tile III • I resonance 

zone. and on the entire lra l } Z - resonance zones It (J :t Z 11\ Ba/Bz ; 

Of cO\lrse Eq . (4) Il!Ipl1es that our Ideal IIOdel breaks before 

a slnguhr s\lrface Is reached. A renonabl e estl ... te of the average enhance· 

ment factor for the ri-energy density In zones (5) and (6). 15 .. (vA/vu)a. 

.. lIB. This l~lIes that. large fraction of the relctlve power 

IV dVIII(Bi + Eil/b (V Is the plulIII ¥Oh .... l) coula be disSipated . Kowtver. 

Just as In the cne of resonances .t higher frtquency (Al fdn and hybrid) 

It Is then hard to prtdlct how much heating will be due to L.ndlll processes . 

to Hnur..ode conversion or to non-linear (e. g. p'rametrlc) effects /4/. 
We also notice that If ... 15 choosen IS low as v~1 III/ rR Idc1· the "transit 

frequency· In the vertical "drift IIIOtlon - at the singular surfaces the 

condition Ul • ".v'" t ... ';.L. can be fulfilled by the vertical drift velocity 

In the toroldll field lB!. 
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AliSTRAcr , Launching ~nd prop~g~tion of Lower lIybrid 'IIaves to heat large 

pl osmas by El ectron Landau Oamping is discussed. Conditions · On the appro­

priate frequency and on the antenna location in the plasma density profile 

are deriYed. 

I - For simplicity we use a plane model, with the antenna located 

at ~ • O. ~nd the plaSm/I surface at x • xp ,. O. The static lIagnetic field 

is al ong z. and the density gradient along ~. To excite the slow wave inside 

the plasma, the antenna electric field should be mainly Ez 

·iwt J i~/l E: (z.t) • e d~1 £a(~/) e 

(E~ should be the selfconsistent fie ld; for example if the launching 

structure is a waveguide array - the Grill . E~ should Include the reflected 

wave in each guide, as well as the higher order evanescent modes locally 

e~cited at the waveguide mouths 11/). In terns of £a(~/) the power flux through 

any plane x • const in front of the antenna (of length h in the y direction) 

can be written 

l£a(~/)12 h. Y dk. 
le..&.. s ·/1 (I .~J 

~~ ) k~ 

where ko • wlc , K..L · V ~~ - k~, and {Im Ys)h..L is the resistiYe part of 
the surface admittance of the plasma, 

(I) 

(') 

(waves with k~ ( k2 do not cOntribute to • since they are evanescent beyond 
1, 2 0 2 2 2 2 ·1 

the cut·off wpe . 00 ; moreover Im Ys • 0 for "11 ( '}"/crit · (1 ·101 IOciOce) 
in the absence of surhce absorption s ince accessibility is not satisfied). For 

xpl- 0, evanescence of waves with ~~ ) k! 1n vacuum makes Ys exponentially 

small. Ne conclude that the antenna should not be screened from the tenuouS 

plasma exlSting in the shadow of the l1miter, in particular when relatively 

large val ue of ~ are required, . as appropriate for ELD. 

2 . The detailed solution for the field in the plasma. required 

to evaluate 2s' has been given elsewhere Ill. We USI.IIIe a linear density 

profi le 

, . , 
-=¥.(I, + 
• 

If 0
2 

( I one finds for '}"~ ) ~crit 

, 1 
s ·~ 

(3) 

(') 

where t · (2/3) KJ. Ln(l"l)2)3/2. In this case a low density layer oo~ (i 
In which waves .are evanescent exists close to the antenna, so that wnes 

with large "t~ are strongly suppressed from the power spectrum, as Shown 
by the exponential decrease Of Im Z;l as soon as t ) 1. Of course. an 

antenna designed to excite "11 values in this range will also be badly 

mlsmatched,a fact confinood numerically using the code described 1n 

Ref. I ll. If (1,2) I on the other hand. waves wlth '}"~ ) '}~cr~ t propagate 

freely to the damping region. and one finds 

Z .. 1 
s~ 

(5) 

where 11 . (2/3) KJ.ln((I,2-1)3/2. For large '}~, Zs-1 _ i {02.1)+1/2. However, 

since ~ Zs ... 0 for large n, matclli,!g would again be poor and reflection 

almost tota l for an antenna designed to ucite values of '}"I such that 

n )~ 1. 

The best situation. both for coupl ing ~nd for ElO. occurs when 

the plasma density near the antenne is close to the cut·off density. so 

that.i • 1. More precisely. provided KJ,lnI02 -1 13J2« 1 for the values 

of "11 e~cited by the antenna, both Eqs. (4) and (5) reduce to 

.111/3 r(j) K.A.Ln 1/3 
Zs .. e ::r. (s-) (6) 

r(l) 

In this use coupling is good over a broad range of Ln Ill, and 

the power In the large "11 region of the spectrum is only moderately reduced 

by the hctor In Zs-I/Kj. in Eq. (I). 

The experim2ntal results on coupling of LH waves with 2 and 4 

wayeguldes on III 121 and ATC 131 at Princeton are in excellent agreement 

with. the theory developed for the Grill III provided Eq. (6) is used for 

Zs ' while neither of Eqs. (4) and (5) gives fitting results. This apparently 

indicates that a low density plasma with w~ ~ 101
2 indeed exists close to 

the Grill aperture. It Is Important that this sHuation be maintained also 

in larger devices to achieve good matching, in particular for HO. 

3 - Knowledge of the power spectrum allows to enluate the 

electron power absorption per unit vol ume. In a torus of radius R at • 

distance r · xp·x from
2
:he uis, Ica{!z )12 M2koJ'" 

PELO • ~ ~2 2 ~ Im Ys·y.e d~1 (7) 
1611 cr R ~/)ko ..L 

where y -is the inverse absorption l ength for ELO. It should be noted 

however that the usually quoted expression for y, 
3 ·x~ 

~ xe e 
y . \{ii 101 ~ (II6t 1/2 

(1+ rf..~ - f) 
" . 

where xe • w/~/Vthe' falls when the wave approaches the linear Turning 

(8) 

Point 141 where the s l ow wave transforms linearly into a hot plasma elec­

trostatic wave, whfch can be effectively absorbed by ion cyclotron damping. 

Si nce waves wHh large '}"~ encounter the LTP at lower density . this process 

tends to compete with ELO by depleting the ·large '}I portion of the spectl'llll. 

To logarithmic accuracy eq. (8) leads to the condition 

"lIFe~5.7 
(Te 1n keY) for efficient ELO. On the other hand the condition to ayoid 

LTP depletion is . 

.r: 2 101
2 

oo2i 
"11 VTi (gT ( I +¥.~) 

wp1 0ce 00 

Clearly. apart from the uninteresting cue Te )) Ti' these two condit10ns 

are compatible only if 00 is sufficiently larger than the resonant lower 

hybrid frequency in the centre of the plasma (a factor of 1.5 to 2 is 
usually found to be sufffcient). Of course this brings the frequency within 

the domain in whiCh par6llletrlc instabilities are also more likely . 
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p _ 1111 FUSION SYSTEMS 

D R SIIee.tun and J C Cordey 

Culllam lAboratory, Ahingdon, o,.on . OX14 JDII, U. K. 
(Euutom/IlKAEA PuBion Anoeiation) 

~: The opti ....... \lay t'o .tun ...... gnetically contained p _11
11 

fuell ed 

r ".<,tor i .... driven hot ion .ys t em. Tbe g.in factor, Q. i . calculated 

for thi . c ... including relativistic correctionl to the ion-l!lectrOIl t1'an5-

fer Urn and the. effect of Cl-partic1e poi . onilll' A Q of 1.1 i , obtained but 

the pohoning and the .ynchrotron radiation can reduce this aub l tantia liy • 

1. !!2!!1.: Sueul authon have conBidere.d the p +1111 + )(I. + 8 . 7 KeV reac-

tion for u . enri_Uy neutron free power production[lJ .. In the "",U " "cent 

of thell! .. ulI_nt, More.Jl) conaiderl 1I1!Ianetic confine...."t" ,y" UtIUI but 

dhlllinu thalli beea"I" of the unlikelihood of achieving the ulf- auatainina 

ianition condition dUI! to the ezeauiv .. p""u 10 .. by bremntrahlung and 8yn-

~b rotron radiation . Re ...... pl .. 1II8 (TCJ) .ylt ..... are unprofitable for the .ame 

rellonl. The ... 'y' t eu are h"" .. v .. r not the optimum lIay to un_ a fu .. l . uch 

aa p _all and in tbil paper lie con8ider th. alternative driven hot-ion (HIT) 

ache"",(2 J which i. particularly well adapt .. d to .uch higb temperature op .. ra-

tion. The power balanc .. "",del we bav .. taken i , .hOVll in Pig.t. Ion. are 

... lIIII8d to be injected at ... HeV "n8rlY and qui~ltly equilibrate lI ith tb .. io .. 

bath at uQlpenture Ti. The electrona reach a t .. mperature Te about balf th.t 

of the ions: they .re heat .. d predominantly by heat tranlfer frOlll the ionl 

(Pi.) and cooled by brellllla trahlunl (Pb). by aynchrotron radiation (P. ) and 

by any oth .. r loutl (Pe). Tb .. tbetlllOlluc1etr pover (PH) i . generat.d .. 

(l-partic1ea which quickly t ranafer th .. ir eneriY to the ion and electron b. th •• 

Por th .. ca .... und .. r conlideration about 90% of the enerl)' goea to the ion •• 

Tb. "Q valu .. " definad .. PH/Pinj IIh .. re Pini i , tb .. inj .. ct .. d pOll .. r. h .. 

been evlluaud by .olving the pow .. r bllanc .... quationa for th ... yH .. m. Ti 

h find at the opti_ vllllt! and the e 1 .. ctron p""er b.lanc ... quation i, 

ao1v .. d iteratively to ,iv. T .. . 

-A.t th .. t .. arperaturtl of inte"ttlt (Te .. 100-200 keV) the electrons are 

n.ar relativistic. Par th .. condition Te .; mo'}' lie find tb .. el .. lical 

Spin .. r ion-electron trlnde r rite lIIU1t be div ided by 1-0.3 kT/lllo C
2

. Tbe 

bre .... trahlung lOBI 11 .. evaluated uling the rleipe given by }ta"on(3] IIhich 

trelU botb the el .. ctron-ion and the el .. ctron-electron contribution, 

r .lativia tically. 

An important further proble .. not considered by other 1I0rken i . th.t of 

tbe a-pertiele contamination in, the ... hilh bUrn-Up ,y. telll8. In ell of the 

pre ... nt lIork lie heve incb1ded th .. dilution effect of th .. o.-partielea ; to 

",ti .... te the power ID" problem we have tak .. n two limiting c .. tI . (i) the 

ion. and their ... odat .. d dectrona ar .. e",tr.cted at zerO temperature; and 

(U) the ion. and th .. ir allodat ed electron. ar .. e:Et.cted lIith mean .. nefgy 

of t Ir.Ti and t kT .. reapaetively. 

2. q WITHOUT SYNCHROTRON RADIATION: In thh C .. e Q 11 indepandent of tbe 

.biolute valllt! of the d .. n.icy. The choice of Ti d .. pands critic.11,. on the 

variation of ov with tearparature . There i. -.""", variation in the bllic cro .. -

• ection data and the illtegration over the KaJ:vdlian involvu utinl deta 

fr ... "",re than one 10ufU. The but .vailable det. i& th" ..... t recent data 

fr ... T ...... reuJ4J .uppl ...... nted with that of Segd et a1.[4J at energin 

of ,. 1.4 Ko.V . For thia e .... Q ... :dmiIU lIitb Ti near 300 keV IIhich lie have 

tlken .. standard. 

variation of the mi",cure ratio "B'np show. a muillUlll in Q for "B/np""O.17 

relatively independent of other parame~era: this h .. e,ain been taken .. 

• tandard. Under then conditions tba 1118:rlmum Q it achieved when the lihti1lMl 

of tb .. Ir""particlel i a I .. t to zero and th .... ",riY Ion ... odat.d lI(th th .. 

ion. and any e l .ctron loa n. additiond to br ..... . trahlllQ1 are ... t to z .. ro. 

• 

Under then eoudition. Q-l.l3. Incre .. in, th. a lifeti ... to that required 

for tbe .. to thenl8lin (ie. npfa"' 1014el11-3UC) raduc ... Q to 1.08. Addin, 

additional lOll via the elactron channal, e""'r .... ed .. an .neray confi\Ulllnt 

time T
E

, reducu Q lurthar aa i a illu.tu_i.d in 7ig . 2. Tbi. Haure allo 

illu.creU. the ' ''''"itivity to QV. tbe d .. hed eurv ... howi"a tb .. Iffect of 

i .. creating Qv by" 2.5; ignition i. achi .. ved for n.T
E

" 3·5 . 1015el11- 3 ... e. 

Fil.) ah"". th .. efhct on Q of (a) incr" .. inl tbe a containment ti ... 

beyond that raquired for thulIII1hation. (b) introdueinl an allodated enerlY 

10., .. dhculled above . (c) lIIIlilin& varioUl ... umption. al to the proton and 

boron lOll ratu. On the penimi.tic ",umption tbat all th", ion. DIU.t be 

."tract.d at the • ..- rate . th .... le an opti_ "pT, of 2.1015em-) .. ., lor 

which Q i . only 0.31. 

3 . q IiITII SYNOIROTRCI< RADIATIOO: In thi. Ca" the calculation b,,~olll'" 

ay.te .... d .. p .. nd .. nt. For pre.ent purpo.u We havI calculated the . ynchrotron 

",dittion u.in, the Trubnikov formali ... which evaluatl' th .. black-bod,. radi.· 

tion up to the tran.parancy limit. Tbi. liv .. for tbe pre .. nt par _ t .. r 

range a pOller l OBI IIhith scales .. a3.6aO.6(a/tf-G·""T:a·7 wh .. re a 11 

th .. p1 ..... radius and t the wall ab.orbtivity. Re1ativi.tic correct i on. 

enhan"" thh furth .. PJ Sinc" the thenDOllueiear pOll.r ,Cal ..... B"B2 . the effect 

of .ynchrotron radiation ia only weakly B dependent; it do .. how .. v .. r depand 

on the p .. ofile of B "'lIIIII!d. Fig.4 . h"". th .. acaling of Q vith B for two 

limitin. allumption ... to the .ffectiv .. B i .. tb .. _ pl ..... : Che upper lilDiu 

allWlll!d B .. O-B)I Bo and tb .. lowe r limit. "'WIII! B - Bo wh .. re Bo it the 

Vac:uUIII magn .. tic fhld (- SO kG in Pil.4). 

4. CONCLUSIONS: The driven hot-ion '"Ite .. il optilllLllll for th .. p _Bll fUll. 

With the but av.B.ble value. of tbe cro .. - ... c~ion, the Q value obtained if 

the Ir""particl ... are utraCCad at ... ero enargy and B ... 1 i . only 1.1. Tba aUIIlIIP­

Cion Cbat III ion, 1IIII8t be e:<trac t ed at the ,ame rat .. and at t kTi ... an 

energy reduce. Q even furth .. r. To avoid d .. gradation ot Q dUI to synchrotron 

radiation B IIIl1It be high. 

lt .. hould be pointed out that Q it v .. ry tenlitive to the value of th' 

croll-.. ction about "bich the". it .0 .... uncertlinty. Por example th' ov 
given by Powler er a1.(6J cd used b" D8\I,o .. (1] livel a llUi_ Q of 5 . 9 at 

Ti - 200 keV. A Q of .. 5 lIould b .. r e quired to livI a plausibly .conomic .yete ... 
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HEAT ABD PARTICLE !RAHSPORT TO J WALL OP , TOKAKAk RBACTOR 

1 ••• V8a1118T, '.V.I.doepaaoT, V.G.Pe~roT. M.Z.Tokar 

lnaU tub of High T8IIIperaturea of tba USSR AcadeMY of SoienolllB 
Mo8COW, USSR 

Abstraoil Tba interaotion of plesma witb tba neutral. that 

are generated iA aurtaca recombination la under conaidaratioD. 

Tbe artifioial turbulence in tbe Dear wall region 1. 8aeu.ad. 

It 18 shown that tba turbulent blanket can ba an alternative 

to a divartor by bal1Ul11 rEoval and reactor wall safeguard 

from sputtering. 

In a tokamak reactor the desirable thermal 

outtlux from plaema abould reacb tbe values 0,4-1 MW/m2• In 

tbie caee tba wall 18 subjected to a bombardment witb partic-

1 •• with anergy strongly exaading tbe sputtering thre.bold of 

tbe wall. La rat. / 11 a method tor defenoe of tba firat wall 

hae beeD dieclll18ed. It rapre88nte an artificial plaaD18 turbu-

11aat10n in the Tlcln1ty of the wall to secure the r8q~r.d 

1:Dermal tlues at low pla8m8 tsaperature. In the present 

report 1t Is aSSUMed that Bohm diffUsion la created in 8 near 

wall reglon by 8n¥ metbod. 

KlaotrODB and iona diffuse to the cooled wall, termallaat. 

and reoombinets thare. Aa a result ot de80rblng an influx of 

ooId neutral atoma 1. generated. The neutral density le sup­

p08ed to ba small and therefore the neutral mutual 00111810ns 

oan ba n8g1eoted. Tbe elementary prooessss takeD into the 

accownt tor Dautrala Bra 8a folloW8: tbe ionisation and the 

u.ttsUon by slectroOlll and the oharge exchange wltb 10na. 

Ae the chanrge exchange and ionisation probabilities are simi­

lar, a oOD,aiderabIe part of Deutrale returns to the wall. 

801118 .autrele oan leave the camera througl:!. wall bolll8 and 

then Ill., be absorbed in cryopanels, for instance. Thus the 

withdrawal of unburned fuel ae well .e belium generated mar be 

provided. This enables a steads reactor operation. It ie tur­

ned out that the summary holes area should be emall. The neut­

ral behaviour is described .ith one-dimensional kinetio equa­

tion. Tbe boundary con4it1on le represented by ~he 4ietribu­

tion function of tbe atoms dasorbed from the wall le (x-O). 

Tbe equa\1on m., be written in tbe tollowing integral form; , 
r _ f ex {_r(,··,Jt>.,Ul.f'f 
t~ te P J 1f, J t -

; fm're:p[j'r""lnJx'1J.." V,>O (') t JtrJl l J 11'. 
~ )(' 

L - J '-6": [up [ t~:)~ ,,v J 01,' > 75, < 0 
~ 

Here k_const and ~ ara tile charge u:change and ionisation 

conetants respeotively, ti ia tha ioo distribution tunction. 

Prom (1) tha integral equatione tor the atom density na and 

tbe maan energy Co. ara obtainad. Tba magni tuda ot tba cold 

atoms intlux i a found trom tbe eteady-state cooditions. 

Plaema ls described io bydro~nam1ce manner, magnetic tield 

being equel to 50 kG. Lioes of torce are suppor.ad to be 

parallel to tbe wall surfsce. The balance equations of tba 

isotbermal pl aama are tile following 

(2) 

Here le and Ke are sxiting 

of the atoms reepectively. 

total tharmal flux. 

anergy and the UlUng constant 

()- ;£dL+ /3T'L)f 1. th. dx I~ , 

Tbe boundary conditions at tbe wall ara defined by tbe fact 

that the heat transfer at x-:: 0 depends on tbe particle flux 

and the tbermal conductivity tl~ ia reduced bare to zero. 

Demensione of tbe considered region are ohos&o sutfioiently 

large (0,2 m), thus on the inner aide of tbe region the 

oeutral flux 1e amall. The pl88ma den.1tl. tbe outflux and 

the tbermal outflux on tbe inner eide are euppoeed of the 

valuee that are expeoted io tbe future 

1020 m-J I r. _ 2.1020 111-2 eeo- ' 0. 
reaotor e.,;. n, 

• 1 MW/.~ respeotiTel,. 

Tbe plasllla 9UUlux la 88sWllad to uoeed eisnifiOlll.ll.tl, burn­

ing out. Such a si~uation mA7 be •• cured b, a turbulence due 

to trapped partiole i08tab11i t1. It provid •• e 8/IIall hell .. 

fraotion in a reaoti on region /2/. 

The equations system has been solved numerioall,. It is tur­

ned out that the neutrals traneter JO per oent of the 8Oeri1 

outflux. The oharge exohanged neu~ral. outflux u:eeds fiftl 

U.ea r. The mean anergy profile of plaema (1) and ~at ot 

the oharge exohanged atoms (2) &re presented in the figure 1. 

Plasma and tbe oharge exchanged atom density pro tile. ere 

presented in the f1~e 2. 

For tbe case of molibdenium total sputtering of tbe wall ha. 

been obtained with value being equal to S.,.5·10'B.-2 8ec-'. 

Tbe iIIIpurity density at the wall is ~e8timated trom the balanoe 

of tbe inlet and outlet partioles ~ • S, it ie equal to 

nz "" 6'1015 .-J. lAIe ~o tbe turbulent diffusion the impurity 

density profile bas to be flat. At lo.er thermal tluxes tbe 

near wall plaema temperature along with tbe eputtaring would 

be signifioantly smaller. 
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PLlSlIA BJlmiGY BALABOB WITH 'l'UlUIULmiT 'mANSPOR'l' COBPPlCIEN~ 
. POR TOlWWt aSACTOR 

V .K.Kollsnikov. V .G.PeiroT, V.D. Khat" 

Institute 01 High Temperatures 01 tbe USSR !oad~ ot Sol1noe8 
Moaoow, USSR 

J. global plume. enerQ balance Ilod~ la imle1:1ga-

tad. 'file anomalou8 tran.port co8fUolentll dUI to trapped-par_ 

ticle mod. are emplo1ed. Tbe .z1atenc8 ot tbe ."8841 atat. 

oonditioos with t8mp~aturl below 20 key 18 damonBtratad. The 

operation mode providing the maximum apeoifio power 18 found, 

tba thermal outtlux bei~K a8t .8 • parameter, 

'!'ha preaent opt1lll1aUo 81 tuation In the tuaiOD inve';lga"Uona 

cl" •• ri •• to anal1 ••• of • future tokamak reactor operation. 

Soml analy.Ia bay. baan alr.ad,r fulfl11a.d. /1-3/. fb"1ba"'8 

diaooverad saveral problem_ to ba Bolved . ID partioular it 

became olear that tba energy and partlo18a transport mecba_ 

nisme eziatlng in the preaent tokamake i.e. neoola&&ioal and 

p.eudoolaBsical regime& will cauae too higb plasma tempera­

ture. In large reactors. Under tbeae meoban1smB belium remo­

val le a very difficult problem. Slnce pla8llla pre.eure le 

lillL1. tad b, tbe equilibrium conditione f higb tarnperatllre. 

lead to low pl asma denaitle. reBulting In a small .peoifl0 

power generated tbat ie no~ aooeptable from the power genera­

Uon poini. Tbe opUmUIII temperaiure 18 10-20 kaT and 11; can 

no~ be provided in large reaotor. with n.oolusieal tran.pori. 

Tb. r.dUotion of tb. iamperature i. not eff.ctive by mean. of 

1npllt high Z impurltiee eince a preaence of 1mplU'iUee rea~ 

in a eisn1f1oant decrees. of a fu.l densi i, /2/. Tbe modern 

theoretical co~cept /4/, however. ebow a poeeib1l1~ of trap­

ped paril01e mode at tamperature. higber than thoee. that m., 

be achi8Ted I n «Eleting deT1oes. Tbe anomalous traneport ooet­

ticlent due t o tbia mode i. atronsly dependent on the eleo-
'h 

~ron temperature (Te ). Juat this taot allo •• to hope tempe-

rature etabilielng at tbe 8ufflcientl,y low level. Tbe «Ele­

ting tbeor,. however. 1. tbe approxlmate one and it 1a impoe­

sible to .pecify ibe numerioal coefflc1ent& beoau.e of the 

laok of the experimental data. Tbu., probably , it 1. of no 

.ene. to investi gate the energy balance of turbul.nt plasma 

OD tbe bae. of t,,0-41lllene10nal and evan on .... d1men.lonal 

equati ons 15/. , slobal model based on equations averaged 

over a bulk seams to be more adequaie to tbe present etan­

dart of an anomalous iraneport kno"ledge. In tbe pre.ent work 

the average equations of ion anAeleotrcn ener81 balance ae 

well .. 0( -particles balanoe bave bean eolved together tba 

transport balng anomaloue due to trapped partiolea mode. The 

fuel loeses dua to a diffusion and burning are suppoead to 

be repraoed by the fuel ice that la thrown In. The torus 

sectioD is jRppoeed to be round, all variables are preecrlbed 

to depend especially on tbe current radius r. Por obtaining 

the average equations under tbeae conditione it le neoeeeary 

to apecif, deneity and temperature profilas. Tbeee profilea 

are cbosen on tbe bue of tbe eJ'lllllletry conditione at a torua 

azt. ae wall as the tini tneee ot tbe energy and partioles out­

tluxe. at the wall. Of couree, tbeae conditions oan not 

define tbe protlles in tbe eingle "83. Tbis unoertainty, in 

faot, means tbe vaguenese in cbooeing a numerical factor for 

tbe flU%ea expreaalona, "hicb in tura aleo are not uactly 

known. fbe TaluU of a fuel concentration at tbe axi8 and at 

tbe wall OaD. be .et 011 tbe bue of boundary oonditiona. In ~ 
, l . ~J 

tbis oaee d.n.itie. and temperatur .. ar.1 h~ nJ+(n.-'#J~1.) 

T:. 7; ( (- ~) ~ • It gins ua tha opportun1 't7 for (/ 
<.n(T.~TI) > It;-

.01110 reactor opt1ll1sation. !ha value. Is ::. 11, l and 

tbe tb~ flUll: 't. are be1nc • et • .u it 18 known tb"e 

valu •• are lilll:1 ted. 'file 41lleuloa. and tba reactor po.a.r are 

.earobed unda.r tbe oondition of the maximum generated power. 

Let ' e note that. total power (I) 1e caloulated with the 

resard for tbe neutron energy a •• ell a. for tbe blanket 

reaotion energy. i.e. 21. DV tor an .. ,.ry fUsion reaotion. 

Tbe opt1ll1aaUon probl8111 is baud on the fact tbat under oon­

di tion 'e-'i tbe specific fumon power Is proportional to , 
!tJ F(r), wbere tbe funotion r(f) bu the mu:imum at oertain 

T-T"'. Tho meaning '''' depends on a temperature profile and for 

ihe cbosen pro tile '''' 'lit:. 17 kev. "or the cboaBD oonoentration . 

profil e t be problem ia in the definition of the value. nfBDd 

DO' wbich make the temperatura equal to T"'. In tbe presented 

table" tbere are abown tbe ate~~ .tate reaotor parameter. at 

.- -!!tU 2 B .50 kG". :. ... ) J 't - RH. ~ .S for three different anergr 

outtluxea. 

aeterenoes 

1. JJ.H.~ecTIXlBCHJdt • .n.n. KoC'J'owaIXlB, B c60pntie "&itlHClIH'1'eJJb­

Hwe Me'l'O,Itl>! B ipl3HKe Me31m. corp. 483, MoC!CB8., "llIIp", 19"M. 

2. "ueion Power Plant, ed. by R.a,1ll11a, Prinoeton O'niver­

tity Plasma l'~sioa Laboratorl, Prlnceton, rr_ Jaree,. 

1974. 

). UWIII.lI:-III" llI)noi~oular Tokamall: Power Reaotor DBdgn, 

Buoleer Bngineering Dept. RePort UWJ'DJl-150 (Univer.1t, ot 

li.consin) MadieoD, liaoonsin. 1976. 

4. X&domt88T" B.B., I'ogut88 0.1' •• liuol . Puslon, '97' • .11, '10.', 
67. 

5. Keener J . , Conn • • • lIuol. Juaion. 1976, li, !io.). 397. 

R, .. 
a, ~ 

W; Gw 

7"" k'ev 

!ner" outflux, 

~ 
Bremastr8hlung !!2 

1'18allla ener" out­
flU% KW ... 
Plume loues 

glaeo 

Helium outtlux 
10-) glae"c 

9,63 

3,21 

3.65 

8,5 

II,B 

0,14 

19,6 

17,0 

3,00 

36,9 

463 

0 ,1 

7,00 

12,6 15.7 

4,21 5,23 

8,4 16,2 

7,32 6,15 

12,2 12,5 

0,12 O,IC» 

19,8 19,9 

I?,O 17,0 

4,00 5,00 

48,5 lP,3 

775 

0,4 I ,I? 

16,8) 32,0 
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NUCLEAR HYBRID PLAIT II~H LASER lUSIOB REACTOR 

R.R.Grigoriantz·, A.V.Kalin1n·, o.s.Popel-, B.K.Shelkov·, 

• •• •• •• B.E. Shpilrain ,0.R.Krokhin ,V.B.RozanoT ,G.V, Sklizkov 

• Institute of High ~emperature, USSR Aoademy of Soienoe. 

•• P.I.Lebedev Phyeical Inetitute,USSR Aoad~~ of Soienoes 

Por a long time fusion energetioe using purel) thermo­

nuolear plante waa considered as an alternative to nuolear 

energetice baeed on fi8sion reactors or as an indep.ndent 

direction in the future energetioe. It wa. only reoen~1 t~t 

it hae been realized that thi. approaoh doesn't make uee 

of the advantage. of both fields of energetios to the full. 

It now appeare that fU.ion energetioe (at l.ast the fU.ion 

plants of the first generation) ie to be a .~bsyetem of the 

large eystems of nuolear energetio., and it ia to be oloeely 

bound with this system by a OOmaDn development strategy, 

teohnology, tuel cyclee and eo on. 

In a aenee, D-t reaotors oan ba oonsidered as generators 

of neutrons whioh oan ba ueed to realize fission reaotore 

in the nuclear fuel , 

Suoh a hybrid eoheme which oombines fUeion reactore as 

neutron aources and fission reactors a. neutron consumers 

have oertain advlllltages over purely thermonuolear rsactors 

and fission reaotors. Rote the main of theee advantages. 

In the hybrid scheme the requirements for D-f reactor 

are ooneiderably reduced. In this caee it ie not necessary 

to reach high energy breeding ooeffioient of fusion reao­

tion. which ie e.pecially important tor fusion reaotors 

With a high value of Belf needs. 

In the caee of a laser initiated reaotor,the requirement 

for the value of laser beam energy and tor the laser effi­

ciency are sharply reduoed. Simultaneouly, a manufaoture of 

D-T targete ia .implified, &Dd aleo a fraotion of the laser 

system ooat in the total expenditure is reduced . 

Aa oompared with the fiseion reaotor, a hybrid reaotor 

oan do without an expeneive prooess of the nuolear fuel en­

riohment because an external neutron source makes it possible 

to uee unenriched natural or depleted uranium. 

The reaotor oore can be euboritioal with the neutron 

breeding ratui less than unity, whioh exolude. the risk of 

a breakdown (nuolear explosion), and ooneequently s break­

down protection i. not reqUired. 

~e preeent paper eummarizes the main result. of the 

pro.eot of a· nuolear hybrid plant with a l •• er thermonuo_ 

lear reaotor. !he projeot he. been developed at the Institute 

of High Temperatures and P.B.Lebedev Phyeical In.titute of 

the USSR Academy of Soienoes . The hybrid reactor with ther­

mal power about 2500 KW i. a cylindrioal explosion ohamber 

of the radius R _ 1.5 m and height H _ 3 m surrounded with 

a blanket. ~e protection of the first explosion ohamber 

wall is to be provided with a thin liquid lithium layer 

(wetted wall). The blanket oonsiets of two zoneSI a aone 

of the fiesion fueld (the core) and a zone of tritium re­

generation. The tritium regeneration ratio ie equal to uni­

ty. The core ie a .et of osesettes oooled with helium. 

It is supposed that HP laser sietem of total energy 

5.105 J and total effioiency 3% cen be made for thermonuo_ 

lear microexploeion initiation with energy gain of 40. Laser 

heat is not utilised in the energy cycle. the fission blan­

ket is to be initially oharged with ~atural or even deple _ 

ted uranium. The initial oore energy breeding ratio is equ­

al to 4. Thue, the initial total breeding ratio Kt-lrus'Iris­

- 16Q. As plutonium is produced in the core, the Iris in­

orease.. The maintaining of the oonstant reaotor thermal 

power is to be realized with a reduotion of mioroexploaion 

frequency. 

The regime of the reaotor exploitation is energetic. 

Bleotrio energy is produoed with helium gas turbine. ae well 

a. with steam turbines of the aeoond loop. 

The initial effioiency of the plant ia equal to 24 per­

oent, within three year. of the plant operation the effi­

oiency should be increased up to 40 p.ro.nt. Specifio oa­

pital costs of g.nerating energy are to be amounted to 250 

rouble. per kilowatt. 

A traction of the l •• er syetem oost in the total expen_ 

ditures 1. equal to about 8 peroent. Botioe that tor a pure­

ly laeer fusion reactor thie value 1. equal to 40 percent, 

for the same aocepted ooats of one joule of the laser beam 

energy. 

fhe reaotor oo.~ I howevar, has incressed very oonside_ 

rably (up to 50 percent of the total plan~ coat) . Thi. is 

a reeult of a more oomplioated design of the reaotor. In 

the pure reactor the moderated neutron energy ie releaBed 

in the liquid helium. In the hybrid reaotor the energy ie 

releaeed by pulees (pulee duration being 10-1 seo) in the 

.olid-state uraDium oarbide. The heating time determines 

small eize of fuel partioles, and ln the long run it 

oomplicatee the blanket deeign. Measures are taken to pro­

vide for the leaking oaseete removal during the reaotor 

operation. 

Specifio calculated coete have been rated aooording 

to methology of determination of the power proJeot e.ono-

mic effioiency aocepted in thie oountry . They have been found 

ln the range trom 0.95 oopeck per kilowatt hour and to 0.8 

copeck per kilowatt hour for the value. of anergy breeding 

ratio equaled 160 and 4000. respeotively. 

Tbe hybrid laser plante oan be oompetitive with the 

best modern plant •• 



REACTOR ASPECTS 167 

ANO~IALOUS ALpl1A PARTICLE TRANSPORT IN FUSION f>1AS~1A* 

D. J. Sigmar 
Oax Ridge National Laboratory, Oak Ridge, Tennessee. USA 

(on leave of absence from mT) 

H. C. Chan 
Massachusetts Institute of Technology, Cambridge, ~las s, USA 

[Due to the strong localization of the fusion born a_particles 

in velocity and configuration space and their coupling to Alfven 

waves in the background plasma the relaxation of a-s is anomalous 

(non-Coulombic). In a finite system, the enhanced electromagnetic 

fluctuations can produce rapid spatial losses of up to 50\ of the 

a -populo.tion and ene~gy. In turn, the5 .. 1055" " tend to pr .. v"nt the 

a-velocity distribution from attaining a stable col1isional equili-

brium, thus maintaining a steady state turbulence level. A self-

consistent numerical quasilinear calculation is perfomed for the 

most dominant mode , showing the evolution of the a_distribution 

yielding the anomalous loss rates.] 

a-partic l es are born with a velocity distribution function 

fa'" 6(E - Ea) where Ea • 3.S MeV and a spatial distribution 

na . <Of v> n/t, where <Of v> a T- 2/3 eXPI_20/T
I /3] is strongly peaked 

in the hot reactor core, liS is the square of the deuteron density nd • 

Due to the ordering , v
thi 

< CA < va < vthe ' this free energy 

ca,:, be release d via Alfven_wave_instabilities. (Ilere, the subscripts 

stand for ion , Alfven, alpha and electron velocity) . Since the first 

pllpers by Kolesnichenko and Korablev [I] on "thermonuclellr instabilities" in 

1967 , a large number of such linear instabilities have been found, -reviewed 

recently by Lominadze [2]. 

In an infinite medium one expects these instabilities to exist 

ttllnsicntly until the combination of turbulent and cOllisional spread­

" ing of the a_distribution produces a stable shape y < O. Practical 

toroidal reactor designs however are far removed from this coodition 

and the particl e confinement time Tp will therefore be 

finite and if anomalous diffusion is strong enough to produce the 

inequality Tp < Ts (where TS is the COll~~ional slowing down time 

of a fast a -particle), the stable shape ¥ < 0 will not be attainab l e. 

In this paper we will quantitatively pursue such a case for 

the linear instability recently discovered by Kaladze, Mikhailovskii [3] . 

In Ref. i3], shear Alfven wave w • KUCA .. P . "ba is resonating 

with thc bounce motion of magnetically trapped a-particles (where 

p " l, 2, is IIn integer and ~a is the a-bananll bounce frequency . 

The mode is destabilized by 3f
a

/aE > 0, its growth rate being 

maximized for radial wavelengths of the order of a banana width of 

the energetic a_particles: Kr oSrb '" 0(1) , and Kg« Kr (where Ka 

is the poloidal wave vector). The growth due to the unstabl e 

a-distribution is opposed by damping on the e lectrons, [SI yielding a 

threShold a_density for instability 

where p denotes the gyroradius and E • rlR the inverse aspect ratio 

of the Tokllmak. Such low values of threshold density can be e xceeded 

in times shorter than TS (when ;!fa/aE < 0 would be obtained in the 

absence of turbulence). We study the ti .. e evolution of the a_distri_ 

bution obeying 

where Sf • <Dfv> n/ 6(v - v
a

)/4nV
a

2 , C is the Coul,omb operator, 

and the quasi linear diffusion coefficients are .given by 

D • , 
x p,k 

'n 

with" • 4(f>l'lt, - wl/I"'b as defined in Ref. [3]. The lIagnetic 1I00IIcnt 

is conserved in this low frequency instability. For simplicity, the 
Of 

spatial diffU5ion tcrll ix Ox a! has been approximated as shown in 

Eq . (I), where d
l12 

is taken to be the tillle dependent self consistent 

half width of the a-density profile, obtained from the simultaneous 

solution of 

(The bar over Ox denotes a velocity averllge.) The boundary condition 

for Eq. (2) is na(a,t) . 0 with a the minor plllsmll radius. 

Before we give quantitative results it is useful to estimate 

analytically under Which time IIs)'1Qptotic conditions the distribution 

function will be prevented to arrive at the stabl e shape afa/aE < O. 

Integrating (I) with respect to energy, 

afa -2 f ' f . o • DE aE - d1/ 2 dE DJ( fa + T dE C{fa)·· , "J 

where we have explicitly displayed the collisiona1 slowing down time. 

Thus, 3fa/dE will r .. main positive if, roughly , n-/d~/2 > T
s
- I 

where the left side equals the inverse particle confinement time "fp ' 

With Ox '" Y/K/ '" Y 6rb 
2 

• (~) f>l'lt,a 6rb 
2

, (4a) becomes 

" Ts (P"ba)-l~) 11; (4) 

"b 

It now becomes apparent frolll the turbulence condition (4) why the 

nonlinear fom of the Kaladze-~Iikhailovskii-mode treated here con-

stitutes a nonnegligible anomalous transport lIechanism. Typically, 

with Ts.? 500 msec , 211/~a '" S x 10-
3 

InSet, w/y'" 10
3

, and d l /2 '" I' 
nominally 6rb/a.:: iD is required for stabilization, a very stringent 

require"",nt on she or plasma current (and therefore field strength) . 

Since (4b) was derived heuristical1y, we conclude with an exact 

numerical evaluation of a-particle losses fro .. Eqs . (1) and (2). For 

example , for the reference caSe B • 30 KG, T(O) .. 20 keY, ne • 10 14 

cm- 3 • a .. 12S CII , aiR" 1/4 , q • 3 we find that after onll collisional 

slowing down time fa shows a strong depletion of (resonant) particles 

between 1. 7 .:: E':: 3.S HeV, M anomalous broadening of the a-density 

profile width from 3S CIII to 70 cm, and a loss of::; 50\ of all trapped 

a-particles Md their ene rgy. These losses roughly increase with q2 

and T2 and decrease with B, where q is the safety factor, T the 

plasllll1 temperature and B the magnetic field. 

*Research sponsored by the Energy Research and Development Admini ­
stration under contract with Union Carbide Corporation . 
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PRELIMINARY CONSIDERATIONS REGARDING THE EFPECT OF (I.-PARTICLES 

ON A REFUELLING-PELLET 

C.T. Chanq 

A,sooiation Eurato~-Re.earch Establishment Rla~ 

011;-4"000 Roakilde, Denmark 

.olbat.raetl Tue plasma of !I fusion reactor i, not an ef- , 

fective stopping medium for the 3 . 52 MeV a-particles. Expected 

rang'e and energy deposition in lI. solid deuterium pellet are exam-

lned . 

The injection of a solid 02 (or 0'1') pellet has long been 

suggested 8S 8 pe.sibls means of refuelling a fusion reactor. 

Recent.ly. questions were raised regarding' the possible role that. 

1II1qht be played by the 3.52 MeV o-partic;les produced by the D- T 

reaction. In th!. note, -.ome prel imi nary cOlflputat.ional result. 

w111 be presented first., possibl e dil:ections for f uture explo­

ration will then be indicated. 

Slowinq down process I Through Coulomb collisions with the 

reactor plasma ions and electrons, the epeed of the m-particlee 

will be attenuated and acquire 80l11e spread in the velocity space. 

According to cordey(l) the stationary distributi on function, 

f (v), a fter neglecting the hi9h veloc i ty Ull part is given ap-

proximately by 

311.... V'" 

tn [ '+(V·/v~)'l V~+ V-/, (v<v,J} 
(1) 

<Ve.> > V. > <\I,:> 

where <ve> and <vi> art. the average thermal s peed of plasma 

electrons and ions respectively, Vo is the i nitial speed of the 

CI-particlee, and 

(h) 

For a fusion reactor with kTe .. kTi .. 20 kev and ne .. 2"10
14 

cm-
3 

<vi> · 1.6><10
8

, <ve> - 9.5><10
9 

cm/sec and Vc • 6><10
8 

cm/see . p.orthe 3.52 MeV Cl-particle, Vo - 1.3><109 cm/s ec, ac­

cordingly', the average energy and speed of the Cl-partic l es at 

the end of the slowi ng-down procees are respectively; 

<v....>s = 0.& 1 V" 

Taking a burn factor fb • 3 . 5', the corresponding energy 

and particle flux are 

(As a comparison, the correspondi ng figures for the plasma e.lec­

trons a re Fe " 2.56><10 9 watt/cm
2 

a nd Ne - 4.75><10
23 

cm-
2,h., -I) 

To estimate the distance required for the Cl-particles to 

reach the atationary state the stopping power formula might be 

consulted. According to StiX(2), this can be written approxi-

<VII'> > V. > <V .. > 

Tl'eating In .... as a constant, the required distance, 0, for 

the slowing down of m-particle,. from E
o

(3.52 MeV) to <E
m

>(2.19 

HeV) can be obtained by integrating eq. (2) analytically. 

After inserting the previous ly mentioned plasma parameters, we 

obtain 0 = 1.8 >< 108 cm. The corresponding required time will 

be T = 0 . 08 sec. S1milarly, the tiJrle required for slowing down 

the a - particles to an sverage energy comparable to the thermal 

energy of the plasma electron. or lons, will be tSCl " 0.2 sec. 

Comparing T with the envisaged pellet penetration time of 

tp " 10-· aec (when no appreciable drag is experienced by the 

pellet), we might expect that the pellet will be subject to the 

direct bombardment of approx1m.ately 3>< 10 21 a-particles per sq. 

cm per sec at an energy about 3 MeV. 

The intera ction of such high energy a-particle s on the 

pellet can be divided into two stages, (a) direct impact phas e, 

(b) further slowing down of a-particles in the cold (?) a.nd 

dense ablated plasma. The interaction mechanism of the second 

stage clea rly depends much on the state of the ablated plasma 

formed around the pellet after the impact of a-particles ('" 

MeV) and pla.1II1IIl electrons and ions near the reactor wall, a 

few remarks concerning the expected events occurring in the di-

rect 1mpllct phase, therefore, might be worthwhile. 

Expected iJrIpact phenomena of the 3 MsV a-particles I FrOlll the 

tabulated values of Northc1iffe and Schilling (3), we expect the 

range in solid O2 for 3 MeV a - particles to be around 0.06 mm, 

thus for a 5 I1'1II'I pellet, ths energy of the a-particles will be 

deposited in a thin shell. According to Lindhard et al (4), for 

incident ions at higtt &ner<JY, the energy deposited in the atomic 

motion tends to a liJrliting value and is inverl e1y proportional 

to the electronic stopping number, k . ExtEapolating the calcu­

lated data of Sigm\lnd et al (5), we expect that o nly 1/1000 of 

the total energy carried by the a-particles will be aeposited 

to the atolll8, most of the energy will be spent i n causing exci­

tation and ionization of the bound electrons. This amount of 

energy eventually will end up as a temperature rising of the pel­

let. Its influence on the thermal and mechanical properties of 

solid deuteriUll'l (or aT cOlllpOund) in term of the ablation rate of 

the pellet is a subject of future expl oration. 
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PARAMETERS Of A FIElD~REVERSED MIRROR REACTOR* 

R. S. Devoto, G. A. Carlson, W. C. Condit , J. D. Hanson 

Lawrence Lfverm::lre Laboratory, University of Ca11fornia 
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Abstract: Computations have been made of the parameters of a neutral-beam 

driven, field-reversed mirror reector as a function of beam fnjection 

energy. Q values of 4-5 and iI fusion power of 10-50 MW per cell Ife found 

at beam energies of lOO-SOD keY. Cost estimates indicate a d1rect capftal 

cost of < $lOOO/kWe for mult1cell versi ons of the reactor. 

Recent experiments In the 2XIIB mirror dev1ce have yielded peak B 

values of 1.5-1.B at high beam currents . ' Thh relult, coupled wittl the 

ffndfng of apparently stable reversed-f1eld layers a few gyrorad11 ··1n 

thickness in a theta pfnch,2 have inspired experiments in 2XIlB aimed at 

attaf ning field reversal by off-axis aimi ng of till! neutral bums . Simul­

taneously. we have computed the probable parameters for an eventue l reac­

tor app11cation. 

Our calculations proceed from the assumptions that the reversed­

f1eld plasma has a minor radius a of only a few ion gyroradl1 and that 

the densf~ proff1e must be diffuse (we take a parabolfc or cubic depend­

ence on minor r_dius). The assumed shape 1s shown fn Fig. t j the ratio of 

major radius R and l ength L to mi nor radius are parametersj we assume 

R/a .. 2 and L/R .. 3.0. We would expect the possfble length to be 

l imited by tearing fnstab11fti es, although very long field-reversed layers 

have been observed. 3 

Us!ng the above density proff1e and assuming constant ion and elec­

tron energies we can formulate zero-dfmensional flufd equations for the 

central density ne' and the mean electron and ion energies. re and £"1' 

~s - ~B 

"0 is the rate of fncrease of central density due to beam depos1tion, 

TEe and TEi ·are electron and ion heat conductfon times. Tp is the 

particle conffnell'ent tfme, ~fe is the usual term for 10n-electron energy 

transfer fo r Haxwellfan species , and ~s and ~B are synchrotron and 

bremsstrahlung radhtion terms. The total plasma pressure is related to 

the applied magnetfc field BD by P.L" 11 B~/2\10· "0 or. equivalently. the 

absorbed bum current. fs adjusted to correspond to a cubic (or para­

bol1c) proff1e . Estimates suggest that if M " fi:~ n <I>dt w 1.75, a 

cubic profl1e '11111 be attained . A df fferent value of M changes the 

central density, the efhct on mean energies being weak. Tangenth l 

injectfon (perpendicular to the plane of Fig. 1) 15 assumed. 

A varle~ of assumptions about the confinement times are possible. 

It seems likely that fon heat conduction '11111 be classical . so we have 

taken TEi .. (a/Pf)2 Tii ' where Pi is the ion gy~radfus. Note that if the 

ions are m1rror confined outside the field-reversed region. the ion 

energy could be nearly constant, yfelding a very large TEi • For TEe we 

have taken 115 of the classical value (a/Pe )2 Tei . Varfous POSSf. bf~itfes 

for Tp have been examined. For the small sizes necessitated by the 

requfred plasma dimensions of a few gyroradii, the basic time governing 

Tp must be no worse than approximately (a/Pf)2 111 for a viable reactor. 

If it 15 somewhat better, approaching a classiClll confinement time 

{a/Pe)2 Tei' reactor parameters look even better. For a "reference" case 

we tal:e Tp" f{j. l/a}{a/P1)2 Tli' where f is a factor derived from the 

1-0 densfty equation and depends on the assllned profile as well as on the 

ratio of length to minor radius . One parameter remains to be speciffed, 

the ratio of minor radius to ion gyroradlus, (S= a/Pi). 5ince only 

layers of a few gyroradff appear stable, we take S " 5. 

Results of the calculations for this typfcal case appear in Figs . 

2-3, plotted against the injection energy. Typically, the mean fon 

energy 15 1/3 the inJectfon energy. and the electron energy 1/2 the Ion 

energy, except at hi9h re where radiation losses cool the electrons below 

this value . Attractive values of Q, the ratio of total fusion power to 

beam input power, are found at 300 keV injection energy . For this case. 

the applfed S field of 60 kG is within the range for presentMday super­

conductors. The total fusion power PF can be controlled somewhat by the 

ratio L/R. For the present choice of l/R .. 3.0. PF • 30 MW is computed. 

This 15 a very sm'll1 power for projected ructorsj to increase the total 

output .of .. fusion plant one could also line up a series of field M 

reversed cells.4 

Figure 4 shows the estimated direct capital cost of a multicell (10 

or more) field-reversed mfrror reactor as a funct10n of injection energy. 

The optimum injection energy fs about 300 keV . A single cell f1eld M 

reversed mirror reactor '11111 have a higher $/kWe cost because of end 

effects (blanket and shield end caps, etc.) and the dominance of the 

reactor containment building. 
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170 REACTOR ASPECTS 

011 PROP.1G.1TION 01' BUBHIBG IN .1 WALL-LIMITED loseee and those; a8ll0ciated with r:I.. _particle .. cape accoWlt 

TBERYONUCLlUR :rtJi;L Wl'I'H URIlBLE DENSl'l'Y 

Chernukha V.V., lI'edulov M.V. 

1. ~ obtain a commerciall;y protitable pUls.d tueion reactor 

requirell the ratio (I t ) ot tueion energy' to energy input (En) 

depoe1tsd in the targ.t b,. the ignit10n .;yetelll to b. suf1'ici.nt 

tor high c,.cle etticieDC;Y and the energ;y ;yleld, according to [1J. 

should be ta1r17 large. In epbericBl target. (t. J uaual17 under 

consideration an 1llorea.e in It witb lin i. small. 80 to consider 

tbe targets ie of iDtereet 111 which collpreaeion of the II8.1n traction 

ot fuel det.Z'II1..n8d b,. the condition ot burn propagation troll the 

19n1tioJ). SODO rather than the ignition COnditiOD .. 1& the cu. 

with apherioaJ. target •• 

Tbe target ot corved bo~ eur­

rounded b,. 1nertiBl wall. w11l be 

coneidared below. 111 which JI8Xi:aum 

tuel denalt;y ocours 111 the ignition 

SODe n&igbbouriug the pl&118 of e,... 

.. tr;y aDd reduces to the periphere 1) 

(J'1g.1). We 40 not intend.to touch 

upon the procee. of target cOllpre_ 

aion and ignition sane heatiQg ( Z ~ 

------z 

ignition sone 
l'ig.1.Schematio diagraa ot 

tars-to 

Z ign)' aseua1Dg that at a certain moaant taken" the 1.D1ti&1. 

time the cOlI;Preuion baa already been coapleted and the ignition 

sone heated up to regu1.red temperature. 

.1 q\l&lli-oDe-d1a&D8ional approach baa been WJed tor oalcul .... 

tioWl. i.e. all ~0dJDaa1t\ Ta!uee aDd relative i&n coDOent­

rations aro assumed to be dapendent on Z olll;y. However, 111 

ever;y croae - eection ot the targst an additional deneit;y vari.­

tion due to radial eepaneion ae well &8 leakage take place. 

The apeed ot the lnterlace between tuel and walla waa 

calculated via that ot the _tter behiJJd a strOQg shocJc wave 

tront at a pressure equal to that in the :tuel. Wa did JJoOt &1.low 

tor the intluellCe ot wall heating b;yo(. -particlee and radiation. 

Radlal heat leakage calculations were provided ae in [4 ] • The 

radiant energy botb troll :tuel and .alla was thought to be entirel;y 

loet. 

2 • .la deneit;y deoreaea. alOt16 the target u::1a the cross­

aection radiue abould 1Dcra8ae; it wae taken that r:::.:kZ tar trOll 

the plane ot e,..metr;y and with allo.ance tor the <lU&8¥lne-dwn.­

alonal approa~ the proportionalit;y conatant ~ waa limited to 

0,5. The c~uter c&1.culatioDB have sbowu the blUn propagatlon 

to be stead;1-atate it p'l,. exceed.a tbe bound.ar1 value .-..;0,'/ g/ca2 • 

The repreeentatlv8 behaviour ot th1a burning propagation DBBr 

the bou.nd.ar1 value can b • . illustrated b;y th. caae where a 

lI&ld.mum deneit;y (p ) wae cboeeb to be 100 g/c.' 2) &Dd 
, $ 

P,Zign_0,2 g/Cll • In caee of lnatantllll80UB daposition the re~U1rea. 

ignition energy, ~ign (accountlng tor a halt ot 19nition .ODB) 

ie tound to be 60 kj (Te- Ti :::l::: 17 kev). U illCreaae in 

ignition time 'l:''i't up to 1 neec resulta 1n reduclll6 power 

which in the range ot t;"ft~ 0,1+1 DBeo ia ...., 1015 w • .le the 

burning troll lIIOvea a.w8J' tro. the plane ot a;,mmatr:r the eJ:l8rc-

1088 ratloa becolII. atablel beat conduction 

tor ever;y 20-25 peroent of tile total ci. -particle enerl5J'l 

tile eumlllU';Y radiation aDd radial e:zpa.neion lo •• ea are not in 

U:C88. of ~. Thua about a half ot the ci. _particle el»rQ 

is spent tor beatiug ot new tuel portioWl. Note, that tbi. 

beating etarte with abaorpt10n ot tbe ell8rg;y ot d.. _particlea 

decelerat1llg in cold tus;t. Heat cOMuction aDd. shock cOlllpre_ 

sion contribute so.ewbat later with the fuel beiDg col!pr •••• d 

b;y a tactor of 1,5-2 " . 

It a target i. large enoueh the II8.1n energ;y 1D;put depends 

011. a ohe.ped :tu.l cotlpres.ion. Uein&: the calculat10n r.eults 

which giv. the. burn up taotor of 10+151' and usuaiDg t~ coapre_ 

aion to be cold, one can obtain a dependellCe 

sua target deuit;y () (> 0,2 g/cllh, 

of J: f on the a1n1-

F1 

K "10
5 ~ ,,-'" • rn 

where ~ ie the fuel coapreeelon ettlclellC;Y' 

(1) 

,. It deute:r1\q with allLall additions ot tritiua and/or 

hel1~' ia ueed t.natead ot D-1' t1tt;y-t1tt;y tuel unetable 

1.otopea can be totaJ.l;y bnd. at the appropriate initiaL con.­

centration ratios (~ 0.51' ! and .:: 6$ 8e-') Here the optimDs 

temperature valuee becoae sbU't.d to the range of 40-60 kev &lid 

the crltlcal value. p't. iDcre.ae b;y 10+15. 

In caae of pure D-tuel th. optiaum burniQg te.paratUZ'e ie 

80-100 pv. am p7. 1nOr ..... b,. a tactor ot 30 • 

..... In cOlIClueion it should be DOted that th. target ooul­

d.r.d i8 ot a oertain intereat tor application in CTR. The aa1n 

t.chnologioal probl ... iD ita reaJ.bation ahould be Ui.l;y oon.­

nect.d with providiAg &hapad coapre.elon and ignition ener", 

deposition tor. rdatiYel;y abort period of t1ae without 

epberioal a;ymmetr;y. 
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,j The prooesa ot burn prope.gation in an iIIIJIovable w&11-
l~ited tuel (witb eonatant density) takinc heatoonduotion to 
walle iuto account hae been coneldered in (, ) 

2} Thb deneit;y ia lIl8.X1WIIl parll1eeible tor the quasi-one-diaenaioDal 

approach aB et larger Ps the denait,. vaJ.u.a tor the walla and 
fual beoome cloee (tbe .alls were suppoaed to be 11'on). 

" • low tactor ot coapr.ae1OIl haa b.en obtaiDOd al.o 111 

[5 J • thoueh d.... -particl. tranat'er w .. .not taken into coul­

daration (111 tb1. cOJlDBct1on ••• rat (6] ). 



INJECTION OF NEUTRALS 111 

EIIDI'9'JN AND I~ H!'.ATlNG BY HEtITRAL lNJJ:Cl'ION IH DID 1tlKIJWC 

R. D. G111, K. S • .ban, R.S . Helll$lIorth, J . HU8111 , P.J . IDmQ, 

J ."'.K. Pa\ll, R. i'nIntiCle, P . E. Stott od D.D. R. SUllllon 

CUlhaaI LaboratoJ"7, Abinadon, Oxon, OX14 31lB, me 
(Eurat...;tIiU.EA J'\wion AAociatloD) 

Ab.tRot: Neutral injection h •• ti", e:r;p" rilallnta are ",ported ill wbietb 

we ha .. oblllervlld ion tell~at~ l'i.eell o! 5~ and oentr&1 eleCltron tem­

perature riM8 of ~. 

The Dl'I'E to~ (R = 117 ell, •• 27 CII, I\, • 9 - 27 kfi arid 

la • 50 - 200 Id) ball b .. " lI.lIod to "t\ld;J the hIIatill,e: d'f,,,,tII of nel,ltra]. 

injection on both the eleotronl! aDd iona. The tw neutral beD lIOurcea 

delher • cOmbined POIIfII' of 200 kW in the direotion of the plan. ourrent 

_cl -.10.,. • H ne te.ne:"nt to .. _jot' radiWl R • 105 QII . 'DIe ion IIOIU'CIIO 

produce roU3hl1 eql.lAl. nllDlI of B oeutrala with eners1 •• Eo' !012 and 

Eo/} "bere Eo " 30 k"V . 

'lb1o injection .,.ate .. ball been previoWlly [,J Wled to "tud;J the ion 

h •• t~ at la • 150 ItA and it .... u f ound that the ion telllpe r ature, '1'1 ' 

.... un4 by cbal's.-n:cb.aD.s., appron...tel:7 <Ioubled. A 4.tailed aDal:7da 

of th.a. reaulta t... auba.quentlJr be.n curi.4 out . Deposition aD4 

'oldter-Planck cOllput.r progr .... ha •• be~n uaed to d."cribe the tranefer 

of pow. r fI'Olll the n.utr.l b .... " to the ple.sq 10na and an ion .nel'Q 

balanca proSr ... {ll w..., WIIad to d. te .... inll thll radW powll r tr .... ftr . 'lbll 

.ff.ct~ of lllectroll-ion h • • tins, chars.-.J:~, particl. diffWllion aDd 

n.o_ct.8dcal th.rwal conduction w.re conaid.red aDd &OOd ",reHent hall 

been attained b.iwe.n 1I:q>fIM.aent aDd theory. A tn.1.cal analJ'aia 111 

llhown in J'i&. 1, where the ra4ial paWel' balano. ill plotted 8JI a function 

of the .inor radiua. 'lbe do .. inant heat loee in the plaeaa cllntre ie due 

to th.nIal· co!lduction, but 8JI '1'i> Ta coUuiocal trllllafer to the .t.c­

trou ia .ao aignitiCaDt. 

W .. ha .... nOw oarried out a furth.r .. eri ... of eltpllrillenta to in ... ti­

sate tha degree of ion heatin8 under 11 nuber of different conditione. 

ID iDj.otion ellpllriMnta deaign.d to etud;;J" ion heating it ie deeirable 

to iDJect iDto a p~ with a hiP electron tlltllperature and thil wu 

achie .. d iD DID: by the addition of 2J' of Nllon to the diechar~ L~), 

prolluoins thll pu.- conditiona H.ted in the table. At \J • 150 kII, 

the tiCII .. ariatioD of Ti Wall • ......,ured for co_4il'ilctional injeOtiOD with 

a n.utral po .. er, P. 190 kW (eee '1&. 2). A etriking increue iD '1'1 CaD 

~ .. eo COIIJl&l"Id with the p • 0 cun. and a peak .. alue of 670 eV .... 

attain. d. 'Ihe other pt.- pal'&IIetan lRIelI all De' Te and Z.ff were evb­

etantiallJ' UDcb.a.J!&.d Ilurins injection. At la • 190 ItA the .ariation in 

Ti .. u iDveetig.ted all a function of the injected po ... r , Tb. reeulta in 

1'1&. 2 aho .. that '1'1 111 linearly dependeDt upon P. 

'lbe .. in featuree of the naulta taken .t different .. aluea of \J 
&.lid " are~ (.) little heatin8 ill .chiend .. hell the iAjllction dinctioll 

ie counter to the g .. currllnt directioo\ (b) the amount of hll.tinl; in thll 

co- direotion ' sraduau,. increlUlee to a ~ .t 10 • 150 ItA and falle 

thereafter. n.." lack of hllAtin8 in the counter direction le prob.bl, due 

to pitch angle ecattering of the injected particlee, by icpuritiell, into 

the 10lla cane . 'lb. increalle in co_inj.ction heatin« all a function of \J 
II&J' be unde r etood U 11 cOlUlequellc. o f the inorllsoed neutral inj. ction po .... r 

traneterred to the iolU! at highel' gu currt!nt... Ae 10 inen"".e the pu'a­

.. tan ne and T" both increaee "hile the neutral d.nait" 110 , d.creall"" . 

n... hish value .. of 110 at low \J caue" IRIb .. tantial n.ut r al injection po .. "r 

10 .... a b, charge-exchange .. hlle lower value. of Te caWII •• tars.r fraction 

of the incident power to traneter to the ele~trone at t~e e:r;penee of the 

ion... n..e fall in the amount of ion beating at Ia • 190 ItA ill not ,.t 

under"tood. 

ID another ".riea of u:p"ric.nt., .. " in .. e .. t!&ate4 th" effecta of 

injection into dieche.rs". in which the toruli .. alla bad be"lI gettered .. ith 

titaDilllll [~] . n...e. diecharge ........ al.l charactari""d b:r a .. a1ue of Z"ff 

clC?"" to unit, and ala .. ohlnic in~ut po .. er of '" 300 W. Hydrog. n gu 

.. "" .dlilitted continuoualJr to give a gn.4uall:r rieins electron den.it:r ... 

ehown in F1&:. } . n... injectore delivered 200 kW of nllutral pow.r in the 

co-dinction. n... he.ting eff.cta of the .. e belllllll can be clearl:r .een in 

f1S. , .. here .. uh.tanti.l incNuea occur in both '1'i and the central value 

at T, ' It CaD .lao b" eeen t.hat the tille dependence of the t e .. perature 

r ill ia in ...,lUIOn.ble q;nflll llnt .. itb the injection period (t • !IQ to 100 

.... c ) . Rub:r l.eeer t Hper.ture end deuit)' protUea ... n al.ao .eaeurl4 

before. during and .fter t he ioj.ctioll period. Defor.. injection th. pro­

fne. had • pronounced hallo .. character [,]. and the profile .. tak.n at 

t 11 &I.,,, are aoo .. n in tiB' 4. Tbe totll.1 en. l'/Q' oontent of the electron 

compollent of thll pta-, \/, can b. calculated fl'OQ then profil.e and thi .. 

ebow .. that A\//'rI • 2~. n.." ion tfllllper.ture 11.1110 nowa • ~ r1e. of 

AT/Ti ·52:l!. 

On. of the ... in difficultill" in the interp ... taUon of thia "ltJIeri­

""nt 1e tbe fear that the injection proce .... IDA:f chana. the en"rgy balaDc. 

in the pa- tr:r the introduotion of icpUritie .. and thu increu. the 

.lectron tellperatun C}) . 'l'U .e .. und loop volt. and ohaic pow.r input 

.... obeerved to deere .. e alightlJr d.urins illjectioll &.lid thi.a would arsue 

",.in .. t incnaed ilIIpurit, 1.,.111 .. , Btronger "vid.nc , w .. obtained froe 

lIeaaure .. ellt .. of tli. eoft X-re:- elllia"lon fl'Olll thl pl.eaaa. 

\/ithout inj.ction, the X_re:- apectn, fro .. an BULi) detector, ahowed 

that the X-raJ" IlfIOIIa..l,y factor .... about unity, .. 'xpeoted for . pla8lilll with 

Z, ff '" 1, . Thi .. e.n~ faotor i. nr,r .enaiti ... to chanpa in the i.llpurlt)' 

level and can e .. llJr ohanp by ord .... of ru.gnitud. On the introduotion of 

emal.l arDOunte of impurit)' . \/e ob ... ".4 the till. dependence of the inten-

ait, of I-raJ" ... ith Ex > ']Q() eV _d f0\lD4 that it roae by a factor of } 

durin8 inj.otino, returning to ita P"I"l'ioue le .... 1 aft.r injection. 'l'be 

exp.otad ri ... in thi. il!.tenait, deduced fl"Olll the l"".r •• aelll"fllllllnt .. of 

Te(r) ..... a · f.ctor of 2.7. 'lbie i .. oona1etent with an uncb..a.llgad ~1Ul:r 
f.ctor during inj,ction and pro1'ida. atronc nidlnce that bpuriti.a are 

DOt being introctuced by the irljectinn , 

Calculation of tbe .xpectad rille in Te require. a tharoll8h .valu­

ation of the difterent PlQce."ea contributing to the energy halaDc. in 

hoth hollo .. and non-hollow dinchllrg", The caloulation of the· lon tlltllp.ra­

tun incrtlae nlquinl. a detailed tnl.taellt of the ,leotron_ion heat1.na 

and thle i .. aleo in prosreaa. Rowlller, l"'OUgh e .. tiaatell uow the.t 72 kW of 

the inject .d power ahould SO to the eleetrona aDd h"at · thOll by 2'" if the 

IInllrQ cOllt.inllent till. 1.1 unchans.d , 

It i ... plaallUnI to aclmo .. l.dae the aeai.tance giftn b, the DI'l'E 

.. nain.ering aDd operatilll teama and the Neutral Injectioll Oroup , 

~ 
[ 1) Pt.ul , J .\/,K., .t al, Proc. of 6th Collfenlnce on Pl_ Rl,yeioa and 

Controlled Nuclear "",ion Reeearch, Berchteag.d"n ( 1976) Pt.per 
CH-}5!A17. 

[c) 6tott, P.!:., Pluaa Phyaica, 1! (1976) 251. 

(l] BUCill, J . . .t al , th1.a confel"WOI . 

[It) 6tott , P. I. , .t &1: , thia conferellce. 
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