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PREFACE 

H.S. Rab1.noy1.oh 

Ye now haye important ohanges in the aill and aigDifi­

oanoe of ste11arator inYestigat1.ons. Tbese obaDses are not 

only due to new results on ste11aratora but are a1ao due to 

deye10paents in the CTR program, and to inoreased under­

standing of the prooesses going on inside toroida1 p1asmas. 

Tbe Tokamak is losing its prillordia1 s1.lIp1ioity. New Toka­

.aka need auxili.ary windings for divertors, for atabi1iza­

tion, for proti1i.Dg (doublet), and for inoreasi.Dg .. xima. 

beta. Till now we have not fully underatood or utilized the 

poasibi1ity ot ste1laratora as steady state deYioea. This 

would be important when oonsidering the use of superoon­

duoting windi.Dgs and supplementary aF heating methods. 

XnYestigatioDS of Toka_ka and stellarators are now begin­

Di.ng to approaoh ea oh other. Till now these ohanges 1.n stel­

larator art were not refleoted in the oontents or aize ot 

the stellarator program. One ot the important ai .. ot our 

workshop is the formu1at1.on of priorities in atellaratcr 

inyestigationa. :U is my point of Yiew, that it ia of 

fundamental importanoe for the future ste1larator researoh. 

that one finds adequate methods of heating. 

For the last 2 yeara we have tried to oompare stel-

1arators with Toka_ka . Tbis was neoessary for the survival 

of the ste1larator prof!,Tall, and also the aurvival of the 
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whol.e CTR program. But now we must ohange to more illlportant 

physioal. investigations. The lIIost pressing seem to bel 

l.. Co.parison of stel.l.arators with and without ourrent, 

and with and without suppl.ementary heating. 

2. Fol.l.owing the first point, sol. .. eo.e of the mysteries 

of the behaviour oC pl.asma in toroidal. systelDSl. 

a) EphAnoed el.eotron thermal. heat oonduotivity ooup-

l.ed with non-ano.al.ous ion thermal. oonduotivity. 

b) Nature of the disruptive instabil.ity. 

0) Impurity transport, inol.uding the r ol.e of the 

magnetio l.imi ter, eSp8oial.l.y et.. par tiol.e transport 

inol.uding. 

d) Tbe initial. part of the disoharge. 

e) Effeots of suppl.ementary heating on oonfinement + 

equil.ibrium. 

C) Steady state, refuel.l.ing and ash removal.. 

3. It seems that hel.ioal. windings may be very hel.pful. 

in aol.ving the fol.10wing prob1emsl 

a) Inoreasing the maximum OH ourrent with the hel.p 

of high frequenoy helioal. windings, importanoe of 

resonanoe part of the "helioal. fiel.d • 
• 

b) Stabil.ization of the disruptive instabil.ity. 

0) Divertors with bel.ioal. windings or l.ooal.l.ized 

divertors. 

d) Hybrid systems, stel.l.arator/Tokamak, with high 

ourrent so that the total. q is l.ess than unity. 

e) New type of stel.l.arators (el.l.iptioal, two star, 

high (3 eto. ). 
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f) Fuel feeding syste .. for steady state operat~on. 

g) Bu:Llding stel1arators ~n lIIodu1ar form. 

4. :u.portant stel1arator proble .. for tbeoret~o~l 

a) Max~lIIwa atta~nable beta in stel1arators. 

b) Min~lIIum ~ ~n bybr~d stel1arator/Tokamak. systema. 

0) Eli:p1aa aternal and _jor disrupt~oDS a stel-

larators. 

d) Bebav~our of therlllonuolear p1asma a stel1arators, 

~noluding .,:. part~oles, eto. 

e) Equ:Ll~br~WII oonf~guratioDS a stel1arators. 

f) Nature of transport prooesses ~n stellarator. 

Now we are at the poat where ~t is neoessary to be~n 

study~ oonoeptual stell&rator reaotors. MoTing ahead ~n the 
• 

stel1arator prOgralll, ~t would be helpful to baYe a ooordina­

ted worldw~de progralll. We should lIIeet aga~n a two years 

tillS. 

• 
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OHMIC HEATING 

Chairman: I.S. Shpigel 

1) In the second generation stellarators L-2, Cleo, 

W VII A and Uragan 2 in the ohmic-heating regime we obtain 

plasmas with eleotron temperature 200-900 eV, 

12 13-3 
Ti '":::: 100 - 320 eV and density 5.10 - 6.10 cm • These 

values are obtained at the moderate levels oC toroidal mag-

netio field B
t 

= 12 - 35 kG and ohmic beating ourrents 

6 - 35 kA. The energy replaoement time is about 1 - 10 msec 

and particle confinement time 5 - 30 msec. 

2) As the ohmic heating current increases to a value 

which is oharacteristic of the partioular apparatus, the 

ohmio heating power increases (L-2) , the profiles flatten 

(W VII A, Cleo) and energy lifetime Te. Calls. 

3) The main reason for the flattened profiles and the 

fall of T E is possibly the oooureDoe of an island struc­

ture and MUD instability m = 1 aocompanied by sawtooth 

oscillations (W VII A) in the oentral region (W VII A) or 

at the edge (L-2). These effects limit any further increase 

oC plasma temperature for a fixed density. 

4) The experiments made in the stellarator Uragan-2 

has shown the possibility of inoreasing the total transform 

in the regime of ohmic heating up to value. 
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They assume I for a raoetrack ste11arator, iD whiob tbe 1eagtb 

of tbe straigbt .eotion is not Tery large, that tbere exists 

a furtber stable regime wbiob allows values of total tr&D8-

L, ;> 1. There are .tab1e disoharges in Be1iotron D 

for 

iDatabi1ities wbiob arise at rational values of L~, are 

stabilised and 100a1ised b7 tbe high sbear and possibly play 

a relatively unimportant role. 

S. All tbat whiob is written above sbows that tbe 

experimental rellults of an iDetallation ,oonfirm tbolle of 

otber .. obiDes aDd allow tbe following oODo1uaio.. to be 

drawn: 

a) O~io beati ng in stellarators is an effeotive metbod of 

oreating bot and deDlle pla ..... 

b) Tbe effioienoy of o~io beating in ste11arators is lar­

gely due to tbe oomparatiTe1y s8&ll tber.a1 oonduotiTity 

of e1eotroDII originating from tbe vaouum poloida1 field 

of tbe ste1larator. For example in tbe ste1larators L-2 

and e1eo tbe equiTa1ent ourrent is 4 - S times larger 

than tbe o~o ourrent and tbe assooiated po1oidal vaouum 

field rilles to 1 - 2 kG at the pla ... boundary. 

0) Tbe plasma ourrent is limited by an MBD inatabi1ity 

assooiated witb q values of 1 and 2. -
6. At tbe same ti •• tbere remaiD unexplained differen_ 

oes between tbe tbree experiments I 
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witb oarrent up to tbe va1ue ot 1S - 18 k4; at larser 

va1.ue. of oarreat T E tall •• :ua tbe C1.eo .t.llarator 

tbe .8%i_ ya1ue of 7: E ooour. at tbe .illi_ ._.u­

recl va1.ue (S kA) aDd tall. witb ri.iDe oarrellt. 

b) It i. DOt GIlder.tood wby tb. iOD te.p.ratare i. o~ba1.f 

tbe value SiY8Il by tbe Art.i.oyiob toraul.a. • po •• ibl. 

espl.aDatioD i. tb. 10 •••• due to tbe obarge .sobaas. 

tlus but up to DOW tb.re i. DO esperi.elltal eYid.llo. to 

support tbi •• 

7. It .ee •• Deoe •• ary to ooatiaue esperiaeDt. witb gas 

puffiDe to obtai. resi ••• ot bigb deDeity above 6.l0l'o.-'~ 

Tbi. a1.1.ow. tor tbe opportauity ot obeokills th •• oaliDe 

law., ill partioul.ar tbe iIlor_.e of _ersy lUeti •• with 

cleDeity, tbe dependeaoe ot tbe .1.eotroa t •• peratare aad .t 

iIlve.tigatiDg tbe ooDf'ill •• _t of pl.a._. witb equal iOD IIDd 

e1.eotroD teaperatare •• 

• 
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EXPERI:MEH'1'AL RESULTS FROM CURRENT-PREE STELLARATOR PLASMAS 

Cha:l.~ s V. T. Tolok 

Non oba:1o method of plas .. heat:1ng auoh a. RF heat:l.ug, 

noutral :injeot:l.on, las.r pellet :injeot:l.on can be used to 

oreate a hot pla.ma :in -.gnet:l.o trap.. Tbese methods oan be 

used both :in TokeBBka and Stellarators. For Toke.aka, these 

methods are oons:l.dered auz:l.l:l.ary, 1Ih:11e tor Stellarators 

they .. y be the ma:in ones. Tbe :l.aportanoe ot these aethods 

can be oons:l.derably :1Dorea.ed :1£ steady .tate operat:l.on ot 

Stellarators, :I..e. the aa:l.n adYantage ot Stellarator. 11:1.11 

be aoh:l.ovod. For Stellarator. RF aethods ot heat:1Dg have 

been :l.nveat:l.gated moat 1I:l.dely. Etteot:l.veness ot RF heat:1ng 

1Ia. deaonstrated :iD apeo:l.al heat:1ng ezper:l.aent. A plas .. 

1I:l.th an :l.on temperature T:I. = O.S - , keY, eleotron tempera­

ture Te = SO - 2S0 eV and a dena:l.ty ot n = 10
12 

- 10
1'0.-' 

ha. been obta:l.ned 1I:l.th Zon oyolotron (ZC) aDd Paat (F) 

_vea (Sneg, o.ega, B-64 and others). Tbe hoaogeneoue 

heat:i.D4: :iD a toro:l.dal denoe ot a two apeo:l.es plas ... oon­

a:l.at:1ng ot hydrogen and deutar:l.ua (B + D), baa been aooomp­

l:1ahed 1I:l.th Zon-Zon bybr:l.d reaonanoe (ZZBR). Teaperatures 
14 -, 

ot up to 250 eV 1Ia. reaohed 1I:l.th dens:l.t:l.e. ot 10 om 

(o.ega). B01lever the very :l.mportant problem ot the :l.nfluenoe 

upon pla ... oonf:1Dement ot the heat:1ng method used has not 

been stud:l.ed. 
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For the Stel~arators (B-6S, Model nc·, Sirius, Saturn, 

Proto-Cleo, RO-2, Uragan ~, Uragan 2) RF heating was investi­

gated over a wide frequency band (LHR, ICR, FW, TTMP, IIMR, 

Acoustio waves). In Uragan ~ a plasma 

4 ~2 -3 n = 2 ~ .~O cm has been obtained. 

with Ti = 600 eV and 

Ohmio heating was not 

used in this experiment. The plasma was preion!zed with. 

nonresonant RF gas discharge. The main heating was performed 

by Ion cyo~otron waves. The transport phenomena investigation 

showed that scaling laws for diffusion and ion thermal con-

ductivity were similar to the neoclassical ones within a 

factor of 2. 

The LHR has been widely studied in many toroidal deYi-

oes. Recent results from nWega" and -FT_ln devices demonstra-

ted an efficienoy of ~5 + 30% for ion heating. Thus this 

heating method appears promising. 

Reoently T.T.M.P. heating has been used with sucoess 

on the TokamBk Petu~a. The ion temperature of a plasma of 

density 2.l0l30m-3 and a temperature 200 eV was increa-

sed by 30% aooording to the theoretioal predications. No 

density increase or loop voltage ohange was observed. Final-

ly no pump out was noticed which was significantly different 

tban tbe previou8 T.T.M.P. experiment on tbe Proto-C~eo and 

Wendelstein Stellarators. 

Alfven wave heating has been attempted on several Stel­

~arators (Uragan, Proto-C~eo, Heliotron and RO_2) with good 

heating and should be investigated to determine its effect s 

on oonfinement. 

For beating of eleotrons ECRH appears to be a very 
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pro.i.~ .ethod, but it wi11 require furtber teobD010gioa1 

deve10paeat of .ouroe •• 

~11 the fore.entioDDed .ethod. have a oo.-on property: 

la oontra.t to neutra1 inJeotion, RF .ouroe. OaD be p1aoed 

very far fro. a fueion reaotor and thue not be .ubJeot to 

neutron da"ge. 

for high frequenoy heat~ of p1a .... now are: 

1) Tbe effeot on p1 .... oonfiDe.ent and equi1ibria. of 

SF heating, iD01ud~ exoitation of iDstabi1itie., produo­

tion of fa.t ion., aDd/or enhanoed traueport. 

2) Improving of the effioienoy of heat~ for eaoh 

method. 

,) ConoerDing the souroe. of RF power aDd importaDt 

effort oomparab1e to that made of neutra1 inJeotor h.. to 

be made for their deve10paent. 

4) Greater UDder.taDd~ of the physios of BF heating 

.ethods. 

5) Fu11y non-axi.ymmetrio theory of heating as app1ied 

to Ste11aratora. 

6) Extenaion of theory to 1arge devioe., iDo1u~ 

reaotor •• 

One additiona1 attraotive fue1ing method for Ste11ara-

tor., 1aaer pe11et inJeotion, ha. been atudied in the TOR-1, 

Proto-C1eo aDd Y IX B Ste11aratora. P1aama par .. etera were 

1011 to 5.10120.-' at e1eotron temperature of up to 

5 eY and ion te.perature up to 100 eY • Tbe 1aaer. ueed 

were up to 100 Jou1e. in energy with maximum effioiency of 
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lO~. 

XD the oa.e oC W II B i.olated D2-pellet. bave been 

u.ed, but the temperature. bave not yet been .ea.ured. 

The .o.t developed pl..... heatiDg method uaed iD 

Toke.ek • - neutral injeotion - ha. not yet been uaed Cor 

Stellarator.. Neutral b ... experi.eat. are beiDg pl8DDed 

Cor Cleo, W VII .. d Uragau l Stellarator •• Neutral iDjeotion 

.ee •• to be .o.t u.eCul Cor bigger .tellarator devioes. 

G_nerally the oouatruotion oC large Stellarator. devi­

oe. i. extremely important both iD order to obtain lODger 

liCe ti.e and to Caoilitate p1ae .. heating. 

• 
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MAGNEnC ISUNDS, CONVECTJ:OM, MHD-ACTJ:Vl:TY. DISRUPTIOJi 

Chair.an: B. Wobig 

1.) Mametic Islands 

Magnetic isl.&Dda have been investigated in near1y al.l. 

ste1.l.arators (C-Stel.larator, Be1iotron D, C1eo, Y Vl:I a, 

1.-2). Theoretic~1 argument. sbow that i81&nda O&D arise 

because of different fie1.d perturbatioDaI fie1d errors, 

toroidal. ourrature, p1.as .. ourrents. In tbe Ste1.1arators 

C1.eo, 1.-2, Model. C .eaaurements witb an e1.eotron beam bave 

sbown tbe ezistence of is1anda, in Y VII. tbe is1&Dda 

.eem to be s .. 11. 

The ezperi.enta1 resu1ts in L-2 and C1.eo sbow tbat 

_gnetic is1anda do not affeot tbe pl.as_ behaviour appre­

ciab1.y. A1.so in V VII a tbere i. no indioation, tbat mag­

netio islanda, ~reated by fie1d perturbation bave an effect 

on the p1.asma oonfinement. A question ba. been rai.ed, 

wbetber tbe magnetic i.1anda are enbanoed or reduoed by tbe 

sel.£oonsistent plasma ourrents. 

2) Conveotive 10s.es 

Conveotive 1.os.e. in a plas .. OaD arise from different 

reaSODaI an inatabi1.ity l.eada to a stationary or rotating 
• • r 

convective state, 1.00a1 inbomogeneities l.ike beat souroes 

and mass souroes can give rise to oonveotion. On ergodio 
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surtaoes iDhomogeneities are smeared out e.sily but on 

ratioDal surtaoe this ooours oDly aloDg the oloaed tield liDe. 

Tberetore oonveotive oella espeoially ariae on ratioDal .. g-

netio surtaoes. 

The ex per ime ItS iD JZPP-Z-stellarator ahow that rota­

tiDg oonveotive oella eDhance the pl .... loss iD the 1 = 2 

case at L ~ 1/2, 1/3, 1/4 •••• Probe measurements show the 

m = 2 structure in the oase ot L = 1/2. By introduciDg 

shear (1 = 3-wiDdiDg> the losses could be reduoed and the 

confiDement time improved. This ettect ot shear was also 

tound in the Saturn stellarator. The oonvective losaea tound 

iD V vn a L (a> = 0.5 are statioDary, here .. iDly are par-

ticle losaes oocur. 

Aaymetriea iD the plasma protilea were not tound, but 

in the emission ot oxygen light as~etries were tound whioh 
• 

aeem to be oorrelated to the L = 0.5 - surtaoe. The origin 

ot the conveotion ia notknoWD,but the iDoreaae ot theae 

loaaes witb deoreasiDg belioal field shows, that tbe belioal 

field determiDea tbe size ot tbeae oonveotive cells. A 

turbter investigation of the meohanism ot tbeae losses is 

necessary ainoe it migbt be correlated to tbe meohaDism ot 

disruptive instability, whiob oooura at low values ot tbe 

rotational traDSform. 

MHD - Modes and Sawtooth OsoilatioD! 

Measurements iD V VII a show a ratber low 1evel ot 

MHD-modes at ~o = 0.23, domiDatiDg mode ia the m = 3, 

n = 2 - mode. It is surpriaiDg that also in tbe oase 
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L (a) < 0.5 the 11= 2 1I0de does not dollinate • 

.lt lover .lues oC Lot Lo ::. 0.11) the allplitude oC 

the • = 2 .ode oan reach value. vhich are a Cactor oC 

10 higher than at Lo = 0.23. 

~. de.oDStrate. the stabilizing eCCect ot the stel­

. larator field on MBD-iDstability. ~ open question in this 

CODtezt is the iDtlueDce of the HBD-.ode. on pla.ma coD£i-

Savtooth o.oillations vith large amplitude are seeD 

only iD the V VIX a -stellarator (Weller, Ran). Tbe reason 

i. that q = 1 is reached iD the plas_ centre. ID 1.-2 aDd 

Cleo thi. eCCect does Dot ocour, siDce q = 1 i. Cirst 

reaohed at the edge oC the plas... Yeller shoved that at 

low Yalue. oC ezterDal transSor. aode-coupling betveen 11 = 1 

aDd a",= 2 aode. ooour • .la iDcre.se oC density leads to 

predi.ruptioDS aDd sott curreut disruptions. A scaling tor 

the aaEiaua energy deuaity iD .everal deYioes (Tokamaks and 

Stellarators) vas proposed by Girard. AccordiDg tc ergo­

di_tion oC Cield liDes iD the central part ot the plaa .. a 

the maziaua energy density scales vith ~ "',r--' B 2 • 
R Y '1 (Q. ) f 

V VIX a and aost ot the tokaaaka seea to tit iDto this 

• caliDg. • 

Current li.itatioD at q = 1 has been reported tro. 

Cleo, 1.-2 and BeliotroD D (Lees, Shpigel, HotoJilla). ID 

Cleo and L-2 the.e ettects occur it q is nearly 1 all 

over the plasll&, the current decays tast but not in tor.. 

ot a disruptive iDstability. 
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XD Be1iotroD D a1so additioua1 gas puffing oou1d 1ead 

to that effeot. 

At q{a) = 2 DO ourrent disruption was reported fro. 

tbe ste11arators C1eo, L-2 or Be1iotron D. q = 2 oD1y 

ooours in tbe ourrent rise pbase iD tbese .. obines. XD 

v VIZ a .ajor ourrent disruptioDa were on1y found at 10w 

externa1 tr8D8forll ( L 0 ~ O. OSS). Tbe pbeDo.eua are siu1ar 

to tbose observed iD TokaaakB, but it is be1ieved that tbe 

posi tion of tbe p1__ 001 __ d tbe equillbri_ p1ays a 

r01e iD tbe origin of tbe disruption. 

Cono1usioDs: 

1. Magnetio is1aDds induoed by outside perturbatioD oou1d 

ezperi.enta11y not be ideDtified. Tbey see. Dot to be 

a serious threat to p1 __ ooDfin_eDt. :If' tbey ooour 

in tbe boundary regioD, tbe effeotive p1as .. radius oou1d 

be reduoed by tbe is1aDds. 

2. CODveotive .0tioD OaD reduoe tbe ooDfin .. ent of tbe 

plAs_ appreoiab1y. Metbods to avoid tbis .0tioD are 

sbear, bo.ogeDeity ot bouDdary oonditione, aDd irratioDa1 

.agnetio surfaoes 010s. to tbe boundary. 

,. Savtootb osoi11atioDa, wbiob introduoe aDo. a10us p1 __ 

tranaport OaD be avoided in syste.s with inoreasing 

, (r) over tbe radius. Tbese syste.s .are 81so tavourab-

1. witb respeot to HBD-aotivi~y, siDoe stationary dis­

obarge witb O.S ~ l.{r) <: 1 do DOt emibit tbe • = 2 

aDd • = 1 - HBD_ odes. 
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For eyete .. wlth '(a) < 0.5 (v VD: a) the etabl11s1ag 

etteot ot the he110a1 tle1u Deede to be ~p1a1Ded. 

4. Tbe 41.ruptlye 1Detabl11ty, whiola iD Took·;"'k. 1. oorre1a­

ted to HBD-aotlY1ty around the q = 2 - eartaoe, can be 

ayolded by he11oa1 tle1de wblob are 1arse eDougb (V VD: a, 

L ~ 0.11) or by prey_tillS tlae q = 2 .artaoe at a11 
o 

(01eo, L-2, Be110troD D). Tbe oarreDt lDblbltloD at 

q = 2 ae toaad iD 01eo, OaD be oyero~e, but lt eee .. to 

be lmpoaalb1e to aarp ... tbe q = 1 11.t.t wltbout redu­

oiDs tbe p1aa .. ooDfiDe.eDt. ID Be110troD D, wbere tbe 

ter.luatloD ot tbe ourreDt oooare .1.11ar to tbe c11arup-

tlYe 1Detabi1ity, tbe .eobaDia. aee .. to be diftereDt 

fro. thoee iD 01eo aDd L-2. Beoauae ot the Yarlety ot 

eYeDte toaad, tbe ate11arator eee.. to be a sood .eaDS 

t •• uppre •• or iDYe.tisate the c11aruptiYe 1Detabi1ity. 

• 
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TBEORETXCAL COHCLUS:IOllS 

CbairmlulI V. D. Sbafrano ... 

x. Ste1.1erator. witbogt OH 0urrent 

A _iD a4DDtl5! of OH ourrentle.s plas_ i. tbat it .bou1.d 

not .urfer fro. _yor di.ruption. 

Di.udDpt,u' 

Aocording to pre.eat tbeori •• of p1. .. ma stabilitYr 

a .... rac. m.saetic well i. neoe •• ary to .tabilise re.i.ti .... 

iDterobaDse mode.. Tokaaak .y.te .. are f .... or.b1.e from tbi. 

poiDt of ... iew. Stellarator. witb oiroul.ar .agaetio ase. 

aaual1.y ba .... ratber low we1.1., or none at .1.1.. EEistiag 0.1-

cul.tioaa .bow a (J liDit of - 1.~ iD .t.llar.tors witb • 

w.11. - (Tb. pre •• noe of tb. we11 iDplie ••• _11 n_b.r of 

periods _d __ 11 .. peot ratio.) 

Tb.r. are not at pre.eat ca10uJ.a'l;io_ 1Ul&10SOua to 

tbo •• ci .... n r.o.ntly for Tokamaka tbat wou1.d sbow tbe po.­
.ibillq. of stab1.. coDf'iDe_lIt ill .te1.l.aratorf .t (J ........ 1.0~. 

De .... 1opaeat of oorr •• pon4iDc 1I_.rica1 ood.. wou1.d be aaeful.. 

Tb.re i. a .... ry 010.. aaalocy iD MBD de.oriptioll b.t­

w .... t.11arator. i and Tok •• ·k •• Tbi •• llow. eztrapolatioll 

frOll T~ka •• k. to ste11arator. of oalou1atio_ oOllo.rDiDc 

balloolliag .od.. . Tbaa ba1100JUq mode. of tbe ._e type 

wi11 ooour iD st.1larator •• 
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It was sbown by aDa1ytio ca10ulation [1 J tbat a 

oritioa1;3 , oftbe order 6'1> - 12~, exist. above whiob 

bifuroation phenolllena apparently ooours, _d III = 1 axi-

symmetrio iDatabi1ity sets in. 

II. Ste1larators witb OH ogrrent 

Theoretical considerations sbow that OH current does 

not destroy tbe general struoture of tbe magnetio configu­

ration. Small soa1e island formation, tbat lIIay be respon­

sible for enh_oed transport, must be investigated for a 

( J)t (S~1f12 
sU£ficient1y large ourreDt, .Be » Be J 

A DUlllerioal study of tbe stability ~riterioD for kink 

and tearing lIIodes, based OD tbe PrinoetoD lIIode1, sbows tbe 

possibility of stable operatioD a t L ~ 1 , when LJ is less 

ID order to deterllline tbe possibility of 

bybrid Tokalllak/ste1larator syste .. , extent ion of tbis work 

to t > 1 witb "J and Lst&tt 00lllparab1e, would be useful. 

It would also be usefu,l to exteDd tbis oa10ulatioD to tbe 

oase of large be1ioa1 destortioD, wbere tbe PrincetoD lIIode1 

is t1Dapp1icab1e. 

5 .. 11 be1ica1 fields seem to be useful as _ inf1ueDoe 

OD resoDant effeots _d disruptions in Tokalllaks. 

III. New approaohes 

ReoeDt1y interest bas been exoited into looking for 

Dew possibilities of ourreDtless plasllla oonfinement. Ca1-

culatioDs of' magnetio sy.telll'. based OD multipole stellara-

tors witb a Doncirou1ar OODtOur Cor tbe belica1 winding 
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cOils bave beea perfor.ed. They showed the 'possibility of 

creat1ag syste.s of nested toroidal -.gnetio surfaces sur­

rounding a region of island stracture. These syste.. are of 

' the doablet type ( 2 J , or have -.ay altes [:JJ. The r_ll 

atility of sDOh syste .. are not yet clear, bat they caD 

,b.aye large shear and deep _petio wells. 

Syate .. with nonpJanar axes continue to deserve 

attention bacauae 

a) they can have a rather deep well, 

b) the stracture may be s.ooth, so that they need not be as 

li.ited by trapped particle effects. 

A fature meeting to disouas the features of thes. 

devices will be uaefal. 
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STELL.ARATOR TOIUJUK COKP..uusO)l' 

Chair.anl S.M. aa.berger 

Tbe disouasion vas essentially li8ited to obmioally 

heated stellarators, and therefore the main topios relate 

to the effeot of tbe ohmio ourrent on the confine.ent, the 

resistive ano.aly, ooutrol of rUDavays etc. 

Tbe ourreut in a stellarator oaD bave several differeDt 

etfeots on tbe oonfiDe.eut iaoludiDg e.g. 

(1) Gross etteots (a) shitt ot -equilibrium position 

(b) cbBDge ot shape ot mapetio 

surtaoes. 

(a) obaDge ot radial variatioD of I.. 

sbear, sign of traDSfor. gradieDt 

(b) _odify struoture ot .agnetio sur­

taoes, e.g. by oauaiDg is1aDd for­

.atioD. 

(l) Drive (or possibly amplity) iDstabilities, suob as 

drift vav.s, vhiob OaD lead to turbulent ditfuaioD. 

(~) Stray field effeots, oaused by imperfeotioDS iD tbe 

ohmio heatiDg transformer arraDgement, vbiob OaD 

adversely iDflu0noe tbe .. gnetio surfaoes aDd/or sbift 

tbe equilibriua position. 

, 
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m the presenta tion and disoussion whioh tollowed it 

was olear that (1), and to a large extent (4), oould pro-

perly be taken into aocount and were not regarded as serious 

problems, when making comparisoDe, the main etteot ot the 

ourreDt tor our purpose being due to (2). There was no dis­

oussioD ot (3). 

An attempt was made to tiDd a proper basis tor oom-

paris on. Several soaling laws were suggested tor the 

equivalent Tokamaks iDoluding the Bugill-Shettield empiri­

~al torms derived tor Tokamake. WOBIG showed that OD this 

basis all the stellarators disoussed (CLEO, L-2, WeDdelsteiD 

VII a) had eDergy oontiDemeDt times which exoeeded by a 

taotor 3 - 10 those expeoted tor Tokamaks ot the same size, 

tie1d, aDd deDsity. Bowever, iD the oase ot W VII a the 

best oontiDemeDt times at very low (0.055) and normal (0.23) 

values ot vacuum tranetorm were the same, although they 

ooourred at dittereDt ohmio current. m the oase ot CLEO 

(LEES), where direot oomparisoD (at reduoed toroidal tield) 

had beeD possible, the oontinemeDt time was approximately 

twioe iD the stellarator oontiguratioD than as a pure 

Tokamak (due to the wider protile iD the tormer O&se) at 

the same, rather large, ourrent (17 kA at 12 kG), while 

the taotor iDoreased signitioantly at lower ourrents. 

SBPIGEL suggested a simple soaling law: 

where the poloidal tield Bp' iDoluded the average vaouum 

tield tor the stellarator oase. Another illustrated by 
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LEES vbiob sbowed .te1Larator oonfiDement times ratber Lar-

ger tbaD tbe equiva1ent Toka •• ke, suggested 

Tbe prob1em of runaway. vas di.oussed, siDoe it is 

01ear tbat ste1Larator fie1da offer good prospeots for 

tbeir oonfiDement. Bowever, it va. reported tbat tbey oou1d 

be oomp1ete1y avoided eitber by suffioient pre-ionization 

( ~ 10110m-' in 1-2, and W VIX a) or by using tbe faot 

tbat ste11arator breakdown oan ooour vitb quite 10v 100p 

vo1tage. and a110wing tbe ourrent to bui1d up more s1ow1y 

(CLEO). Tbi. oontr_ts witb Tolta_ke vbere .ome iDitia1 

runaway i. needed to produoe tbe first 010sed surfaoes 

during tbe start-up pb_e. 

One prob1em wbiob appears to be outstanding i. tbe 

UDezp1ained anoma10us resistanoe reported iD CLEO and L-2. 

Tbese vere typica11y 1arger tban 018aaioa1 by a faotor 

RA. "- 2 - 4, but in CLEO oou1d be a. bigb as 10 at 10w 

ourrents and bigb Te, wbi1e sott X-ray ellission apeotra iD 

botb CLEO and L-2 sbowed on1y a __ 11 anoma1y and 

ID genera1 atel1arators and Tokemaka ezbibited muob 

tbe same overall behaviour iD respeot ot surtaoe pbenomena, 

auob as reoyoling and impurity iDput, altbougb tbere bave 
5 

been no reports ao tar ot metal~domiaated b01low protilea, 

as seen e.g. in PLT or DXTE. 
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A .ore meaningful cO.pariSOD of tranaport properties 

caD cnly be .. de wbeD precise .easaremeDts of te.pe!atare, 

deneity and impurity profilee are available iD etellaratore • 

• 



- 25 -

STELL.AlU.TOR ENGDl'EERDTG 

Cbair.aDl B. Streib1 

Tbe ae.aiOD wa. c1irided iDtq three part. 

- Ste1larator-ToraatroD, baaio properties 

- Poaaibi1ity of aodular oonstruotioD 

- Soae reaotor aapeota 

1. Ste11trator-Toraatrop. baaio propertiea 

1.1. !!1!!!!2_!!!!~_2~2i!~!!!!_i~~~_!!!2~~!1 

Tbe ToraatroD ahowea a1ight1y better propertiea with 

reapeot to ahear aDd _petio we11. 

Tbe ate1larator oa the other band ahou1d exhibit a_1ler 

_saetio airrora. 

It ia poasib1e to r_oh M verese foroe oompensatioD 

with the ToraatroD. 

Tbia ia Dot poaaib1e for tbe ate1larator. 

Witb reapect to 100al toroea, whioh giTe riae to benc1iq 

aoaeata, tor botb oonfigurations rougbly tbe eame bebariour 

ia e.zpeoted _der ooaparable oODc1i tions. Beac1iq moaente 

are tbe _iD problem. 

A real foroe free wiDc1iD8 oan Dot eziet aa proTed by 

Prot. Sobluter. It ie oDly poaaib1e to look tor a taTourable 
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foroe distr~but~on aa proofed by Prof. Pfiracb. 

Efforts abould be .. de tberefore to find bendiDgfree 

d~atr~but~one, ~.e. to baLance tbe .~ternal foroes only by 

tene~le atreasea (~.plel dropebape of toro~4al field oo~le) . 

Stress oaloulat~one for a cyl~ndr~oal tube were used to 

f~nd a soaling law for tbe mecbabioal streases. For conetant 

rotat~onal transform, and oonetant Dagn,tio f~eld tbe atres­

ses ~ tbe tubereaa~ conetant, ~f one couaerves tbe geo­

metr~o relat~oD8. So tbere are no addit~ODal ~f~oult~es to 

~peot for tbe reactor. 

Changing tbe magnetio f~eld, tbe stressea vary qua4ra­

tioally, wb~ob oalls for lowest posaible "gDet~o f~eld fro. 

tb~s point of new. 

2. Possibil&ty of Modglar C0D!truot~on 

For tbe Torsatron as well as for tbe Stellarator two 

modular syst.ms bave been discussed. Tbe systems proposed 

for the Torsatron are less ~nvest~gated tbaD tbose for the 

Stel.larator. 

- Torsatron 

• 

Dr. L~dsky proposed to disoonneot tbe w~ndings at tbe 

.odule edges by normal conducting JOints. A large number of 

JOints will. be needed ( '" 40 000). Obmic losses bowever 

seem to be tol.erable. Tbe tmpact of mecbaDical stresses on 

tbe joints is not yet investigated. 
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Dr. Motoj~ma proposed to sp1~t up the 'TorsatroD winding 

into modu1ar 00~1 systems (F~g. 1). ID order to avoid the 

return ourrents the windings are f'ed f'rom the s .. a11 _jor 

radius side. 

- Ste11arator 

The Modu1ar He11% system of' Fig. 2 was presented. It ~s 

speoia11y designed f'orYariab1e rotationa1 transf'orm. Henoe 

two dif'f'erent ooi1 systems are Deeded: the modu1ar magnets 

to oreate the he1ioa1 f'ie1d, aDd tbe toroida1 f'ie1d ooi1s. 

This system is thus ~nterestiDg oD1y f'or the e~per~meDts of' 

the De~t step, not f'or a reaotor. It prov~des f'or a re1iab1e 

support sutruoture and f'or good aooess. 

For a ste11arator reaotor, tbe twisted ooi1 system 

vb~ob oreates both he1ioa1 &Dd toro~da1 f'ie1d w~th one 

system of' modu1ar ooi1s is f'avourab1e. The priDoip1e of' tho­

se ooi1s ~s sbown in Fig. ). L~ke the TorsatroD, this ste1-

1arator oODoept oan use the f'u11 toroida1 f'ie1d ooi1 our­

rent f'or produoing the be1~oa1 f'~e1d oomponents. 

Further invest~gations are Deed to deoide whether a 

modu1ar Torsatron or Ste11arator is the better reaotor 

oonoept. 

• 

). Some Reaotor Aspeots 

Pbys~oa1 f'eatures are oa1y mentioned here as f'ar as 

they oonoern the teobDica1 conoept of' the reactor i .. edia­

te1y. 

Prof'. SupruneDko pointed out that ion 10sses wi11 be 

dominant in a reactor p1asma. ID order to avo~d trapped 
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ion losses a stellarator reactor sbould work in tbe plateau 

regime. For a 1; 3 ultimate Torsatron, a plasma aspeot 

ratio of about 20 has tben to be aocepted. 

Pfirscb-Sobluter currents in a stellarator reaotor 

may play aD important role. Tbey bave to be investigated 

in more detail. Rougb estimates indioate that tbe PCirscb­

-Sobluter ourrents of a stellarator reaotor migbt well 

reaob 10 MA. In tbis oase a vertioal field of tbe order of 

the poloidal field is needed for the stellarator to 90ntrol 

those ourrents. 

Critioal beta values of about 2 - 3% were reaohed in 

Beliotron D. Xt is hoped that 10% might be reaohed in the 

reactor. 

Prof. Pfirsoh pointed out iB an earlier ses.ion, that 

the helioal ourrent in one winding paokage of a stellarator 

is larger than the plasma current in a Tokamak, tor equal 

rotational transform. 

Be also mentioned the ripple problem in the stellara­

tor. Special oare has to be taken with respeot to the 

superbaDana losses of high energy ions and o(-partioles. 

Tbis problem is also assooiated with the main magnetio 

field r~pple of Tokamaka. 

Maintenanoe and blanket removal requirements call for 

a simple modular reaotor system. Tbere is hope to reaoh 

this target both with the stellarator and the Torsatron. 

Both should try to operate without ohmio heating in order 

to simplify the design. 
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CODoeptual reaotor design studies allowing also for 

teohnioal aspeots should highligbt tbe advantages and die-

advaDtages of Stellarator and TorsatroD-reaotors iD the 

Dear future. 

MODULAR 1=2 TORSATRON 
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Fig. 1 
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FUTURE EXPERIMENTS 

Chairman: K. Miyamoto 

C1eo, W VII a, L-2 and Uragan 2 are re1ative1y 1arge 

ste11arators whioh are operating now. JIPPT-II vi11 start 

ste11arator experiment at the end of 1977. Wege may be con-

verted to ste11arator in 1978. 

Uragan Jp 1 = J Torsatron with divertor, vi11 comp1e-

te the construction in 1979. He1iotron E vi11 appear in 

1979-1980. List of the parameters of devices are shovn in 

Tab1e I. 

TABLE I. 

FACILITY R 1 Ap 1 Av I Ah B I " HEATING METHODS m 
cm kG 

CLEO 90 10 13 20 3 7 0,5 OH NB LASER ECH 
1000J 

PROTO CLEO 40 7 3 3 7 0,5 OH ALFVEN LH ECH 

W Vlla 200 13,5 17 35 2 5 0,3 OH NBI. 
lMW 

WEGA 72 16 19 23,5 14 2 5 0,25 OH LH 
(25) 400kW 

L2 100 11,5 17,5 20 2 14 0,7 OH LASER ICH 
300J 

URAGAN 2 110 6,5 10 12.7 20 3 18 1 OH ICH 
1,5MW 

URAGAN 3(T) 100 15 30 30 3 9 0,7 OH ICH NB 
1979 

JIPPT -11. 91 17 20 31 30 2 4 0,3 OH NB LH ECH 
200kW 160kW 150kW 

HELlOTRON E (T) 220 21 20 2 19 2,5 OH ICH ALFVEN NB 
1980 .41 LH 

(A , A and Ah are p1asma radius, inner radius of vacuum 
p v 

vesse1 and the radius of he1.ica1 coi1 respective1y) 
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Now we will cover all kinds of stel1arator and torsatron 

devices. Studies of MHO behaviour of obmically heated plasma 

will be continued intensively in most of stel1arators. 

There are many plans of neutral beam injections and RF 

heating. 

Neutral beam injections are being prepared in W VII a, 

Cleo and JIPPT-I1. They will be applied in near future. 

Ion cyclotron heating, which are being studied inten­

sively in Uragan 2, will be succeeded by Uragan ). Ion cyc­

lotron heating is also planned in L-2 stellarator. 

Lower hybrid resonant heating experiment, which is being 

carried out in Wega tokamak, will be applied to stel1arator 

configuration of Wega. Lower hybrid resonant heating expe­

riment are prepared also by JIPPT-1I, Proto-Cleo and 

Heliotron E. 

Electron cyclotron heating, whioh is other interesting 

heating method, are under the preparation in Cleo, Proto-Cleo 

and JIPPT-1I. 

Laser pellet experiment filling the plasma into stel­

larator was tested in W I1 b and are being prepared in L-2, 

Cleo. P1ans of additional heating are listed in Table II. 
• 
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TABLE 11. 

OH 1-2(L) WVlla JIPPT-Il. WEGA 

1 =2 (S) L2 HELIOTRON O,E (T) 

1=3 CLEO URAGAN 2 URAGAN 3(T) 

ALFVEN PRO TO CLEO HELIOTRON 0 

ICH URAGAN 2,3 L2 HELlOTRON 0 

LH WEGA JIPPT-II. PROTO CLEO 

HELIOTRON E 

ECH CLEO JIPPT-Il. PROTO CLEO 

NBI. W VlLa CLEO JIPPT ~Il. 

URAGAN 3 HELlOTRON E 

LASER PELLET L 2 CLEO Wllb 

Xt tbeae p1ana vill prooeed suooessively, ve oaD get 

.ore iDfor.atloD OD tbe additioDal beating .s vell a. OD 

tbe po.sibility ot .teady state operatioD ot .tellarator •. 

Max.Planck·lnstitut fiir Plasmapbysl\( 
8046 Garching be i Munchen 

I 
j 

I 

I 

I 
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Sebr geebrte Herr Professor Pfirsoh: 

At this for you 80 remarkab1e day 

we 811 remember the r01e you p1ay 

in generous and 1arge proportion 

in thermonuk1earer Forsobung. 

Vir VUnsohen you to be a11 right 

und vie1 Erfo1g in Your Arbeit 

ino1uding great suooess in fusion 

but don't enhanoe, p1ease, more diffusion. 

And ste1l.aratora when you touch 

do not be, p1ease, ageinst so muoh 

at our workshop that now ends 

Doobma1s Yie1 G1&ck and be81tbl 

Your h .i:ends 

• 
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