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PREFACE 

This volume contains 204 Contributed Papers, which have been selected by International Program­
me Committee of the X European Conference on Controlled Fusion and Plasma Physics, held in Moscow 
from May 13 to May 15,1981. A number o[ papers (B-6, B-IO, C-II, F-2a, F-8, F-13, G-2a, L-4, M-5) 
the presentation of' which was supposed to be not really adequate will be published in the second volu­
me together with the Invited papers and the urgent papers supplemented by the new results obtained 
after the deadline date. 

Since the papers in this volume have been printed by photo-offset directly from material provided 
by the authors the content of the papers remad.ns their own responsibility. 

We sincerly thank the authors for carrying ou,t the instructions [or preparing papers. We wish also 
to thank the members of the International Programme Committee and concerned scientific Institutions 
for their help and cooperaNon. 

August 1981 

Moscow 

The Organizing Committee 
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ItlGH DEtlSITY DY SCII.\I1GES WITH NEU1AAL 1I1JEC'rIC)t1 IN V!Tt Tm;;,w,r. 

P.J. LOIII.as, ;:;.B. AxOr:, J . t. 1I" .. dl ey, R . D. Gill, J. !lugill, 
P.C . Johnson , 8 . A. Powe l1 , A. J. Woo::t on. 

Jlbstr«ct 

CUlh .... Laborllto~y, 1.binqdOJl. O"on., OX14 )01) , UK 
(l::u ratora/uKAEA Fun ion 1Issochtion) 

High don" ity dhch&.rges h"ve been produced in DlT!: by gas pUffing d u r i ng 
neutra l be .... i njection. The '1 e n"r.~l tJahaviour of theslI dhchnrge!l , a power 
bal.nce f or a di"chllrge near th~ density limit and the " ca ling of B "nd 1 I.r .. 
dl"cusaed. 

Behaviour of • typic .. l dischll t2" 

Di" char<je. with mo: .. n line of sight d .. ndti" ... ne up to ]',1020 m-'l h"ve 
been produced in DITE by "trong 9"" puffin'1 durin9 i njection of S lJ.!W 0: 

~!~~~o~~~~~h i 1] ~e F~:~:~ti !~~:"'i:: ~~!~l b:~:~~~~O:! oe~~r:a~~ ~rB:~~:Ja S 
parllllet .. rs for . low-q DZ d1!lc h ll t g " ... ith Ti limiters • • nd .i9ur .. 2 the r.lec-
trOll d .. nsity . ne(r) "nd e lectron t .... per.tur .. . T.( r) proflles ", .. asur~ .. " f ou r 
ti •• s . In thi" cllse there i" no disrupuon until 1I ~"er th'" l oo..:. ir.jecdon 
pu lse . No den"ity clamp is seell . Teo .. nd Tio re ..... in nbou t eOOeV "nd 600e'l 
respectJv .. ly all t1". donsil-y i " increased. '1'h" denllity pr.olil .. l::l r oad""s a s 
5" i~ increllsed. and at th" hlglles t dMlity it is flat out to ri ll. ~ 0 . 5. 
Stron9 sawheth can be 5Cen on thll "oft X-l'IIY si'1n.18. Figu.re J ,,1>00< .. thlll 
evolu tion ol TiT ( frOlll diamagnetic l oop mlWsurClllents) "5 a functJnn of plasma 
denlJity for various injcction powers , Pinj into "lmil<1r dischar!!I!B. -ror 
0 < Pi n , < 600k1f both the 5IIxi ...... density reached. ne ( •• .,,) and PT(max) 
increu" with P inj • ~( .... x) beinq re .. chod .. oaewhll t ea:rllllt . For Pinj > 600kW. 
nei ther ne ".ax) nor !IT( .... x) incrCilse furthe r. 

power balance for hi9h density 10w-9 dhc~ 

Power b .. lances have been e~ .. luated f or hiqh d<'osit:; dischsr<;as in DlTE 
usin9 t.;h" lIe r .. e" transport IInll lY ll is code (1] togeth .. r "ith .. n 10:; t r " ,,"pa"'t 
code ( l ], II.nd the Statt neutra l transpon: code [ 41 . The profUu e f to tll.l 
",adieUon, Prlld(r), nll("')' To ("') a nd the centrlll ion t"pera"ute. 1'1(0) ere 
ausured. · Tt (rl Ind th. correspondin<] :;eutral density proHl ... ootr) a.re 
calcula t<!d IIssUllli ng neoclllssical tnn con<luct ion of thol fan. g tv,m by IlllzelUne . 
and Ilinton (5] b u:: " n" • .nced by 80111e InO'llllly factor . This is chenn ::0 'l i ve ft 
"'i profil" which don not divcr"e ilt thl! ph"",A bound llry . 

The r<ldie l ...... er balance for the d isclw.l'qll illustrated in Flqu rl!1i 1 and 
1 i •• h""" in Figure 4. '!Wo differcnt ass\llllptlon .. have been "lIde tor no-(O) 
and the nnll lYllis has hllen c .. rried through f nr 1I .. <;:h CII.!l e . Firstly, nl) has 

~:~~) 1I:,,~d 1~~~1~~~~:" S:"~I~~:~g~:x::~:;e r!::~~:" c;~ :~~~~~r~~ a::~:;!y, 
rate of in<;:re .. s c in .,.ntr .. l electron den" ity by ioni"aUon IIlone. Thia i. 
con~ist.,nt with the I!I:IpiriclI. I .ca11nq of nolO) ... ith i'ie ob"o~ved far crr.;;. 
Since the nllua .. ls II.r e .. ssumed .;:old 1n the! ion nansport calculntio:>s, t hi s 
viII Fr ovide .. n upper UDit to the c hlltge .. xchllnge los~el. The " tolld" d r "'lions 
In the pelfer ballln"," indicllte. the uncertai nty in the chor'ile exch«ngc lo~ ~es 
lint! the e !fecta of the"e losses On t he d.tl'l1 l ed fot:!l of the N,lcu.lllted Ti pro­
file lit the IIdqe . The iOll conduntiorl is then 3- 3. 5 ahove tile U~~"ltin"-:llntcn 
valu ••. 

Wi thin 1'/11 - 0.5 t. ... uc ~"'Uintia!l .. re ..".11. and the strong"st 1"", .. 
moc), ,,oi.1II i. ion conduction which tran.port!; _ ~2Ck·o'I . The paver input to the 
ionG c,;::.' es directly t r«l the bonlll - 1401:W. and tr"", t.>,c e l " cUons by 
equipa.r t ition, _ 9OkW . Electron conduetion is s l qnific,,"nt a t rh i " " .. dius , 
_ H Oklt . but s ... 11"r thl11l tJI " ion los~es. ~"diation accounts f oil' only 70kW 

The der.s ity pl'ofile is bro.:>d so that electron" and ions .. re (;l~ely 
coupled by <>qui{»lrtiti<.>n in the outcr r'c<:lions of tile pl .. 9"Ol1l . The effect of 
ch .. rqo exchan'ile i,. t.O keep Ti < T .. so thllt po ... "r cnnductlld fl'OII> the pll1s ,"1 
cenUIII i s loat by chll.r'il e "xch"n<Jo! rll.ther than e l e ctron conduction , In this 
cas. the product " .. Xe ia ..,r e nearly constant than the ca .. e wher. neuU .. ls 
&.re nC91"cted . Althouqh charge excl\an<]e losse~ hll.ve a . iqnif i';:lInt effect o n 
're-Tt, Ti d oe" not ch .. nlle very lIIuch. 50 thll t the po ... er conducted by the ion .. 
in the outer r "'1ion" ia insens i tive 00 t.. ... e ",,"sWlption about liD' Thus th .. 
doaio .. nt lose channlll • • t thll e6\1e .. ..-e ion conduction . r adi a tion IInd either 
electron conducUOJI 0", chllrge exchange. 

The powor balance a nal.{" i l t or n lowll r cu r r ent, I ~ 110kA ('1 - ).5) 

lower de"sity, n .. "'3.7xlO L disch .. rqu ... hlch is a l so ClOl1l tn the DITE 
denaHy H alt shows .. ICIaeWhllt diff.! r en t picture . As expected fn_ the 
v=i .. tio.'1 of electron .. nd ion therJllill dlffusivity ... ith densi t y. e l ectrn n 
Ins.n1 .. &.re IDOr e importllllt a nd ion 105"05 less !lI\porta n:: thlln in t he d is-
chuge just described. In addi tion th .. density prof ile 11 ",uch Ius bro .. d 
IW thAt electron- ion coupling is w"ilk . As a r.su l t chllr9" e"ch"nge los" 
frOll the edge is fed by ion conduction from the centre uther th .. n by lIqui­
pIlrtiUon. The iun .;:onduction is .. sl .. i l ll z f actor of )-4 abnve th" Kaze ltine­
flinton neoclaslical values . 

SCII Uf19 o f lE Md 8 at high dendty 

"wide "'lInlle of dhchll"-90S have bcen . .,,,,,,,,ined with ~ .. 0.9 to 2 . 7T, 
<>hIIic c urrent, J .. 40 00 26OkA , Pinj - 0 to lWo!, and lie .. 2,,10 19m- l to 
9. 5xl OI ,"- 3 ulli • .q titani ... Halters at r - 26= and carbon a .. itllrB Whi c h 
can be u"ed to .. et thll llino..- ..-adius b lltween 11 a~ 22.SCII. I n III.Os t of th."e 
dhchar ges the d"nsity is r lUllped throu9hout the injllction pulse 0'" until the 
plA!1I111l disrupts. lit hig her q vaiues. q l ),dell!'!t.y ,,1"'"1'1119 usually occur" 
wherll. with conatlln t 9"s feed., the density stop!! rising upon injection. A 

two to three fold incr ...... in 9". feed "'II~ is u . .... lly requ.i",ed ta restore 
th .. dens ity r anp . B value", 11. measursd by the dillllllgnllUc loop. exhlbit 11 
brolld ,...,.i.:mm aa 11 function of dcnsity " imil llr to the IIxample in Fiqure J . 
Althouqh in ohmically hellted dhchar9 •• the cn.rgy confine .... nt H ili,! i s ... e ll 
represented by YE .. 10 · ZIl na Z• i ll injection dcain .. ted di.char'ie" at hiqh 
density YE c .. n be 11 lactor ~ 1 less . _ 

We hav .. Utted the dlam"9n .. U c estimates of 8.r to a power 1 ..... in th .. 
nther dischll.r'ilo p arame t e "' B over the ranges given above. to 'live 

4xlO-~ (kA) 1 .5 ;;eI1019 .. -3)0' L2p~(MWjO'27R(.)0·2 

~nl - .. '" 
B
T

(T)2 .2 11.( .. ) 1 ." 

Ulqh B d .. ta fn_ I SX, TU and JPT2 ( 6,7,S ] hllv. b.en included in this fit . but 
thh does not a ffec t the result appr",ciably except for the i n uoduetion of the 
Olea)< "'ependtlnc. on R. This fit is illustrated in Fi9ure S . Note that the TLL 
and low power I Sx datll a9ree very ... e ll with this 'CII.Hn9 II.nd eVen the hi'1hes t 
a data frc:a ISX I nd JFT2 is not si'.ln1f.iClI.ntly f urther f r Olll the fit t.hlln the 
be .. t CITE d.abl . The d.pvn<l"ncll o n n

1 
and Pror indlclI.te a tendency to satu.r­

IItion i n ~ lit high de ns ities and in ection powe r s . 
W. can express the fi t of lI<[untion (1) as 

x L.S nO. 11. R1 · Z - - ,---
B~' 2 p.7 

'.' 

i, 

A-la 
wh.re the in.;:r " .. se in l~ .. ith current end the reduction with incr.ased 
injecUcn po'o'or .. re t he m05t. notll.l> lc effects. lIltJ'»Uqh the po'.oIe r balance 
nf Figure ~ 5hOl<,. that ic" conduction 18 i mportant. thll dependenCies on ii 
and power 1 .. equlltion (1) are wl!~er t.." .. n would ~ expected aS1:\I.I01n9 an ign 
=nd'.LCtion lOJl .. nf the fOD! ~ nT . The .; tronll d"pendl!ncies on I, Sr. and a 
S\l9gellt thnt"'l> .. re observing. soft 11~i t on ~p which .. clllc,. as ~ 1/11. 

Conc l udons 

loo and el..., tron conduction. r adiation and ctU'l'qe I>xchangl! a r e all s J9n­
l~icllnt 10HS lIIech .. n ill ... for dilchnrgllll. i n DITE nt. hi"h density. The q"ner a 1 
behOlvio ur of these dinch .. rges II nd the sCllling of diuchltrge p nrilmeter" i, cOn­
" is tent with TU, ISX. JfT2. This sca11n9 is IftOr~ cClllpLicateo:! thlln ,,~ 2 
I<cll11ng because elecuon conductJon pla)'ll 11 .JlIOr role in thc no wer balanc. 
a t thes .. d ' lns l.ties, IInd II I though the under lyin; physic:; .. ppear~ straJ ght­
f ONllrd it hn. not pro"ed possible to explain the II cl11l1q: on simpl e trltnS­
port IIrgumentll. 
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Fig 4. Ion and .1ect.ron radill l JlO'Ie r 
balance for di • .;:ha. -qe iUlllltrat'!d i n 
Figs 1 IInd 2. Tb .. c urve" " hov the 
p<>VerA i n the v .. rious chllnnuls illt. ­
grated out to ",inol' r lld t u. r. The 
l abels refer, Po to ohmic power, Pl! ... 
the b ...... inpu t 00 elecuo" . , Prlld th" 
rlldintion loss. P.;:c tr.. "Iect r c." cOn­
ductio n a nd convection la •• • Pei thll 
""Iuipartition frOlll e leeuo.., .. 00 l <>nl, 
Pbi the be"'" 1n!>ut to ion .. , Pc~ tho 
ion conduction e nd convect.ien ~OSI IIr.d 
Pcx tho c ha rg e . xchang. los~ . InputJI 
lire 8hOlln pos!.tive IInd lo".el< neg.o.t:.ve. 
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DIPVRITY R,\.DUTION [~ DITE DURING NEUTRAL INJECTION 

\I' H M Clark, IQ Cqrciey, .\1 Co x . S J Fielding. R D G111, 
R ). 1I1.I1 5e · , P C Johnson , J if ~[ Pnul, N J Peacock , B A Powell, 

~ F Stamp· and D F H Start 
Culh am Laboratory, Abinidon, Oxon, 0;';14 30B, UK 

( Eul'3tom/(K'\'E~ Fusion Asso(:i:nion) 
·Princclon Plasma Physics Laborat ory, ·Un iversity of Oxford 

The lar~e in~rease tn radiation dur i ng neutral 

injection in OITE 1~ iden tified [lS beln~ ~rlmarl1y due [ 0 tha 

charge exchange recombination of the impurit ies by the fast 

neu : rals. The scnii ng ot the radi~tlon increase with inject ­

ion power and de nsity has been determ1ned and the signific­

ance o f its toroidal asymmetry is discussed. 

IHRODCCTIO~ A large and rapid increase in impurity line 

emiss ion and total radiation is obs~rved in the OITE expe ri­
ment auring neutral. injecti on. In a previous paper[1]. 

char;e e~change recombination o f the i mpurities by the i n­

jected fast neutrals has bee n sugge~ ted as the primary cause 

of the o!nhanced radi:ltion . E~periments to obtain the scaling 

of thi~ process with injection power and density have re cent ly 

been comph.·ted o n DITE , and compare d with theory. A brief 

account of this study is 6iven below. 

THEORETICAL ~ODEL The'ave rage ion'model developed by 

Post et al(2] is used to describe the atomi C physics. The 

main theoreti cal difficulty is that the proftle ot the in­

jected neutr:l1s is three dimensional {r, e, .~); previous 

trea::nents have usually neglect ed the e and ., cependence 

ar~.in2" that the transit time of an impurity around the 

torus I s short cOmpared to the atomiC physics timescales. 

This approximation is not satiS fied in OITE , since the imp­

urities are actually coll isio?al and their diffusion time 

around the torus can , in some conditions, be longer than their 

ionisatio n time. In this C:lse the full transport equati on 

for till'! impurity density nq of the qth cha rge s tate 

has to be used. In the above sq 1s the i(\l\isnt10n ra te and 

R
q is the recombina!ion rate, whiCh include'" radiative and 
dielactroni~ recombination as well as charge e~ ch ange re­

combination on both injected fas t and thermal neutrals. 

The com~oncnt of the diffUSi on coelf i c ient along the 

field lines in eq( l ) is ~~sumed to be classical, ~~ s v~ /vq, 
with J

q the I.!olli!iio n frequency ol' th e impurity Ion in ch arge 

3tatp. q. If the ionisation time is longer than the diffUSion 

ti.me, 7
10

1"1 > ·}q R2/v~ i,2 ( i rotational tra~sform), the impurit~· 
density nq is syrrmelric i n ~ and 9, knd a field line averaged 

form of eq( l ) is app ropr iate. 80th the line a~'erage and non­

a~'eraged rate equat ions were solved numericall y and the non_ 

averaged solution used in comparisons with experiment when 

toroidal a~y:nmetry W:LS important. 

EXPERDIENTAL RESULTS Radial profiles of carbon, oxygen 

alld ti t anium line emi.ssion during neutral !nject~on, obtained 
'.0 

I 
osl-

"ZI 

CARBON 

from photographic grazing in ­

cidence measurements are 

shown in Fig.1 for a luw den_ 
sity case (ne. lo19m-J). 

TIlt, ..... protlles, Wh1Ch are 

-::. peaked on ~~is due to cx 
r-----t-----"~o-----r.~.--C--!i'Orecombination, have been 

OXYGEH 

--- __ !l 

>11 

compared with SOlutions of 

tbe averaged-rate equation. 

Taking the impurity prof ile 

proportional to the density 

profile {n z .. nl is found 

),----T----..... ::::::O~";:="-----4-20 to g1 ve a good fi t. 

o 

.... :a . 1 

nTAHIUIo4 

" 

The time history of 

the line intensity durinc 

neutral inject ion , measured 

by grazing and normal in­

cidence pbotoelec tric ' spec_ 
trometers, Is Shown in 

20 r ill:. 2 a long ... 1 th the tbeo_ 
Io4;nor Radius (cm) retical curves. Tbe 

:A.,-.:i.i..:: .. i l~,. .. ~,, :.,..:;;::oI 
CVI • 

~.f''';''': ;!'"""..:ii " " .f. ri"O" :!.n:flc ; io" . CV. OVII I, OVII ILn d 

Ti XIII 1 ines 
increase by an order 

of magnitude during 

injection with rise 

and fall times of 

the order "of 2 ms, 109 ~i· 
J \\J \~, 

ln c:ontrast to the ! '---""' 1 
T1 XVIII ha. oh!oh ~. A= n' -,m - ',' 
',!<ldly fall, do. i ---------
to the recombination 

of Ti 17
'" by the beam ~ 

neutrals The theo- ~ • 

cetical curves (dotted 

in Fig.2.) sbow a 

Similar time bebaviouz: 

and absolute inc re ase. 

The scali ng ot the 

ratio of line intensit y 

during injection to L-oF~~~~~~.--
tbat before injectioo o!O 40 110 .0 100 

with injection power 

is shown in Fig.J tor 

two different denSities. 

For both densi ties the 

Fig. 

" 
tllah OIP nsity 

" , , .. 
'1 , . 

,. 
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Lil1B intensity VflrS~8 time during 
l1B~traL in,jectum, dott .. d CUZ'Vfl is the 
theory (/ifdd lirw averaged). 
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Fig. J na~w of lit" i"~n8 :::!I' during injsct wn to value oillore i n,jilceion 

• V"rOt;8 POi.NlI'. 

scaling 1s linear With power. The lower density case has a 

larger slope due to the inc reased importance ot cbarge 

e~chan~e recombination relative to ionisation. 

The torOidal asymmetry of the radiation is shown in Fig 4 

Where the Ilne emiSSion and total radiation in tbe vicinit; , 

of an injector is Compared with that trom a region on tbe 
opposite side of the torus. Typically tbere is a factor of 
2-3 difference i n tbe i n tensity of the radiation between tbe 

two meaSurements. The theo retical SO lution ot the non­
averaged rate equation bas a Similar asymmetry. 

Tho asymmetry of tbe radiation makes precise power bal_ 
ance calculations very difUcult. Present indications are 
that at low denSities, the enba nced radiation ex 5) d~ to chlll1:ti 

excbange recombination ot the impurities does play a sill:n1f_ 

icant rule in the power balance, and is responsible for the 
poor electron heating at low densities in DITE. 

.1 
; 
! , 

'~"''''~ 

11 .... ) •• 
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F .. Hladio. G. BaJodotti. R. BartirallO. G. BuclIti". p. Buraet/. 

F. Crisanti". A. De Angelia." F. DlIl4arco, M. De Pretia, H. Gauparot~, 
• • R. Gianndla, H. Gl'OlU, G . .It:zeldaZllno > G. H:u:>:itdU, L. Pieroni, 

. . 
G.B. Righstti, F. Santi" i , 5.~. 5sg,.., A. Tanga. O. 'l'IIdieco • V. Zanza 

Associazione EURATOM-CIlEN sulla Fusi one, Centro di Frascati , C.P. 65. 

00044 Frascati, Rome, Italy 

I NTROOUCTi~ 

Energy confinement studies have been performed on FT in the .par&m-
- 14-3 eter range 60 I:.G <: 8T <: 80 kG, Ip <: S50 kA, ne <: 4.5x 10 c •. At low 

densities the confinement time increases roughly linearly with density. 

However at densities greater than ii" 2.5 x 1014 cm- 3 the rate of in­
crease seellls slower. The maxi_ ·peal:. density obhined is n _7.5}: I014 

cm-3 \oIith an energy confinement time tE " 55 ms and a correspondi ng val ­

ue of the la\olson parameter fiT of 4 x 1013 01- 3 sec. 

The main characteristics of the machine and of its operation are 
described in Ref. 1. For the discharges considered in this work FT op­

erlled in deuteriUIII with a s.s. limiter having a radius a - 20 ern. 

DISCHARGE EVOLUTI ON 

The evolution of a high density discharge is shotm in Fig. 1. 

The density Is increased by puffing gas \oIith a piezoel ectric fast 

valve. In most discharges the main gas pulse was during the last phue 

of the current bui ld-up. Typica 1 Vi lues of fl uxes were 20 "'" 30 torr-l i­
t ers sec- l lasting 100 milliseconds. If the amount of gas is increased 

substantially. a major disruption occurs. Non thermal effects are pre-. 

sent during the current rise. A strong enhancement of the 0[1 radiation 

oc.c.urs abruptly at high densities. Thecorrelation of the start of this en­

hancement with the discharge parameters is unc.lear and it c.an not be 

roo,--=-----------~ 
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20[)ms/DlV 200m~/DlV 

6.,014,-------------------71 

n./will cl D,,/A.UJ 
4 4 

MAIN GAS PULSE 

20[)ms/DIV 2[)Oms/ DIV 

fig. 1 - a) Plasma current; b) loop voltage: c) linear average densit) 

d) 00 emission at B port different from the puffing gu 

easily controlled. Sawtoot~ oscillations are well developed for roost of 
the duration of high density disc.harges. Their period varies frO/D 3 . S 
ms for n'" 2x1014 cm- 3 up to 9 ms for;'"" 1x10' 4 cm-3 . 

ENERGY CCtlF1Nflo£NT 

The elec.tron density and temperllture profiles \oIere meuured with 

ThOll50n SCllttering. Peak ion temperatures. as detemined by neutron 

yeld , turned out to be about .g le. Energy confinelllent times were cal­

c. ulated by assuming the same temperature profiles for electrons and 

ions. 
Figure 2 shows 1"E vs n. the straight line is the Alca tor law 

T[(mS). 4xl[)-16 ii a2(cm- l).Thescatter in the dllta is large. but some 

trends are visible. For densities lower than 2.5 x 1014 cm-3 the points 

ue above the Alc.lltor line wh ile for higher densities their are below 
the line and the inc.rease \oIith density. if present, seems slower. 

Figure 3 shows the effect of high d,uslties on the ~empei-ature pro­

files. Te .is the cross section average electron te!llperature. 
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Fig. 2 - Energy confinell1ent time vs linear average density 
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Fig. 3 - Cross section average electron temperature vs average density 

Figure 4 shows the electron density profiles for one of the high­
est densities disc.harges. 
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Fig. 4 - Electron density and tellPerature profiles for 11 high density 
d1$c.harge 

The influence of ion transport on energy c.onfine.aent at' high den­

sities hIS been considered. At half radius the neoclassicil ion heat 

flux of the discharge shown in Fig. 4, calculated with t he theory of 

Hazeltine and Hinton 12] gives I 1055 of about ISO kll c.oll1pared with In 
ohmic input pO\oler at the same radius of about 750 kW. 
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IlFVESTIGATIO)/ OF Pl'-1 TOKAJW{ PLASMA. BY MEANS 

OP :PELLET IN ECTIOH 

A.F . Zhilin3ky·, a . V.Xuteev·, U.~ . Larionov , A. D.Lebedev, 
• • • S.S.!Ailmeikin , V.A. Nikitorov , V.A.Rozhansky 

~ . F.lo ffe Physico- Tecllnic2l1 Inst itute, Leningrad , USSR 
~l . I . Kal1n1n Polytschnica l Institute, Leningrad, USSR 

In Raf . / l / a method of plasma diagnostics , based 
upon the investigetion of t he impuri ty, a blated from the 

pellet' e s urface was proposed. It i s possible by this me­
t hod to dstermins tha vslocity of poloidal rctation / 2/ 
and the i mpuri t y confinsment time /)/. The ablation rats 
cliln give info:rmation on Bome of the plaemlJ. pare.meters/4/ 
Th o magni t ude and the direction of poloidal rotation may 
influencs traneport processes both for ths main plasma 
COmponent /5/ and for the impuritlee /6/. Meanwhile, the 

data concsrning poloidal rotation. are dissimilsr for dif­
feren t tokamaka . I n TM-2, T- J /7/ and T_10/4/ plasma had 
a positive chargs, but in ST /6/ and LT- ) /9/ a negative 
one. The direction of the radial electrical t ield in /2/ 

WQS not determined. We preeent below the data on the di­
rection and the redial profil e of the poloidal rotation 
velocity vo(r) and on the impurity confinement time in 

J"l'-1 tokamak. 
When t.he poloidal rotation having been investigated , 

the 0 . 7 mm cerbon pellete wers injected in plasma upwards 
alone t he central vert ical chord or along the chord shif­
ted outwerd on 7.5 cm (for sign determination). The spa­
tial distribution of ablating impurities was detected in 
1Uf:ferent s pectral linea (CIlI, CV) by the rapid scanning 
optical syetem. The discharge was synchron1aed with ths 
moment when t he pellet rea chsd t hs upper point of the tr~ 
jectory. Ths data concern the 5+10 ms from the beginning 
of the discharae . The undisturbed plasma parameters a t 
15- th IOS are follows: Te(O) • 200+)00 aV, Ti (0).70+100eV, 

ne (0)-10 13 cm- ) , .B .6+12 kG , I .. 20+60 kA. L1miter ra­
dius a . 15 cm . 

The meaaurements were made at t = 6-th ms, when the 
ablat i ns impurity did not diaturb the di scharge essential­
ly. In the case of injection along the shifted chord the 
radia l profiles of CIII line were measured . Typical profi­
lea of CIII for direct end reversed directions of toroidal 
fie l d Bre shown i n Fi6 . 1 . The profiles are asymme trical 
and th e as)~ctry reverse s with the r eversion of ~. This 
l'act indlc oteB on the drift character of the slowly deca,... 
ing wing of the prcfile . The line intensity decreases ex­
ponentially with the distance from the pellet to the point 
of observation ~ , see Pig . 2 . It means, that the spreading 
of C2+ ions alone thc magneti c field is insignificant. The 
abasnc e ot opresding along the msgnetic field can be con­
noct'cd wi th t he low levsl of ion temperatUre at the ini­
tial stage of tokema~ di acharge. In this case the ion- im­
purity coll i sional frequency ia higb enough. The poloidal 
rotation velocity was obtained f r om expression: 

I).-Nr(l"p(- v~'tu> .. ) (1) 

where ~l- ablation rate , 
CIII. The values of "0 fo r 

'C ion - ionization time for 
r • 6 cm are shown i n Fig . ) . 

When t he injection wae made 610ng the central cbord, 
we used the S8me method f or vo measurement s ae in Ref./ 2/. 
The .. alue vo was ca lculatsd from the expression: 

(2) 
'10 = e.,ZA 

1: ....... ~ 
wh ere ro - radiu8 ot the magnetic surface , on which the 
pellet was ablat ing . A, - Intanolty of tho main maximum ot 
spectral line emission, A2 - intensity of the "satellite-, 
appear ing OD the opposite aide of the magnetic surface due 
t o polol del rotation . The expression (2) differs from the 
expression (2) In Ref./2/, "here the aignlf1cant spreading 

Veloci ties of the impurity 10ne along the ma~etle fleld 
"ere euppoeed. 'lherefore the '10 values in /2 eeSIlI8 to be 

Overstated. The vo(r) profile, obtained by thie mothod, le 
sho ehoWl"l in Pig . ) . 

The direction of pololdel rotat ion eould be measured 
only by injection along the shifted cbord . The s1gn of po­
loidel rotation corresponds to the direction of the radial 
electrical fiel d from the periphery to the centre. This 

aign did not change during t he stage of intensivs ablation, 
when the plasma parameters were strongly disturbed.4t t his 
stage the CIII line intensity decreaae was al so exponen­
tial with the same charactsristic fensth as at the iniUal 
stage (tt 5+6 ms). 

Impurity transport was s tudied by means 0: injection 
of the very small pellets (0 .1 mm) . Such pell eta did not 
influence the macroacopic parameters, but yielded the 
perturbation of the electron density and the impurity ra­
diation. Prom the relaxation of this perturbat i on one can 
obtain the 1.mpurl ty con:r1nement t ime t' l • Par the large 
sct of impurities from Li to • (see/) / for details) it .. s 
shown, that the impuritiea did not accumulate in plasma of 
relat ively small electron density ne .... 1013 cm-J • Impurity 
confinement time was independent of the kind of impurity 
and could be approximated "by expression: 

·2 Ra' f,z (em 3
KG

2
) 

"'t~t-::: 0,5 ·fO 7;:'12 eV3/2 J (3) 

shown in Pig.4 . 

DISCUSSION. The direction of the radial elsctrical 
field i n PT-l tokamak was measured at ths initial etage of 
the discharge , wben tbe ion temperature was l ow and the 
iona were i n Ffirach-Schluter r egime . In t his regime ths 
ion therma l conductivity must exceed the electron on. , and 
tb e el ectrical f iald confines iono, as the moet rapid com­
ponent. The sign of the electrical field in PT-l io ths 
same as in LT-) /9/, where ions were in hydrodynamical re­

gime. At the intensive ablation atsge the colli8ional fre­
quency increased due to the input of impurities and plasma 
cooling, so tbe Ffirech-Schlut er regime maintained and tha 
sign of tbe electrical field did not chan,e. The magnitude 
of the electrical field, as pointed in /2 , is cloae t o 
E :::(Ve,,)dM/d't It does not contradict the conceptions 

of el ectrical fi eld in the Pf1rsch- Schluter regime / 10'1. 
The impurity tranaport WBS studied et tbe stationary 

stage of t he discharge. In thi a case electrone w.rs more 

rapid than ione : 1: Be -- 1 me , 'l:Ei '" 5. 6 MS . Tbe impu­
rity confinement time observed here ia in good agreement 
wi th the expreasion (3 ) , obtained from the neocl aa­
s ical theory /6/ in aseumption that the plasma had a posi ­

ti ve cbarge. 
It i s p06sible thet t he discrepancy in the directiona 

of pololdal rotation in di~ferent tokamaks can be connec­
tsd wi th the different relatione between tranaport coeffi­
cients of electrone and ions . 
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PELLE.'l' DlACYJSTICS EXPf!RDlENTS IN '1'-10 TOKAY.J.K 

S ••• E€orov-, .l.P. Zhil iD.$IQ" , V. J. . lI:rupinf B. V .Kutelllt 1t", V. J..lfikiforov, 

Y .J.. Rozh8.llBkJ' , L.ll. '1'eeDdin 

Iralinin Polytechn ico.l Institute,Loningrad.USSR 

'1::lU"Cbatov.- Instit\1te o~ Atomic ElUlrgy.Hcllltcow ,USSR 

In virtue of" the ehort duration of" pellet hoating and eblatiGn. 

in l a rge tGkllltnlaks. it ls necena:ry to· use faet pellota for diagnoe_ 

tic plU"poeea /l/.This method hae some widitional advantagos with 

reapect to t.he net.hod GC immcv.ble pellet./.'l./elleta C&ll he inj,octed 

,t tho o.rbitra:ry atage GC the diacharge.SG i\ ill. PGoaible to. creato 

lllmGat ilUltant.anaO'l1I1it illpurity SGurco in any pGint Gf tGkarnak. ,!ho 

PQJIaihllit.y ar.iaOI for dotaile d i nveotigatiGIl! Gf t.ralUlport phono:mena 

in plaBflla . lt. io "'oaential , t.l1at GIlII can got th'" information about 

diatriblltion. Gf' a:r;amiD8d characteristica d~,,« one impulae . 

EXperimontal schamo is shown in li'ig'.l.Pellot rad.iua and valocity 

were l00-3oot'" and 100 .n/s ,r8lpecti'lJloln tirot (1) CRee po11eto 

wore injlcted alo,,« thl vertical chGrd 20 ClII ahifted tG, tho innor 

lide of thl torua . In aecood (U) Ollll the tX'Rj"ec1oor;y tOnlld 3001lJl81e 

vith tho Iquator plana .Obaervlltion on.th_ pIllet ablation and impu_ 

rity cloud Vaa ce.rrisd on witb. tho optioal eystem. It provided cpatial 

diBtriblltiGn o~' impurity line intensity with tho r elGlutiGn -1 c. a Dd 

periodicity- 3OOf's. Investigatione were ful f illed. in t.he dillchar~o 

witb the fo11owi,,« paramet.ere,msl1lat.ic Cid"- B - 15-11kC, d i schargs cur_ 
, 1) 

rent 1.200 kA..,saCst,Y, factor qoo2 , lIIesn. electron. denaity (n
e
) -( I.;.3)lO 

clll- 3 , electron. '1'e and ion '1'i t.elllpel'atlU"f!o 1 keY and 0.5 keV , rcopoctiv .. -

ly ,liait.er rsdiua a-29 0.111 . 

The iDllntigation of faot hi£h_ melt.i,,« ~llot.s int.eraction with 

plasma il of intereot both for furt.her devalopment of dilL4;noatics and 

tGr oluc idation ot heat traneport. JIIechan hll Go. t.he h,ydrogen pellet 

un .... for rctu.eUnc!3/ .Dependenoas ot thll ablation rate Hr froll roadiua 

in two variants of injection are chown in. Fii.'3 . In t.he e"porilllent 

lines of CIl (lll,TH) were obaerve d . Line int.ensity W(LS nllp!>DBed to. 

be'proport.ional t.o if . J.bsol11te calibration Gf i, and ev ... luation of pel­

let. siz .... ·~an·iod Ollt. r b~ t.he total elect.ron densf ty increnae aflcr In­

ject ion.It was ollppoaad , th.at the final ionizatio n ot(Lt.o of C \laB tot.al. 

Intenaive carbon obl at.ion otarhd near r-26 cm . lt vaB in {;Ood atrreement 

wit.h th. lIodel ';f" pellet. heat.ill{: up to tb.1 te .. pe:!'ature~2500oK uDder 

the b.eat flux r -9/4 Sn ,?>/2a..-.1/ 2 ( s -surface aroa).'1'hh exprnsiGn .. . 
w,,"o del'ived with tho a.ccount of nogat.ivoly chal'Ged poll. t surface . 

In the caso I ;'% varied with radius proportionally t.o _n'1'3/ 2 (~eo 
Ji' i/,:.2) . In tho caae U line intenll t.y sharpl,y increased at. r-20 CII . 

,\.t Inaer radii Hr did not Chl.,14I'e I11Itil tha t.ot.al extinction oC t ho 

pallet . The pattern of Al "nd Ti ablation "ae Bimila r . Tho ex:preGaion 

for t.he ablation r ato with t.he account of donsa ;>lasma cloud for­

",at.ion al:".ound the pellet st"too 

,i .. 1018 Sn '1'3/2/£ (1) 
:r e 0 0 

.to"'50 eV_heing the ioniZation snorgy to ion c+l .PoBsibly,the dincrs_ 

paney at. x--20 cm is caused by the obser-nld groU:l of faat. electrona 

on tha outer aide Gf the torus,which may le<>.d both to tho shift of 

nT3/ 2 maximWII out.side and to the additional heat flux on the pellet. 

From the obtainod it dat.a it follGlfs,that for the naxt_ste p tokamak 

pe llet diagnoat.ica volocities abGut .... l kt./a v ill be surficiont. 

The i njection of __ 11 pelleta did not lead to the 103s of stabi_ 

lit.y and dio~harge dioruption . For t.ho invoaUgated low_q regi",e t.he 

critical IIhes aro o.bout . 30Cfm fur C
l
;nd ~Oorn for 41 and Ti.Ma.xi_ 

ilium deneity l ""reo.oe for C at <n~ _10 em- mGlUlted u;> t.o lOO':',but. 

Cor Al and Ti vas lellll than io~.Atter injection t.hore. ... ere obllervad 

relativoly fast changes in ne.bolometric and soft. X_ray( SXJt , S>2 keV) 

dgnalll nnd lIubsoquent. 1114;"11. 1 rolaxation to ths undht.urbed levol 

(Fi{; . 4) . Doca,y t.imo of those signah .. ay 'Do intorpret.ed IIn t.he illlpuri­

ty liCIl_tiJl:e 1: .In t.he casu of carbon inject.ion t.he ..... i n cont.ribu­

tion to n ga;e nucloi C+6 . By the n 310lal r a l:u.ation it "as pOli_ 
O • 

sible to det.ettdna 1:'1:' It increaood vith elect.ron den~ity (~lIe Fi.:::5) . 

'["1 valuOB Gbt.ained (rom rslazat.ion of na , SXR a nd bo 1omet.ric <lienals 

are C10O8 t.o each other. The aitu&tior. is diffel'O"t in c aB .. of U !!nd 

Ti injoction . Dcnsity io~reaBe h amall in thin c ase and bolo",etric 

"iena l ro.pidly (\Jit!l the ionization timo to llo-lil,e 10na) rolaxe" to 

the IUIdlBturbc<!. level.p"llet i njection ,"oat afr"ct.od t.ho ;iXR_ lIi--nnl. 

If tho SIR- aignal la proportlonal to the e"nt.lI!.l AI denaity , the Al 

tran:>pot't time fro'" r-20 c ..... here the pellotB " cre ;;:.blo.tc<!.,to the 

c"ntre 1Illa about.~50 ma (Cor (ne) _3.1013 <.:m- 3) . 'i'he relaxetion of 3XJ1: 

oignal i8 c:auaed by tho ta ;>urity Glltflol{ .. H >lnd '1'i iGns remain in 

plasma a little longor than C. Tho "t"r values for C in 110 factor of 1.5> 

e"eed tha Ar+16 tran~port t:'",a /4/ . T1.e qua 3tion of li: de!)eruienoo<l 

Crom the impurity ,pee ies reqlliras more det.ailed inveat.igations . 

For theoretical a.nal:;9ia of plasma and iaplU"lt.y tranopGrt. it 11 

nece .. a ry to 1nrow the cagnitude and the direotion or pol oidal rota.­

t.iGn velocit.y VG /5/_Theae oharacteristioa vere dehrmined by th .. 

lIIethGd described 1n /2/ . '1'he dlpendences ot" CII line intellllity I a t. 

carbGn injection aleng t.he nlrti.cal chord aro shGvn in Fig.6.The 

profila ma:z:iJDum shift cGrreaponds to pallet. IIIDvelllant. . 'l'b.a profUe 

a")'IIImet:ry ie c aue &d by the pla.ma rotation. It reveru. with. the -.r­
netic tield ravaraal.On tbe profile will4l' t.he striation! in 1.' di_ 

reotion wer" Gburv&d.'1'he uilQllar onel ar. observed in the activa 

<.:0.l1.li10. a"periment.. /6/.The valuoe of Vo Wars dete:nllinad acoordi,,« 

A-311 

to I-IGa"p( _,,/ (V 0 'G.on . »' where'tion. - ionizat.lon tiae.'l'b.a .tr1a1.1Gn 

must be formed a t. the diet&l'loe AI-Vo"Cio n . rro", the illJ)llrit,)' louroe 

/6/ . vo valuoa calculat.ed froB 1(%) deca,y and from tha first Itriation. 

yu .. ition aro aho ...... inPiS.1.'l'hrloidal :rotation di,...,ot,ioll oorraapond.. 

t.o tha positive charge of tbe plaoma c:ellt.rs.!h valua ooneiderably 

exsed" tho electron diama,ltnetio drift. valocity. uno-tTe/oB~~. 
Accord ing t.o/5/ the nso.clallioal conveo1.1ve impurity flux must dtl _ 

pond Gn t.be radial electric field .",aglli tude and ba dirocted Gutvard, 

if ph,sllla is charsod poaitivel:r.'l'r&lllport veloci1.1 ... ee v~ues ( Vr) oal­

eulated according to /5/ with measured VG vere aho~t"'103 clI/a.Thin 

veloclt.y corl'eaponds t.o 'tl:-a/(ir) 'l:30 ma.Hovever, deJfendece of (Vr ) 

Croll Vo in the Vo rall8e fro .. Vo- une to t.he experinental valuel 

turned to be voak . SG acaling /2/ cGrreapGnding t.o V.r\1
ne 

givou 

·l-(m D)~O . 5' 10-2 lta2n2q- l(0)'1':3/2 (cm3kC2aV-3/2)~20 mo.In Iou donu1-

ty regiloe theae values are in quite good agreement. vith mealJ1U'.d ones . 
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UIGII BETA STUDIES "'UH BEAI'H!EATED, NONCIIl.CIlt.l\R PLASMAS IN I SX-II-

E. A. l.azarus. S .... B"tell, J. D. Bell, C. E. 8"9h. B. A. C"frena, 
J. L. ilunlap, G. R. Dyer, P. H. Eel_nda. J. H. "" ..... is. H. C. Howe, 
D. Hutchinson, R. C. IBle~, H. E. "etterar, L. L. !.an , J, r. Lyon, 
C. 11. ~Ia, J. T. Mlhslczo. 1'1. HUH,ka.d, I •• E. Hurr~y, C. H. NeU8on, 
O. R. Overbey. V. K. rar4i , M. J. SnH ..... uio, S. D. Scote. K. A. Ste" .. n. 
I). 11. S""\n. C. E. Tholl~~. R. M. Wieland, J. R. IUlgeD , W. R. Wing. and 

.l:lt~oducti<:'..'! 

11 . W"otton 
Oak Ridge National IAburatory 

Oak Kld!;e, 'Tennessee 37830, U.5.A. 

In thJ~ paper '''' de&cdb" 110_ pr-elt.loafY re,"lu of high b<!ta 
studies On ISX-R for .. Udly D-shaped dtschargu. ISX- B is " lOOd",t 
.. 11" [ok .. ""k (Rn ~9) ell, ,iI -21 ell) equipped .. leh CW'O tanll"nttally 
allgned neutral bon .. Injectors giving 3 total pow,, ~ up ~o ) mI. The 
pololdnl cuil ")·se,, .. (Ftg . . 1) allows choke of phsltl<l boundary HhapeB 
from circular [0 elonKHed (~ <1.8). with 0, elliptical. OT inverse 0 
cro:Js liection~. The nuncircular work di~cuned h"re 16 for ~ ~1.5. 

I" bri., r. the .... jor rc" .. lr" of high bar. .xpori .... " n in ~ rlj~­
charges (~ <1.2) are 11" rollov~ : l (a) with injecUon poven tip to 2.5 !'lW, 
we have a~hieved 8 (-<S'vo l) "'2.5%, 80 (-I<i2» "').5% . Bp "'2.5. IInd q6 
(-do/d,, ) "'3; (b) g incr-a"e" IOOre slowly "'Ith beall power above "'1.5 KW 
and it ia the quantity 8p ·It; that saturat"", rather than B per .e . 
"nd (c) the saturation r"I!o'J lt s frOto a degradation of cn"rgy conflneJlent. 
prlm(ldly du" to decreasing .,J"ctron energy confinement ti.,e liS bea. power 
l"crN"''' '' ' A po~sible me<'hnnl"m f<>r the ,dacreasing confineJllent Is en­
hanced nlectro~ h"at conductio" due [0 mldng o;of IIID.gnetic islllnds lit hIgh 
lip e'lu1l1bria,- " IIk!ch3nls .. cons j~ tent with the oblle r ved ~mD "etivHy. 
I/o", .. ver, be" .. -sp"cHi c effec ts (e.g., phs ... rotation) '""y he involved. 

'lonc lrcul3r Ui s<:harse Ch~ract"ri"ti"s 

Typic.:>.1 disch3rge <:IuIuct.,t\sti". for a s"qu .. n"e at &r -0.91 Tare 
s hown in Fig. 2. The pla,,_ current is pro~ra_d co rhe 510 .. 1, . lead-

~~~,,~7u: ~e~~!~~n~h~!s d~~~~a:::d t~o 'l71l~~1 ~~a~:e 1::\ O!p:~:t:!~~hll~~:. In. 
j~ctors are turned nn :It 80 nnd 120 ms. " slowly rising beam current i~ 
u!led to ( .. prov" pl.asmH po~lllon ,,-ontrol. The ti .... b"hnviorll of Sand B 
d"rh·et1 f r oll the IIWIg"etlc l!K!a~urement& ar ll . hown i n Fig. 2d. P 

Anllly.l. of Noncin,ulir olschaT!~"~ 

TbOl data analyais procedure has rece lltl y b .... n el'panded to detf'r.ine 
the internal _gnerlc conftguraUon conshtent wUh HKD equilibritlll theory 
uling 11 lIOI!ent 3nalyslll ""'thod .) The shift, elong.tion, and tr1engularlty 
(FiK. :;) of the "'("rna! nUl' cnntourlj "re derived fro .. (a) the uperl­
_"ta l pres$lIre profile, based on the IItdplan .. 'Cho.,,,on sellttering profiles 
"nd Ion ~e .. peratur~ ",e88ure .. ent ~ supple .. "ntcd by neocla~g1cal Ion power 
boIanee and bea,. §In .. in~-down "'luat ton"; (b) the pla.~"", curre"t profile • 
.....to i ed to he con~t~tcnt with the r~dlua of the q-l surface obHervl!d with 
the .O fl x-ray arr., y ; and (c) the fOnll of the OuterlllOst II03gn"clc surf ' ce , 
deterllined froll th" coli curr .. nts and thc array of .... gneUc probes shown 
11' Fig. 1. As a further 8c!lf-consi3ten"-1 check . predicUons a re .ad. of 
"''I,eri ... ''tall), deter.tn"d 'lllantlti,,§ not used as input to the a"811s1s. 
s uch u Te .:Ind ne pToflle. iD cm above Che .idplane (HI •. la, lb) and 
..... Htc,.,oc.! Hnc integral deMiU"s obtained by vH t i,,-aUy orhnted 
tnr-infrared (FiR) lnterfero.,etty (Ht. )c). The "xa"'ple shown in 
FIg . ) ehow~ little difference 1n the Tho,"~on 9cllttering profile ~ on 
and abov~ cl>"- midplane. IIn hldication of the substant ial internal 
~Ion~onon observed in the lOwer 'I dischargea. A further check on 
thll "cif-enn"htency la Illustrated i" Flg. & where the value of 11 
coapuU_d frOll the ""'Knlltlc a naly. h is cOmpal'Old wah the value obtained 
frOIl ch" .. neq:y a"alydH. Agr"e .... ut is exc ... llent. 

.E<l!.erh""ntal Result5 and UI~"ussion 

hJRh ~:t~:t:~C w~~~a:~:~g:~e~";~::~:n h~~:':~:~a!~z:!r~~~a~ ~~:~::~~n ~h" 
ThIN re5uli.~ In opc~ati"n a t ~" rr ent levels c\o&e to the .. "chine li .. it 
(f o r low ~ ) and 10,", eorold,,-l field (for high H and 1001'1) . H""ever, no 
5tgniflcanf penalty i. in,,-urred by 10'" RT operation . Thi ~ can be .een 
iu ·Fig. 6. which ~ ho .. a that 8p remains conetant 8" !!.r is r edu~"" to 0.75 
Tat coqatant ph .... ~ currl!nt. bea .. J'O"'e r . and Une dens ity. ...lthough 
the lot"l energy content re"",ins a constant. significant "-hange. III pro­
file. are o(curring , a~ eVidenced by "n ah.ollt lineDr decre"ae in T (O) 
fr.,.. l.lS keY to 0.65 keY as IT decru,,"~ from 1.4 T to 0.75 T. e 

The result~ for elensnted pla~ .. a ~ hllve beon si .. ila r to those for 
r.1.rcnbr plas"",~. For eXIII.ple, " d .. ll"r depend"nce of S ... "lves and con­
fi nement tirn" on bepm 1',1\",. ha" been observod. Figure 7 shows ~hat the 
e lectron .. nergy confln""""'l tlme (cv .. lu:Hed 8t a/1) normalhcd to;; d .. -
cre8"tIIS "'l.~h rb a~ It dtd in clr"ular plll"lft8a , data for wh1ch are r~pre­
s~ntOld by the curve ahoWT!. The,," "i.ilarit1es Sre pcrhaps not s urprising 
be.c:lI"se the internal elunil"lion ( .. "'1.) co.psred wtrh .. "'1.1 in c ircular 
disch.Hges; see Fig. 5) h,,-s not Incr"ased ~reatly. 

Th" """,er bahn<' e in thes., pla"..a~ 16 s i!lilar to th~t in c ircular 
l'l D~ .. as. Thc r e \" " l'IrKe unld~ntified electron '",,,rgy 10s6 In the ph~ .... 
cota. Two p(,o~~!"h _"hanh .. ~ for ~hh 10 ... r. b"inn inve .. tJt~ t_rl ' 

:~~!:'~!V:u~~D a:n:~:,,~~a~:~:~~!~: IC;h:
f M~~g~:C~~V~~;B7:s b:~:g b:~:~~~:c~~~~ 

~ ue'" 12-u"il array of soft. x-ray detector~ vhwln~ the plaSlla frn. th .. 
si de, ClS "'"li as Iln array of Ml,nov ""ih. Th" signals conUrll that the 
HHII InstabilIty is ot"""inantly ... 1. n,e m/n-2Il response of the fUrllov 
colla is no t a Hseparnl ,," !lod Ol localhed near q-2. Experl .... ntal wavefor.,s 

~~:t:~7~!:; ~~r~~;:~e:e;~;:~:::!d b~r:o S!:~~:~~ee·~~~' c:~:~~~:~!:I~~PI ~~:.. to 
th,, ~e c .. le"latlons the DOre ''''Rtable tnroidal elgenmode i s the n-l . which 
h~5 11-1 n~ th" do.in~nt cOl1)pon~nt and an 01-2 co"pone"t that pe .ks nllar 
the q - t "urrace (~~ opposed tu th" q-2 surface . a ~ .. ouId b" el'pected If 
the m- 2 ,>0<1" WOOl'" d"L.i,,~ut). Th" ,Iistorced ff><\dQ nonli"early generatea 
"'~"y ov .. rl~ppint .... ~gnetl" Id.~"ds that ""'Y enh8nce heat conduction 10sH. 
The be.,m-spe"lfi,· e(fecu, .neh ,,-s pla5 .... rntuion and bea .. - driv .. n 
cur rent. nr" beill~ studied . 

In condu .. ion. we have "xpanded the hIgh 8 e.p~ri_nr tn Incl"d. 
e l ongated, lIOderate q p!.:Jsl>as aoo developed profile ~nalysls .ethods 
<'Ollllstllnt "ith both HlIo equilibrium thcory alWl det"lls nf other s upport­
Ing ,"""-Su r ,,,.enl 5 . :W;IIsureaents t? du.e h~ve not resulted in higher B 
v ;Ilue~ than t hose Ac h ieved In circular pla5ma.s; ho .. "ver . ",e au not 
I"'"pnrccl to conclude Ih". furrh~r "xperiment. c~nnot dellL<lnstrate 
h.proveoent due to dunG,.t iu". 

.~.:cli ~pon-;';;:;'d-by the Of~ice of -Fudon Energy, U.S. Dep~rt .... nt o f 
""ern . und"r "ontra c ~ \/-11.05-"ng-26 w1th ~he Union Carbide i.orponttoo. 
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EXPERIMENTAL OBSERVATIONS OF TOROICAl OISCHARGES IN RINGBOOG II 

l.Th.H. Ornstein, R.W. Polman, LP. Barbian, C.J. Birth. 
W. van den aoo., G.J. BOlllUn, J.J . Busser, R. Eppenga. W.J. Goedheer, 

C.A.J. Hugenholtz, O.G. Krvyt, H.A. van der laan, J . Lok. 
&.J.H. Heddens, J.H.H.M. Potters, W.J. Schrader, D.A. van Wezep. 

Assoclation Euratom-FOM, F0t4-Instftuut voor Phsm~fysfca , 
Rljnhulzef!, Nieuwegefn/Jutpheas, TIle Nettlerlands 

AB'STIlACT . Measurements on toroldal arcs with ne .... 2,, 1020 m- 3 and Clwal! 
ranging from 1.5 to & are presented. Plasma proflles .re found to e}I!;en 
beyond the 111111ter radfus. A persistent outward shift in the ~-emlsslon 
is observed. The power input needed to sustain the discharge 15 high. 
This lily partly be due to oxygen line radiation and.in SOIll! reglJleS, 
the losses may be enhanced because of the observed magnetically unstable 
behnlour of the plasma. 

In RINGBOOG 11 111 • a toka.ruak-l I ke device with Br up to 3.2 T, 
R.0.56 In and a . 0.08., toroldal discharges can be produced i n a IIIlde 
range of filling pressures. In this paper a description is given of the 
behaviour of discharges with various values of <!wall' produced at a f11 -
I1ng pressure of 6.8 mtorr, resulting in plasma ilensltles - 2><10 20 m- ) 
throughout the duration of the discharge. The purpose of the experiment 
is to study cold-phsma and !IoU blankets which IUY surround a hot pl asna 
core and provide shie lding frOll plaslIa-wal l Interaction as well as fuel­
ling and helfum exhaust by diffusion through' these blankets. 

In earlfer reports a description was given of the behaviour of the 
plulIIiI In regllles which were characterized by different Initial filling 
pressures I resulting In electron densities ranging from - 1019 11- 3 t o 
3"1021 ... - 12,31. The ll!easured radial profiles of ne' Te , and tile H.. ­
Ind HII-emlsslon were compared with results from numerical computatTons 
based on a I-d, three-fluid, steady-state model for cylindrically sym­
IIII!trlc cases (4). The energy loss of the discharges could not be ex­
plained by lIII!ans of the lIOdel IIIhen applied to pure hydrogen plaslllS. 
Therefore, lIIe assumed tht the llajor part of the power Inpu t is l os t 
through Hne radiation of Impurities, mainly oxygen. Th is assum~tion 
leads to an up~er estimate for the oxygen density of no)!. ... Z"IO 8 m-3 

(cf . n, ... 2,,10 D m- l ) when the pertinent radiative energy l osses are 
taken nto account [5). When a small alllOUnt of oxygen was introduced 
Into the code , broader profiles were calculated in reasonable agreement 
vi th experlmenta I observations. 

Recently. profiles have been measured by simultaneous horizontal 
and v,ertlcal scanning. In all discharges stud ied, plasma profiles, such 
as fned .. , Hn- Md OIV-mlsslon, are found to extend far beyond the 
11111iter radTus, in contrast with usual tokalllak resu lts . FUrthel'lllOre , 1t 
lnIy be observed thlt although. the discharge Is well centred, as is 
evident from the cosine-belt and from the I n,dl-profl1e (see Fi g, I), 
an outward shift Is found In the Ha(R)·eIlIiss on. This asynmetry persists 
for all positions of the dhchal'1}e, even if It Is shifted over 20 "'" 
towards the Inside. This phenomenon Is, as yet, not understood . The 
asymnetry makes our earlier comparisons of synmetrized experimental 
£!ofl.!es with the numerical, results q,uestionable. , 

Fig, 1. 

.. 
" 

," • 

". 

O_L._~~_.:-~--:-~~.-'--:. 

Ci= -, ,,,-'·'S] 
Radhl proftles of f ned t (in 1018 m- 1 ) obtained from COZ-laser 
Interferometry, T\C{in eV) obtained by ThOlJlson scattering, and 
~-l!IIIhslon (arb. units) for discharges with Pll11 • 6.8 IIt orr, 
ID. 29 . 5 kA, s,. • 2.35 T, 11111iter aperture O. m. Values are 
Uketl at t • 4 •• ms. 

To study toroldal arcs In I wider parameter space, Ig lIIas varied 
fJ1lll 7 to 3S ItA and SI froll 0.7 to 3.2 T; ~!il1 was kept c nstant at 
6.& IItorr. As shO'lln n Fig. 2 , the telllPera ures depend strongly on the 
value of ~al1 and on the dhchtlrge current. 

In Fig. the power Input per particle,"', is plotted as a function 
of T1l. A nurrtler of observations can be lIIade: 

a. For low dhcharge currents, ID · 7, IS, and 22 ItA. the values of r: 
and p. Ire limited to narrow ranges (regl.s labeled a, 1 ' , a -). 
The values of 'IIrIall for these reglNs are high: rang ing up to 
"'Ill .8. In these reglllll!s the fluctuations In the pololdal I'I\Ig. 
ne c field are IQlrl. We lIIiIy again assume that the power loss is 
l1111n ly due to oxygen line radiation 15 stated earlier 12,3J. 
The evolution In tl,lII! of characteristic 0 IV-O'i-OVI-l1nes In the 
VUV range has been studied. The tmperature on axis ad deduced from 
this evolution (- 20 eV) COlllparts well IIIlth the Thomson-scatterlng 
data, where Tic ... 16 aV for rather flit profiles . 

b. Regimes (b) and (b ',) at lp • 15 and 22 ItA, are characterized by 
higher values of p. at lOWer values of ~all ... 3 to 4 . Small !DIg­
ne tt c fluctuations with f'" 10 kHz occur , corresponding to vertical 
oscillations of the plasma column; possibly some interaction of the 
phs. with the walls and the 1111'11ter leads to increased power 
losses. 

c. At l ow values of <!wall (.i 2), plasma regimes (c,c' ,c") exist (see 
Fig. 2) with a strong y increased p •. Irregular high-amplitUde high­
frequency (- 50 kHz) magnetic oscillations on all magnetic pick-up 
belts and coils, accompanied by positive vo1t~ge spikes , Indicate 
strongly unstable behaviour. In this regilill! tile f nedl · proftles ~re 
lIIider than in the s~ndard regime a'. 

d, For Ip t Z5 I(A (regimes d ,d' ,d") with q..,all r anging from 3 to,6, 
strong vertical oscillations of the plaSIllil colullln are found (f =-
10 kHz). Occasionally, fast horizontal displacements of t ile discharve 
are observed, aCCOllpanied by negative voltage spil;es. These occur at 
rather regular intervals: - 1 ms in reglmedand -0.3 ms in regillle d ' . 
This l oss- of-equillbriulll phenomenon may cause enhanced pGWer dis si-
pation. ' 
In regillll! d the temperature profile T~c(z) has been detemined by 
ThOlllSon scattering. The profile is peaked rather than unifonn with 
T~c • 75 eV on axis (see Fig. I). Furthermore, the fned l -profile is 
found to be narrower than usua 1. 
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Fig. 2. Conduct ivity te.rature, ~ (calcu lated for unifor1l current 
density distributions e)!.tenlling throughout the discharge 
chamber, a • 0.08 m, and for Zeff • I) as a fUnction of Gwall 
with Jp as a parameter: 

-0_ 1 7 kA ·v- 22 kA -0- 30 kA 

.,- 15 kA -0- 25 kA -,- 35 kA 

Values at t · 4. 4 illS . 
(Labels a, b, c , d refer to different regimes as described 
below. ) 
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Fig, 3. PO'IIer Input per particle , p. (in eV/lls) versus ~ with the 
:!}~~:~g~a~~~~e:~ ~P ::,: ~~allleter (cf. Fig. 2), labels as 
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DISOIAlI.GF. INITI ATION WITH .t.H IN-SITU HYDROG!N !,ELL!T IN DOUBLET III 

F. I . Kare"., D. R. Bake r , 1', P. Bla .. , R. P . Chase , E. S . hlrbanh. 
C. L. Jallna, J. L. Luxon, K., T. Snider 

Abatraet: Th. ruulu of the In-litu pellet .ltperlllent" In Dollblee lIt 
~rl&ed. WIth particular at t e ntIon to the r ecent .... "re .. en[5 of 
the electron tellp.rature aod d.ndty during the .... rly ph ... of the dl,,-
charge whlo larg" vertical .longation. ar •• chleved . 

tntroductionl Eltper l"ent. "re de"crlbed In IIhteh a 2-.... dlalleter 
cyltndrtcal . p. net of BaUd hydrogen 11 injected at low veloctty (9 
.,.) to the c.ntral rellton of the <UachUlle col"",n in rhe Doubht 111 
t okall",k . l_dllte1y pr ior to Initiation of rhe pia ..... dl"charll' . The 
p.llet providl!l a . ource of high purity hydrog.n on a,,'- IIhl ch f o r ... a 
den.e, cold pI ...... when tonhed. The cold pI ..... rellulat l!l the pellet 
.bla tlon rllte, Illowing a ut. ttvely dow !Nlldup of pI ...... den .. tey. 
The i,;""'dtu SOli loutce ruult. In " pl ..... a 111th hlc:her denltty. lower 
I .. purity l e v.h . and a pera ll t e nt broadaned current denelty profile. 
The recently obtatn~d ~l .. ct.on (e:"pe r a ture data reported hera provide 
l .. porta,,' l .. for .... ln" f"r 'lndantandin; the evo lution of thll broadened 
eUrfent denl1t1 profUe . 

EaperIllf!ntal Appa ratu.: H1ah- purlty .0 1101 h)'drogen 1. utr"dad a nd cut 
Into a i - lUll oHalle t~r rod appro~boa tely 3 ... long { l l. The pelht h 
acceletatad Vertically uplla rd. o.t veloe1tI.1 up to 14 "'" Ind 1. timed 
t<> a rrive at the <lhcharse .... gnatlc axil Imoe<ll a t ely prlor to dtlcharge 
InitIation. 

The Doublet UI tok!o ..... k [2J has the following paraaeters: .. jor 
ta<lIue Il.," 1 . • ) .. . ph ... width laD < 0 .94. , pla .... heIght 210 < 2.90 
• , Ind toroIdd Held" 2.4"T. Fe edbac k control of the ullnetle flllx 
Hnk!nr, ·the 24 field ohap1ng eoIlI ,,11011. tha .hape and pOlitIon of 
lllany typea of discharge to be eontrolled Ill. For pe lle t e~rlrl .. enu. 
the power ."ppltea are progt,,_d to prnduce nn elltpUclll phus In 
the upper hdf of the ~e .. el wtth a n"",ina! extarnal vert!cal elonga­
tion of 1.·)-1. 4 fo r dIscharse8 wlth a typiul o h.lc current prnflle. 

Eapert .. ental Ra .ult" Th. ".ulU cOlll<lOn to the earlier {41 and aare 
• ecent e ltpe rI .. lnta are eu ..... rhed a. follow. . The io-. ieu pellet 
a bl<lt8o In the pre.ence of • neutral shieldinll clolld OVer a period of 

·6-9 ID!I "fter bre.kdo,,". providing a high purity ,our ce of hydrogen on 
aat . IIhICh is r ltalned ln the plu"a IIlth 8Dt effidency. The line­
averaged denl1ty 18 lncreued frOll 2 • 1013 e.- ) by I factor o f 2 tn ) 
"p to I . axl_ of 5 • lOll c .. - 3 . Electron de nBUy profUe" a r e 
obtained 101 invertinll the ...... "r ... entl frOll a CO2 laser lntlrfer Olle t e r 
I n ay . Electron den.ity proftles of dhcharlle l with pellet InitIation 
(type P) are flat, .. herau nor.a! dlscharlle8 IItth nn pellet (type NP) 
have hollow profile. for th. fiut 50101 . Both types havG Ide ntled 
levell of 8u preftll a nd po.,e r .... pply progr" .... tng. They are quies ­
cent, Iccept gll puffing belllnning at 50 q , Ind last over 800 _ . 
\11th .od .. rata lIa. pufU')g . (20 tor ro Ut r u/.ec, venel vol""'e 21 .. 3). 
ty"" P dl .charge. have 10 .... r a llc tron re.perature. IInd ' .. purity levels 
for at hut 450 ... 

Pellat Inttiat ion prodllCu cur rent profUes IIhlch are I nItially 
holloll and th.n paak ve r y 110uly. TJtue p rattles 811001 • l arlle 
tncreue 1n the ntUcal alonlllltlnn of the pIu, .. . I-IHD equtllbria {51 
wen calclllated . t .evera! tt.a. for typa P a nd type rIP dlscharSu. 
The flull ."r h ces of a type I' dhcharg~ It 3D ... a!t ~ r Jllcharll~ Inltt­
ation a re .ha.". 1n Flg. 1. Th .. inner a nd outer flu" surf lce, have ve ry 
high height-to_telth ratio" ",(0) - 2.4 and ((a) - 2.1 , Ind .afety fae­
tor. of qEO) _ 11.0 Ind q(a) - 9.S. rupectlvely . The ples .. 1 current 
i. Ip _ 45D kA. Ind the ... ejor and ontnor horlaontlll radii .re R - 1.42 
lO . a .0. )9 011. The current den51ty pr ofile 18 holloll. and thl Internal 
inductance il 'I" D.26 (a flat proftle IIlves 'I • O.~). Tha hIgh 
.10';'C:8tton 1. eonH r aed by the presence of a hrge electron den.ity I t 
the vend .. ldpla.... Type P dl .chlr ge .... lntaIn brnader curranr pro­
ftl" .. . 10ller ~aluu of In tarnal inductance (Ftg. 2) and 1. rllar h~ight­
to-width n.tlol r han type HP fo r up to 2~D-350 .a. 

The 10ller cllrunt denlI ty in hlghly~e1ong~ted type P dhchargu 1. 
accolOp.nled by 10lle r .. leetron te .. pe ratuu. The e lectron te .. perature Te 
and d~nBlty "e lIere .ea.ured 20 ID "fte r initiat Ion. by luer ThOllson 
.esti:e ring .t tllO point l . 80th polnu a r" at aa jor r adlu. R - 1.49 11. . 

one on th. venal a ldplane (H) and the "thef on the upper (U) dlagnn.­
tie port ad ~ at 11 helSht ~ • D.89.. In type P, the (e"","raturel were 
Ta(U) - 36:r. 10 eV and Te(M) - 411 :r. n eV . Indicating. hol1owl~""'P~J 
at .. re profIle, and the den.Ithl We r e ne(ll) _ (~.4 :r. 1.5) • ID cm 
a nd n~{H) " (1.2 :r. D. 4) • 1013 cm-) . In type !'IP. the upper teoperatur~ 
In~reaged and che density decreased tn Te (ll) - 54 t l~ .V and ne(U) -
(1.9 t 0 . 6) • 1013 CII-). !b .. ldph.ne dendty wall observed In . t ype HP 
due to· decrla"ad elongatlon. IIlthln thes . e rro rs. t he point .. ea.ur~­
INn t . of . Iectron denltry eonflr.. CO2 a rU1 HaaurelOentl tor t ype P, 
but l ... ply that dendty profUes ... y be so .... "hat lel8 hollo" ln type NP 
dl l charge. than Indlcau·d by Interf ....... eur Irray .. ",.. ureaent". Ve ry 
r ecent ~ tudIe. of circular type NP plan,na lIith 8n addltionol CO2 array 
channel at an Inter .. edI.e~ po.ttlo.., lupport the "arHe r finding that 
th~ae dllcha rl\e. are hollol1 duftng th~ flue 30 .. ~ . 

The t_poral evo lution of the eleetron r _peratur . prattle' for 
type P and type HP lIal ot... r ved .. ith •• c annIng Ul cheh"n Interfero­
;aeter whle.h ",ealun. 2" ce (t .. Ice the eleenon cyclntron frequency) 
r . dlat!on alonr. the dlagnoa t! c chord at ... 0.119 .. . . The .. adll"" te .. -
pe ratura of each prottle la 8ho,," In Fi g . 1 for both typu, a nd the 
H rat fe .. proftlti. fo r type P and HP are ,hown 1n Fill' . ~ and 5. The 
! ... r .. rferOllate r lIal caUbratad by the Tho ... on Icateedn, .. eullre.ent ~ a t 
high ulOp"raturel. The electron temperatur . ea1c"latIon a •• u .. e. tha t 
the ph .... 1, hlackbody for 2"ca radiation. Even at the lowe. t t e"­
pe r·ature •• the optical depth. 11 approd .. ataly one . IQ wltan a wall 
r eflecthlty of _ 0.9 la a .. umed, then the 2"'ce r a diation 1. blackbody . 
Each Ican bite 14- 16 ms, .nd the tl .. e of each .can after dllchs rse 
inlttation Is . hown. In type p. the e l ec tron te",perae~re 1. Initlally 
lower .nd incrla'e' mOf a ·lIollly than tn type tiP. The fIr. t Ican ae 2B 
... in type P ........ a holloll t .. ""ra ture prattle corre.pondlng to ehe 
hollow current profile for the "'IuIUbrl ..... t )0 III ( Fill . I). At R • 
1.49. , z _ 0.119 •• the 2 .. u t .. per.ture at 30 .. la 60 IV . whIch I. I 
re ... on.ble Incrlale fre. tha la.er te.peratll r e It 2D... At later 
tlae8. tha. p.,k .lectron t, .. parature. I n type P continue to be 10llet 
than type tiP. 

The a lo ... ",[ r a te of t""par"tun rl l .. In type P di llcharg"a 11 al"o 
obaerved by " t.at f a r-infra red [ .dhetan detector "hieh canttnuo ... l), 
DOntton 2"c1 radiaUon fr_ the enrire ph .... width. During the 
fl nt 100 .... . th" Ilanal , whteh h prOpOrtional to In averlS" of the 
electron tetl.perltun, 11 half .. large In type P as tn type liP . 

Inida lly, loft It-ray dgnd • .re very low. At Illter ti .... ( af ter 
lOO IQ) , ch .. peak e lectron tuper."" ... Is llu5lIred by • l oft x.- uy 
'peenOCleter ."Iuling over 50 .. lotlr".1I. The loft l[-uy 'pectro­
onet teo.pcracures are "),plulL), 85% ! 101 of th" 2" ,," valu .. In4 tOO­
Um that tY!If! P dhch .... g ... Ue colder thin type Ifl'. The aoft X-uy 
Inhancellent facto r ove r pure hydrogenlc .... dlltton .t ]25 m. he. 4 In 
typG P and ~ ·10 in type NP. indicatlng that type P discharges hve a 
tower l."purity le.ve L After 500 illS. both typea elth lbl.t l a r ge decrUII"a 
In .o ft X-ray diode " lllnah. arter ""lch ""wtooth oBcllla tlona 
'ppear {6]. 

Dtleu"a ion: The a laetron te. peta ... re .. e ll lure ... nta 1 0011 th.t type P 
dt.charg~9 ha~e lo""r e lectron t eoperature. and. Ilower te .. p.ntllr~ 
r l .e than type NP . whIch 11 con.htent "Hh a la r lle t area IInd therefor~ 
• lo""r current density. Th~ propc.rtle6 of thaso cqul lt brla (flat cur­
r.nt profile 0,.,01 hlllh-elons.Atlon), Are all favora bLe for s tabIlity to 
ballooninll .ode l at hillh a [71. The electron denl1ty 1. hIgh enour,h at 
u(1), tt .. n to allow Auxilia r y heating by hlllh-energy neutral atOll 
b-tla ... . 1et 10" e nollllh for waVI he!ltlne by ECIlH. 
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~: ~e-shaped plaslIlIS are obtained stab ly " ith a surface 

elongation of I:: • 1.0 - 1.8. The _u"i_ua e longation of k ~ 1.9 is 

lillli t ed by the appearanee ofaxis)'7llllletrlc ins tability. The energy 

confineatent tllle with an elongated plasq i s Improved by its geoaetri­

cal effect . 

~eri_ental Procedure: The details of an active and passive plaslla 

control in Doublet II I are described In another r e port Ill . Thc 

17 field shaping coils lIIIIong the 24 coils are used to produce dee­

shape d plns.,as 12l in the upper half of Doublet Ill . The res t of the 

lower coils are left open to decrease the power supply require.ent and 

eli_inate the production of runaway electrons. Since these coils a re 

located just ou tside the vacuum vessel and are connected i n parallel 

with each other , they are expected to work like a conducting she ll and 

stabilize 1oIH0 innability. The p l asmas discussed here have a major 

radius of R ~ 141 CIII, and a width 2 .. :! 90 CII with an elongat i on of 

1( .. 1.0 _ 1.8. Figure 1 ShOW5 t he three kinds of plasma shapes Whi ch 

are sustained to be stable during the flattop of the plaSl'a current. 

The dhgnostlcs used in this study are: !i-channel tangential CO2 
l aser in t erferometer for ne(r), scanning 50ft X-ray ene rgy spectrOllle ­

t er f or Te(r) , 5-channel bolOlleter a rr .. y for Pr {r ), charge exchange 

energy IInalyzer for T i (D). ID-Channel tangential and 19-channel 

ve,:tical PIN diode arny$ f or IoIIID activity, and 24 _agnetic fI"" l oops 

and 12 Rogowski coils for ~IHO equilibrium calculatl(ons . 

Vertical Stability of Elongated Plasma : Vertically elongated 

plasMS are sustained to be stable with an :lctive feedback control 

IIlth an elongation of K • 1.0 - 1. 8 . MHO behavior lIeasured by PIN 

diode a ITay shows no drAs tic difference in s hape. The p las.,n 
becomes v,;rtically unstable with elongations above J: • 1.8. Figure 2 

shows the growth rates of the vertical displaceJloCnt in hydrogen ph5.,a 

without act ive feedback control of the ver t ical po~i t ion. Tho 

grOwth ra t e increases rapidly around the decay index of th" external 

field n ( .. _ ~ : !r) . _ 1.5. Since ideal HIID theory in the shell-

len tokamak predicts a growth rate of ." 106 sec -I, the difference 

between the growth rates in theory and experl_ent is caused by the 

passive feedback effect f roo the field shaping coils. The lIall stabi­

Hut i on effect OSU.ated by nUlQerical calculation produces. stabl -

111in, field with a decay index of n
s

.'" 1.5. nle instability of 

the present experiment agrees well with thi s calculation. A plas ... 

wi th a larger growth rate th l.il Y • 200 sec -I fai 15 to bo stabU i %~d 
because the response tillle of the vortical position cont r ol syste .. i s 

.... 5 .,5. Figure'; showS one e:tlllllple of a podtiona ll y unstable dis­

charge which is contr Olled to increase the elongation gradua ll y during 

discharae. The vertica l po!iltion becoaes unstable after 0.6 sec and 

oscillates up and down. ~lhen tho vertical position finnlly runs out 

of control, the plaslla current begins to decrease. It is interesti.ng 

to note that the plaslla motion is no t a rigid lIovellent durina posi­

tionaloscillation. 

llllprovellent of Energy Confinellent Tille by Elongation: Figure 4(a) 

Shows the experillCntal results of gross electron conflnellenl tl .. " 

WIder three conditions. TEeG is defined as the following: 

lEe~ • Jt ne Te dV/ fOil dV 

whe r e ne' To' POH denot e electron dens ity, electron tel'lpera t ure and 

obic input, respectively. VolUllc integration is carried out inside 

r • a/2 because energy transport is domin ant ~t r ~ 11/2 and radiatIon 

loss is d.-inated at r i:. 3/2. The experimental conditions in Fig . 4 

(a) are: CDK . 1. 0, Jp ' 350 kA, (!) K . I.~, Ip ' S20 kA, (D K . 1.7, 

Ip • 650 kA of deuteriUII plas ... s a t a toroidal field of HT • 24 kG. 

Under the 3SSumpt ion of neT e • niT i' T r:eG is expressed as: 

" • 

(. - :') 
0" 

TEi • J tni Ti dV / J Pei dV 

wllen P r'P el indi cat e radiation loss power and heat transfer from 

electrons to ions. Because the ratio of P /P
OH 

is al_ost const ant 

in these discl-.ar,es , the saturation behavior of TEeG at the high 

density region i s caused Jlalnly by the electron and ion .confine_ent 

properties. One of the best expressions .t b explain the prese nt e x­

perirments ha~ the following seal in,s: 

" 0 I • X2 
• r -,-- ( .. nq· ) 

r 
',. ~:')' i. (- ,:~ , 

0 

Where n and I are non-di.enslona l e lectron density and plas.,a curren t. 

Figur e 4(b) s hows the model calculat ions Whi ch sillulate the :lct ua l 

experillCntal condit ions s hown in Fig . 4{a) . The cDllp:orison of experi _ 

lIent .. 1 results .. nd lIodel ca lculations s hows good Hgreelllent at n, I 

normaliZed to the case of (!) where ' EI take~ two t i.cs nl."'oc]lI5sicol 

confi ne.ent tI.... X in the lIOdel calcul:ot i on takes the val ues o f :on 

~IOngat1on at r · r. At the high density regi on , ' Eer, with J: : 1 7 is 

I.IIJ>TOVed .... 65\ c ... pared t o that with K . 1. 0 under the salle ,,' . 
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INVI::ST IGATION OF PLASMA CONTAMINATION I N THE M'I'-I TOKAMAK 

AND MODEL EXPERIMENTS ON HIGH. Et.'ERGY EXFOLIATION 

F . PtillZti. G. ~Iezey. lo . Pogany, E. K6tot, A. Manuaba. L. POC!!, 

T. "Lohner , J . Gyu l at, G. BUrger, P. KOlltka, E. Klopf'er 

Central Research Institu te 1'OT Physics 
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To check the pl asma con tamination 1n the MT_l tokamok [1] . 

Sing l e - crys tal 5111coo probes lIere pla ced into the 111111, t e r 

shado .. i n 8 configur ation !fhere t he probes ware ta c in& et ther 

to .the 1;; lectroo or to the ion drltt , This 1o'IIY one eRn m8S!lUTe 

the radial distributIon of foreign atoms . The probes lIore ex­

posed in two se ries tn 203 and 751 pl asma di8charg8a 

RIlS a nd channel1ng measure ments were carried Qut to Investi­

gate the 18teral dlltr lbution uf JIII"u l· lUe~. As probing 

beams. 2. Me V 'tUe '" and IItN+ ionll lIerve d. 

On each spot C, 0 , P, Fe, Cr , Cu, Ca. Mo a nd Cd lor Agl atoms 

",e rll found . 'l'he difference bet",ee n the most abundant C and 

the rarest Cd was five o rder of magni tude. The Fi g, 1 . 

s ummarizes the observetions during 751 discharge ll. It la re­

markable that besides impurities, se rious ra diation damage 

",as observed both on . the electron and the ion side. The inter­

pretnt.ion of the re s ults I s difUcnlt . First of all, the 

!:I ticking- coeffi cie n ts of differe nt impurity atolls are un­

kno>ln . ;'be second problem fol10wII from the long-tlille co llec-. 

tion . One can not predict the effllct of s ubsequent dhcharges 

on s!'!'cie s whic h are already on the surface . 

As a tirst ste p to s tudy the blistering and e:dol1stion 

proceases dUll to plaSIll8_>lall interaction, exfOliatio n on cold 

_ rolled go ld >las produced by 3 .5 2 MeV 'tUe~ bombardment. To 

study the inner 1II0rphology of the f ormations . they >lere open­

ed meclHmi cally. The sUlI1mary of the observations ie the 

follo wing: 

The fo r mation have 1110 re than a na leve l , dOIDll-l1ke structure 

Rnd their diameter Increaged with the bombarding dose . 

Atter npenl n jJ:, r egions bordered by zones were observed both 

on the bottom and inner sidll of lid. 

Tho size of r egions were highl y inde pe ndent of the dose, 

on'ly the number of t hem increased with higher bombarding 

doae. 

The borders of r e&iens consisted ot aplltted up leJ:lollaa 

that were bent o u tward on the bottom end inward on the 

Inner a ide of t he cover . 

The re p;ion a had di Uerent de gree ot. surf"",e roughnesll. 

The network ot cracks due to the radiation herdening cen be 

obllerved both on t he bottom and the I nne r side ot th~ cover. 

On the bottom of exfoliations severe I dips of quasi _ circular 

sha pe in the diamete r range of 10-90 lum were fou nd . 

The mete rial millslng from them wae found on t he inner aide 

of the lid . 

_ On the bottom region s severe} secondary bl1atflrs wen found. 

Thfl skin of the exfo liationa eonsllted of a 90ft and a 

redlation hardened laye r respectively. 

The gO l d . serve-d- as- a mode l motflrla1. siiilTilr phOrto-mena were 

ob eerved on INCONEL and stainlellS stee l samples, too, but thll 

Investigati ons nre sti ll in progress. 
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PLASMA PROPERTIES OF THE MT-l TOKAMAK 

G.BUrger , G.Hrehuss,B.Kardon,P.Kostka ,z.Meszaros,A . Montvai , 

L.p6cs,I.Szentpetery , L.Valyi 

central Research Institute for Physics 

Budapest, Hungary 

The MT-l tokamsk, a recently insta-lled machine, pro­

vided with copper shell, has a major radius R-0.4 m and 

the radius of the Mo limiter i s a_0 . 09 m. A toroidal 

magnetic induction of 1.2 T is attainable by discharging a 

condenser bank of 250 kJ through the 20 toroidal coils. 

The maximum plasma current without major disruptiOns is 

I
p

- 35 kA with a duration of 8.5 ms and stable operation can 

be achieved with q(a ) ~2.6. 

The surface MHO activity pattern has been mapped by 

means of a set of Mirnov probes over the whole region of 

gross stability in the Ip - gas pressure (cont. ) p l ane 

(Fig.l) . A more detailed analysis [1 ] of the MHO resonances 

and also that of the frequency-amplitude patterns revealed 

characteristic figures for the derivatives 

Id( nkTl/drlr_a=2xl03 J.m- ~ and Id Idrlr=a=lO-~kg.m-~: be­

i ng the mass- density of the plasma . The volume averaged 

transverse kinetiC pressure as given by diamagnetic flux 

measurements ranges up to the order of 1 kJ.m- 3 and yields 

maximum energy confinement ti~s approximating 
I ms (at Btoral T, see Fig. 2 ) . This does not contradict to 

Alcator-scaling, even for our relatively low Btor values. 

Special attention was paid to the soft- and hard 

x'-ray spectrometry of the plasma. The soft spectra (Fig.3) 

are measured both with a windowless Kevex Si(Li) spectr o­

meter and a gas-proportional scintillation counter [ 21. 

The peak electron temperature reaches a value of 500 eV 

for regimes with Ip>30 kA, in agreement with Spitz er 

conductivity estimates assuming Zeff! ). For gas pressure 

corresponding to the middle of the stability pattern (Fig.l) 

the hard x- ray spectra consist of one dominant exponential 

term only with an energy parameter (=0.) MeV (Fig.4) . The 

anergy integrated intensity oscil lates in a fairly regular 

way being similar to and in phase with the soft x-ray saw­

teeths off the resonant surface q(rsl - 1. For the lowest 

possible gas pressures , however, the time dependence becomes 

mostly irregul ar ' fluxtuating around an increased intensity 

level and the usual runaway spectra appear as a roughly e~­

ponential additional term with ( _ 1.4 - 1.7 MeV. 

The soft x- ray sawtooth osci llations as measured by 

means of a 5- channel pinhole camera have a repetition time of 

about 0.2 ms (following Launois's scaling). These are analysed 

in terms of the called model 13} yielding Xe ( 0 ) = 10~cm2/s 
fo r the electron heat conductivity at the center, a value in­

compatible with the energy conf inement time measured. This 

Huggests that the radiation losses should dominate over heat 

conductivity in our small machine. 

An extension of the diagnostics (including Thomson­

scattering, charge exchange measurement of ion temperature . 

electron density measurement by microwave interferometry, etc. ) 

and further investigationl are in progress. 
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Figure 1. The inverse MHO activity ( B~ /B~ )-' as a function 

of the plasma current Ip and gas pressure p. 
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Figure 2. The energy confinement time YE vs. 

gas pressure p. 
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TIlE PECULIARITIES OF THE Te-PROP~ DJTO THE T-10 
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Gorbunov E. P., Ycsiptchuk· Yu.V •• Kov~v P.E., 
Lyadinn E. S . I llotkln C.E., Odinjov A.H •• 

Ro.ZumOV6 K.A., Pyachretdinov A.N. 

I .V.Kurcho.t ov Institute of Atomic Energy, 
IJoscow , USSR 

Poasible rcauone of the X-ray intensity profile asym­

me try with regard to IMcnct i c eurface were investigated 
systematically on the T- l0 Tokamak . 

'xhc o.naloQou s fenture of the chord pro:flle of the 

X-ray inten sity l:t(h) 1mB obecrve.d previously /1/ . The dn­

to. prc3entod i n t hio paper were received in 0. good repro- ­

ducible r egime with Hz=1. 5 T, Ip:240 kA, ~=2~ cm (bot-
tom carbon limiter) , q(st)=1.8 , 110=2 . 2.10 cm J . Aa 1n 

/1/, the plasma column wae BcruUled by Si(Li)-detectors 
along X and Y axe s (Pie .1 ) . Along the Y axis the column 
WUG aC(l.llllcd by a tripl e- crystal detector with different 
filters' and dio.phro.Uo1s . Por the observation of the sawtooth 
oDci llo.tions surface- barrier detectoro were used which re-
8 iut rated soft X-ray radiation along different vertical 
chorda . Por the two- dimensionsl inversion the method was 
used Bnalogous t o the onc described in /1/. The method 
makes possible the solutiona in CBses when a diatribution 
is not .s::.munetric t o' the X and Y axes. I t takes into ac­
count tile , exponential drop in the Ix( h )- value at the co­
lumn periphery. The Tex- value was then calculated both 
from t he slope of the spectra Ix(E) and by the filter 
method . I n the first case the Tex-value is averaged over 
the tirnu interve.l 0 . 3 ••• 0 . 7 e of the discharge . The fil ­
ter method had tine resolution of about 20 1Ill3. Figure ·1 
ahov/G the Tciprofilcs determined both from I:x(h) (with-
out i nver sion , curve 1) s nd from Ix(z,y) (wit h Inver-
Dion , curve 2) . It is clearly Seen on the figure that 
th~ Tcx{xl - profile 10 shift ed outwarde and therefore 
there i ll no eyrnrnetry in it at the radii of sawtooth in­

vcrGicn, ! r2 , which a r e believed to correspo~d to a 
~etic Guriace. Tho asymmetry can be Seen also on 
the ne(x)-profile (Pig . 2) . This profile VlSS obtained 
a!l 0. result or t he "two_dimensional" inversion of the 
phaoe ohift profile measured a long vertical chords . 

We made it clear that the Tex- profile could not 
be ascribed to the bulk of elect rons, i .e. the elec­

'troll distribut ion function WIlS not a l.1e.xwellinn one, but 
contained 0.100 Bu prathel~l electrons. The distortion is 
/:lore eSDential on the outer side of the torus imd may 
be explained by the toroido.l drift of locally tropped 
fast el ect rons (Ee> 2 keY) which are walkin6 from the 
centCl' of the colwnn to its periphery . This mechanism 
l~ads to t'he appearanCe of the "overheated" toroidally 
trallped pnrticleo outside /2/ . The amount of those elec­
t ronc is not leso than 2. 1011 cm- 3 at the radius -ra+15cm 
where the erfect i s maximal. This density is in agree­
r.1ent wi th t he value whicr. can be eat1mD.ted using the 
results 01' /2/ . PrcSDuro of thoDe electron::> is not 
uniform around the masnetic aurface us it is pointed 
out by Fig.1 nnd 2. The energy loss due to the conVeC­
tiv ~ flol'l of such electrons is not lIIore than a few per­
cents of the heat conductivity losses . 

Wc then calculated Zef f and current density profi­
les taking into account the suprothermal electrons. 
The calculations ahowed : 1) the safety factor in the 
canter of t he pl a sma colUDnwa s as small as 0 . 5 ••• 
0 .7; 2) the ' ~Cff(x )-profile was nonaymmetric and 

had the maximum on t:be outer side of the torus 
(r ~ + 15 cm). The asymmetry :of the profile can be 
explained by the electrostatic well f ormed by the 
energet ic 'toroidally trapped electrons. Our Gstima­
~ions ahowed that the well depth should be a few tens 
,'olts and could trap ions. Por exampl e, the asymmetry 
of the carbon ion density profile due to this well 
is estimated to be several tens of percents. 

In conclusion , the electron distribution function 

is enriched by supra thermal part iclee at t he periphery 
of the column, its amount ia of order of 1011 clll- 3 , 
their energy transport ia n7g1igible compared with heat 

conductivity, the Zeff(x) - profile appears to ~ve a ma%d­
mum outside (r ~ + 15 cm). 

We thank: O. P.Polytsll and his colleagues for the 
manufacturing the triple-crystal Si(Li)-speotrometer , 
P.!l. Yushmanov for fruitful discussione and K. N.fara­
sjan for helping us in the evaluationo of the results. 
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PBCOLI.lR.ITIES OF THE ION DISTRIBlPl'ION P'UNCTION IN THE 

T-IO TOWtA.K 

E.L.BlmEZOVSJrY, S.L.~OV X), A.B . IZVOZCHIKOV, 

M.P.PETROV , B. Ya.PETROV 

A.F .IOFFE PHYSICAI-TECHRICAL INSTlTU'I!B:, LRNINGRAD, USSR 

x)I.V.KURCBATOV INSTITUTE OF ATOMIC ENERGY 

Formerl, the investigation of ion ene rS1 distribution 

function on tokamaks has been carried out several times 

b, scanning plasma cross- section with neutral particle 

analyzers up snd down accor ding to the machine equatorial 

plane. Ion temperature profiles obtained were,as a rule, 

as,mmetric becsuse of the drift of localized ions [1, 21 

This work is dedicated to the scanning of the plasma 

cross-section in the meridianel "plane(inward-outward)of 

T-IO.lt was achieved by using· the methods of active and 

passive neutral particle diagnostics (the experimental set­

up is· shown on Pig.I ) . Two neutral p.article aoa}J'zers (AI 

and A2 on Pig.I) and diagnostic injector of atomic beam 

I [ ~]. were used in these experiments. This injector made 

it possible to perform active diagnostic experiments on 

the charge-excbange of hydrogen beam atoms with plasma 

deutrons(deuterium had been used as working gss in T-IO). 

The plasma was scanned by the beam along the sight line 

ot" AI anal,zer and by the belUll with A2 analyzer s imulta­

neously' along the borizontal line.Experiments were carri­

ed out in the dischar ge regime ·with low safe t7 f actor q 

(discbarge current 1=220 kA , toroidal magne t i c f i eld ~I5kG , 

mean plasma density n~,5.IOI~cm-~). 

Ion temperature profile Ti(r) obtained by sctive char­

ge-exchange is shown on P1g.2 . Ion temperature va lues were 

deduced from the slope of neutral stom spectra in (2_8)' 

Ti·( O) energy range.It is seen that the shape of Ti (r)pro­

file is asymmetric.Calculated profile Ti (r):600( I_r/29) 2, 5)2 

eV corresponding to the neoclassical energy balance for 

tbis discharge conditions is sbown on Fig.2 by a dotted 

line.On Fig . ~ the densit7 profi les for ions witb two de­

finite energies are shown. These profiles were obtained b, 

active charge-excbange technique along the sight line of 

AI anal,zer .Calculated distr1butions ni(E,r)with ni( r)= 

4.IOI~(I_( r/~74)4cm-~ and Ti(r) mentioned above are shown 

on the same figure.It ls clearly seen that experimental 

curves on the plasma periphery are sbifted outward compa­

rativel, to tbe calculated ones and that this shift grows 

witb energy.Th1(1 effect ill the CSUge of tbe es,mmetry of 

measured distribution Ti(r) shown on Fig.2. 

Fig.4 presents the distributions of passive charge-ex­

change atomic fluxes obtained by pl asma scsn witb ana13zer 

A2 for direct and r eversed toroidal magnetic field .Again 

there are shifts of atomic fluxes outward which are more 

evident if compared with P1g.~ becsuse of the incresse of 

neutral atom density within tbe plasma edge. 

Presented e%p8rimental data bave proved the displace­

ment of energetic ions to the outer side of plasma t orus 

croae-secti on.The explanation of the given effect ma, "be 

t hat obaerved ions bave rsthar small longitudinal velo­

CitieS( ..J11/1f1. 6 IO-2).Such velocity ratio is cbaracteris-

A-IO 
tic for instance of the ions l ocated near the tipa of the 

banana orbits.These ions can be active in the convective 

transport,wb1ch was described in [4! . Tbe transport takes 

p lace because of high probability tor t be i ons l ocated 

near the tips of banana a to be trapped b, the loca l mag- '¥. 
net1c wells and to receive dr1ft displacement 41~ ....... ~E 1 

/(ni.Zeff) ( t; -the depth of the magnetic field ripple , 

E-ion energy, Zeff-p1asma effective cbarge).Tben these 

ione might leave tbs l ocal trsp because of 80ft collisi­

ons and continue tbeir movement a l ong the banana orijits 

appear to be shifted outside(tbe value of this sbift will 

be t<bout 4r'O) . Th1s phenomena ie the mODt evident 1n the 

outer plasma regions with the largest values of tbe mag­

netic field rippl.e .Bere a not1ceable"over bestlng" of ion 

velocity distribution function takes place as a result 

of combined drlft of trapped and localized ions.Calcula­

·lied ion drift displacekents are presented on Fig.} by ho­

rizontal chords. 

The curves presented on Fig.4 show the role of the mag­

netic field ripple in observed ion displacement .The re­

versity of magnetic fl~ld H leads the changing of toroi­

dal ion drift direction.As s result atomic f l uxes detec­

ted b, A2 snsl,zer changes consider~bly while tbe atomic 

fluxes ~s,mmetr, dir ection remeins permanent. 

Thus the displacements of energetic ions to tbe outer 

region of the torus are experimentaliy detected which are 

pr obabl, the eff~ct of the superposition of drift displa­

cements of l ocal ized and trapped ions . 
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SPEC'rROSCOF¥ RE:3I::ARCH m' LIGHT I1oU'URI'rIES 

II! T-l 0 DEVICE 
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Yu.N. DneBtrovsky, A. G. Zhidkov, V.A.~pin, 
S.Yu . Lukyanov, A.B. Pimenov, V. F.Strizhov 

LV . Kurchatov I nstit.ute of Atomic Energy. 

Moscow, USSR 

'file pr esent research concerns t h e experi mental "investi­

I!,ation and numeri cal s imulation of th e light impurity be­
haviour on the periphery of pl a sma column, which were car­

ried out in '1'-10 standard diucharge. With t h e h elp of the 

opt ical [lyst em, whi ch cons is ts of monochromat or end rotn­

ting !ll~rror , t he t~me and spatia.l prgf ile s of e llI ( ./l . ;; 
~ 4647A , .A~ ; 229'1A), CV ( jt ~ 2271A) and QV (). '" 27811'1) 

lines vICre obtained . The UBe of t his syst em gave an oppor­

tunity to record four pl'ofiles of the s tabl e di scharge 
phaoe . [{ecol'd dun!tion wa3 10 Ins , s pac e r esol ut i on was 
10- 15 n;nl, relative pulBc duration "'- 1000mB. 

Spatial profileD of OVIIl ion ( .il = 19A) Vlere obt ained 
with an X- ray Jnonochromator , a ccor di ng t o t he Wool f - Bregg 
i'H;hemc with pllille crystal f.AP. Spac e r e sol ution was appro­
ximately 20 mm, spectrlll one - ~~ 5 • 10- 3 • Absol ut e 
cal ibr ation of optical and X-r ay systems and Abel inver ­
:Jioll ullowed us to determine the radiation density for 

all the above - mentioned lines in ener~ uni ts. 
,\t the beginninG of the diSCharg~profiles of radia­

tion of all linoS' WCl'e dome - ohaped. \'/hi l e increasing Te' 
th(!ir 1!lO-"'dma lntellsit ies were transfer ed f r om column axis 
to periphery r nd then they occupied stable posi tions in 
the course of the whole platea u st age of dincharB.e current . 
The 1l1npli tude of lI'.axima WIlS pr act ical l y i nvarie ble. A typi­
cuI COBe of Gpllce -'t ime evolution of t he iou CV line i nten­
oi t y is given in FiC; .1. 'l'he exampl eG of r adial di s tribu ­
tions of G Hnd 0 ion l ineB in steady Btute of standard 
'['-10 d:ioclmrge (I=230 kA , Hz=1 6 kG [] , ne= 1.9 • 1013crn- 3 , 

B
1
," 29 cm, q(a

L
)'l:2 ) ur e pr esent ed i n Fi g . 2a ,b. 

3imulat i on of i!:1purity iOIl l'adial di s t r i buti ons was 
dO:le hy numerical Bolu~ioll of the follov;i ng equations : 

' "< _ 1-2- (ZI<)+S - ~ K o ! ,2 . . . :l '1t - 1- () 1. .... L ,. 
wher e k i :; tlle ion cll1J.rge , z the charge of impurity nu­
CleOLI;) , sk describes the fo l lowing a t omic processes : 
.ionizlltion, recomiJination , and charge t ransfer, 'L~ ~ 1t"~~ 
is the t ime 01' particle loss to l imi t er wi th ion-sound ~ 
veloc::. t y 1[ .. '" . The i Oll flux · rK wa B pr esent ed in 
UlC form of r .. =r;c-;-r: ,where ':' and r: 
were ne ocle.Boica l (1 ( end o..nomnlouo fluxe s with plasma 
diff usion coef:ficient defined experimente.l ly (2( . 

The populat i on of the excited l evel B of t he typea 
of ions i n queBtion, Vlere defined by the sta t ionary co­
runal model, I"/hich h.:!lPB to COlHJi der the colliBiona l 
populat i on 0.£ theBe levels from met a st ubl e stat e. 

·r
e 

pr01'ile uoed fo r simulat ion was taken from 
ReL/2/, but i ts values i n t he range 20 ~ r~ aL were 
r educed. ,\dditional experimental r esults underlin!'J t h i s, 
'fhey are as foll ows : the val ue of Ti' obtained from Dop­
pler broadening 01' CV and OV lines , and t he value of Te 
obto.i.l1ed i'rom the r ecombinntion j ump of ion Ar +17. Expe ­
rimental prof ile 01' ne was given by the a pproximat e e qua­
tion : ne = 3 • 10131 1 - ().(l4 / 4 . Ca l culat ed prof~le B 
of radial inten:;iti ea of t he_lines under consider ation 
o.re pre:>811ted in FiG . 2a , b . The chOBen mode l gi ves good 
deHCl'iption "o:f the maxima po:; i t i ons but describes not so 

well their e.beolute valuell. 
Ti ll~ calculat ed hnlfwidt hs of profil e s wer e found 

to be narrower thun the experimente.l ones . Probo.bly this 
i s COIUlect ed with t he fact t ha t it was ne cenDary to t ake 
into c.ccount the space resol ution of s pec t r ometer 
( A.' 1.5 Clll). 

The ca lculuted total concent rations of ca rbon and 
oxygen iOllS are Nc.'" 2 . 5 • 10 11,m- 3 and No= o . a . 101l cm- ? 

Recent experiments with fast hydrogen atom inject i on 
and the f ol lowing record of line intensity of H-like oxy­
gen ion 13/ allowed us to get the radial distribution of 
of oxygen nuclear concentrat io~Calculated radial profi ­
les of some carbon and oxygen i ons and experimental den­
sity values of nuclei 0+8 are shown in Fig . 4. It i s 
clearly seen that the calculations agree with the expe ­
rimental results. 

It should be mentioned that the Zeff ("'"' 2) .value.s, 
which is possible to get from .the results of the calcu­
lations/ a r e lower than the value of Z.eff ( ..... 4) obtained 
from t he absol ute intensity of continuous spectrum in the 
X- r ay range and pla~ conductivi ty. The f a ct, that the' 
ion- type impur ities were taken into account, doesn ' t 
improve the present sta te of affair s to a great ext~t . 

The ~eaQon of Quch divergouco lios, porhaps,in tbo pro­
aencs of some unidentified impurities in plasma. 
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Pig .1. Space and time evolution of the i on CV 
line intensity (X ~ 2271 2) . 

Fig.2. Radial di stributions ofoline intensities 0 
of ions : 1. -oCV (2271 Al. ; 2'0 CIII(2297 Al; 
3. -CIII(4647 A); 4 . - 0VIII (19 A)I 5-0V(278' X) . 
Ca lculation- dashed curves, experiDient - soli d 
curves. 

Fig.3. Redi al distri but ion of ne and Te' 
Fig.4. Radial prof iles of C and 0 ions 
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OHMIC HEATING IN "TUMAN_)W TOKAMAK AT LOW MAGNETIC FIELD 

Golant V.E., Gornostaev S.V .: Grigoriev A.V., 

Gryaznevich M.P., Evtuehenko T.P. , KieltakOv A.I., • 
Lebedev S.V., Lipin B.M., Litunovakij R.N., Minyaev O.A., 

Rozhdeatvanskij V.V., SaKharov N. V., Pedorov A.A. , 
Shakhovetz X.G., Shchemelinin B.G. 

A.p.loffe Physico-Technical Institute, Leningrad, USSR 

·O.V.Efremov Scientific Research Inatitut e for 
Electrophyeical Equipment. Leningrad, USSR 

Ohmic heating regime at toro idal iields Bt - ) kG and 

B
t

= 4.5 kG with plasms current Ip= 70 kA and Ip. 100 kA, 
l'espectively and saflilty re ctor q!: 2.5 is described . Low 
value of ion collioionali ty parameter ( ~ .. < 1) characte­

risea the regimee . High average toroidal beta (up to 1+2%) 

ia obtained at Bt~ ) kG . 
It's very important for the adiabatic compression 

programme , which is being csrried out at "Tumsn-J" 11< to 
obtain an effective ohmic hasting at low magnetic field. 

In connection with the beta limit problem study of such 
regimes in a small aepect ratiO tokamak is aleo of parti­

cular interest. 
An experimental run followed the cleaning of the va­

cuum chamber with a glow hydrogen discharge and low Te in­
duction dischargee in the mixture of hydrogen and argon. 
Plasma density ie controlled by the puffing. Plasma column 
equilibrium ia provided by vert ical and horiaontal feed­
back ayeteme. Horia~ntal feedback hae 1 kHz operating fre­
quency and 1 MW power. At the stationary stage of the dis­
charge the maximum shift ie equal to 0.5 cm in horisontal 

direction and 0.2 cm in vertical direction. 
Uaing of discharga cleaning, feedback control and 

puffing ellows one to obtain MHD-stable regimea with low 
valuea of safety factor. The main paramatera of two regi­
mes are shown in Table 1. Pig.1 showe typical oacillograma 

for the firet regime. Loop voltage oscillationa appear due 

to operation of control syetem. 
Table 1. 

R e, ", Bt Ip " ~, oh 
n e T, A t'E; ,. ,. ,. kG kA 10 'dm-J eV % .e 

I - 55 25 24 ~-J,1 10 2.4 - 2,9 15-20 Q5- 1.? 100-125 " 5 

II .).5-4.6 100 1-:3.5 140- 200 " 10 

Ohmic heating at low magnetic field hae some peculia­
rities . At first, plasma critical denaity (see Tabl .l) is 
not high. Increasing denaity above critical value results 
in appeerance of MHD-activity and then disruption occurs. 
Another peculiarity of the low field diacharge is the high 

value of fl t • 
Pig.2 preeents ion temperature, meeeured trom the 

alope ot charge-exchange neutral apectrum by 5-channel 
analiser (energy interval 0.5-1.5 keV). Pig. 2 0100 shows 
density protile obtained by 8- channel interferometer with 

.tf • 2 mill . 8pectra~ line epace dietributions ore ehown 

in Fig.J. Measured ~i (r) , ne(r) and eatimated Te allow 
one to calculate )Bt' which ia equal to 1. 5+2~ in regi­
me I. High value ot ji t ia mainly because ot the low to­

raidal t i eld Bt' 
Another distinction ot the regimBs ie low ion colI i­

aionality parameter ~.' "" fk' ry- (~J"'- due to the 
Bmall aspect ratio (R/a • 2.J) and low q (see alao T-l1 
data 12/). In conaiderable part of the plasma col= vt 
ie lower than unity and its minimum value ie equal to O. J. 

. Ion tempereture in regime II reachea 200 eV at n -= 1_101) 
-J e 

cm • Thia value ia higher than t he value celculated in 
aS9UDIption of neoclaasical "plato" (" Art simovich fonnu_ 
la"). In t he stationary stage of discharge ion energy li­
fe-time estimated from the balance equation ia equal to 
5 me in regime I and 10 me in regime 11. Theee values are 

2- J times larger than estimations, baeed on neoclaasical 
plato heatconductivity. and correspond to banana heat con- . 
ductivity. Ti dependence on ne (Pi8.4) is another confir­
mat ion of the considerable role the trspped particles plsy 

in the ion energy balenca. If the plato regime exiotsd one 
would expect Ti increaae proportional to ne 1/J , but expe­

rime~jel curve hae considerable decreeae, ?Ihich can be ex­
plai~by collision frequency gro"th or by Te decreaae , 

In both regimes one can see sawtooth oacillation~ 
thay are characteristic of low- q dischargea IJ/. Oscilla­

tions appear on the interferometer signal, ita anplitude 
reaches 8-12% of nel value and decreaaes with ne growth . 
Oacillation period is equal to 0.5+1.0 ~a (Pig . 5). Mult i ­
channel (nel) scan shows that phase inversion radius 
(q(r

e
).1) is equal to 7+B cm . "Ware" pinch seems to be an 

explanation of the denaity rise in sawtooth oscillations. 
Possibl~ thie mechanism (particularly strong in the small 
aspect ratio tokamak) also resulto in contraction of cur­
rent density profile. Pig.5 uhowu correaponding poloidal 
field oacillationa, regiutered by magnetic probe ( t • 0 

out aide or torus). 
Thus high valus of j3 t and low colliaionali ty para­

meter are obtained in the ohmic heating regimes at lo~ 

magnetic field . The regimes etudied can be uaed for the 
expariments on compression 14/. 
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A-13 
TRAJlSPORT PHEliOIrUfflA INVESTIGA!l'ION IN THE 

TOKAMAK WITH iJAGNE'l'IC COIU'RESSION "TUMAN- 2A" 

1.:. I . Vi l' dzhYUllsa, V . 1.GladuehchaK,:l . G. Gon cha rov , V . K. GusBv I 

V.A.lpatov, S . G. Kalmykov , S.I . Lsehkul , B. M. Lipin , 
S.V . Lehedev , G.T , Razdobarin, V. V.Ro zbde s t venoklj , 

V.V . Semenov , A. I . Smirnov , I . D. Sbprits 
Physical- Technical Institute, Leningrad, USSR 

1. For Borne years a magnetic compression of plasma 

i n minor radius ie being investigated on small tokama~ in 
Physical-Technical Institute in Leningrad /1 - 2/ . It ie 
considered "not only aa a method ef pla em.e. beating but also 
8e 8 method to form B_ctlvely apace dist ri bution of plas­

ma pal'ameters . From t his point of view the study of the 
tok9rnf\k con'fi.nament prnptll"ttAB 1 n the coml't'easi on BlCflfU'i­

ments is of interest. The aim of ths prssent work was to 
obtain heat diffusion coefficient radial profiles both 
for the quaeietationary ohmic heating and for the maximum 
of compression . 

2 . The main experimental pararoetera for chosen rs­
gime are listed in the table as well as some data on trans­
port processes for ohmic haating . 

Typical diacharge oecillograme are given in Pig .1. 
The dashed line cor reeponds to the discharge without com­
preeoion . Electron" temperature Te('l.), density ~e('t)and 
radiation loeses qr~(~) radial profilee before compression 
and for the moment of maximum compression are shown in ' ig . 2 . 
'1'0 obtain them microwave interferometer, l"Uby laaer and 
scanning collimated pyroelectric bolometer (Pif; . l , 'U6d'i ) 
together with the sta~lonary wide- angle one (Pig.1 ,'U6qt1 ) 
were used. 

Comparing A l., and T:~ listed in the table , one 
calL see that the compression is much el ower than the adi­
abatic one. As it can be seen from Pig . 2 there are no sig­
nificant changes ill the outer discharge regions for such 
a slow compression. But the total particle number in the 

tJajor radius . ~ 
Limiter radius. at _" "+ 
Plasma current, I p !::"~~ 
Safety factor at the limiter for 

theo.tfl~ic heating , er OH(lle) 
'J. ~lE (takinB into account trapped par-

"ticlea) C 011 

Compresllion ratio . rJ..- = B,. /B r 
Compression time . At., 
Relative level of radiation losses, P~/POM 

OH 
Particle life time , 7: p 
Av.:eraged over .£lJlss s~ction ~iffuBion 
coefficient, 1>:'1{ :=ae/(6 'lp ) OH 

Energy life- time for electrons; total, 1(~E 
transport, -r ~H 

40 C.lll 

B o. 
llkA 

1 

2 

0,5 ms 
0 , ) 
2,5 .IIIe 

4 " 0~ cm7e 
0 , 25 me 
0 ,35 me 

Ave raged over cros s sect i on olect r on 
" - OH "1. OH ) •• heat diffusion coefficient , X4f ==af/(G'l"-bt. 3 ·1 0 C.lll/8 

plasma column W= Ltr2Rf~~ ('l)'Z d'l i ncreases during cO.lllpression 
ti.llle Ate, indica ting confinelllent iJIIpr ovement. It follow" 
fro~ Pig. 1 (oscillof;rnm of ~t () ths t plasma denaity remai ns 
at a stationary l evel during postcompresei on in s pi te of 
BT and neutral hydrogen influx (se e Pig.l, apectrol line 
1..J.. oscillogram) decreaae . Particle life-tae e s timate 

N' -]) ' 'A"""'C ~ 2: givee "Co P -4+b me and 4{·=al rl;ll "p)~ · 10 cmi'a . 
In apite of l ow compress ion ra t e the temperature 

increase in the center of t he pl aBllla correspond a to adia­
b!ltic law Tt\O)treOH(O) -;:' If>~J.:J./). Thie implies that ener gy con­
finement improves too during compreasion . Prom the sol uti­
on of the power balance equation fo r the momen t of maximum 
COmpression 

JltI,ltLI 'lA P ",,(t) 
Jt - r f"+ '4"- 'l"" , ' (1) 

where '\lie (t)s. g5" n, '1; dY , P""T= % tgrlfle(t) toroidal 

magnetic Held Pfwer inpu t , Ip 'Up" - ohmic power input. 
one obtalnes 'reE~ 0,4 ms. The bolome tri c mea surement s 
made it possible to eva luate transpor t 10ssee of ensrgy 

To "'! 

rol:oes:" .. ~, ,-~ 

: ' • I -". ~ ...... 

• • I ~I< .) 

<-.. 
t·_. '-/L 

. , 
Pig . l Pig.2 

for electrone both for ohmic heat ing end compressi on. Por the 
moment of max1m~ compression the transport energy lite time 

c - c !) 2-
was 't'_ a',6 ms and-;( i/f gl,7·10 em /0. 

To obtain local values of effective heat traneport 
coefficients ~ tCf"{'"t) and o£etf(.'Z.)=l,5V1e(tz)"X.t(f('t) for electroDs 

the local hent balance equation was used! JlXt('l) 

ij12h ;t.<U- / v'J;. (")/ ~ Po, ('!+P...a-l") -1l..J(') -.~'~')-.it!;) 
P'H("H$Up. fj (1) 't"", P'""8"(" ) :~'f'R Ii; fIVM P')/,'J, , . 

The resul te of calculation are.preeente~ in iig.3. 
The strong decreaee of traneport coefficient values in central 
end outer parts of tbe discharge column might be connected with 
MHO activity n~l, m~2 dBmplng . But the decrease of the total 

o , , , I • 
H" 

Pig.) 

transport level during 
compreesion needs more 
explanation . Plasma pa­
rameter var iations could 
lead to changea in con­
fine~ent as in conven­
tional stationary toka­
make (aee , for example, 
/)/), but they ere not 
large enough in our case. 

3. The results of 
the present paper eupport 
and extend raeulte of /2/. 

It was ohown that in "Tuman-2A" mach1.ne t he conf i nement of heat 
an~ particles was significantly improved even under conditions 
of 610w (At e> '2:'E ) compression in minor radius . One of the rea­
eons for confinement improvement might be contraction ot the 
current channel - heat aource . The second reaSOD i s the trans­
port coefficient decrease. ~r the caas of fast compreseion a 
fonnation of a rarefied layer near thf! WAll ie poaaible. thus 
leading to further thermoinsulatioD improvement . Tbe confinement 
1m~rovement dus to compreesion can result in an addi t i onal 
superadiaba tic heatinf; during the time of Ate, it is an advan­
t a ge of mi nor r adius compression. 
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THE DISTRIBUTION 07. THE LOCAL VALUE 07 DIPPUSION 

COE7PIOIENT M:&A.SURXMENT IN TOKAlUK PT-l BASED ON 

PLASMA PLUORESCENCB DIAGNOSTICS 

V.S.Burakov·, I.P.Polomkin, M.M.Larionov, p.Ya.Misakov· 
P.A.Baumenkov·, G.T .Razdobarin, V.V.Semenov 

A.P.loffe Physico-Technical Inatitute, Leningrad , USSR 

·lnstitute of Physica , Minek , USSR 

ABSTRACT. Ths distribution of the local value of the 
diffusion coefficient in the tokamak FT-1 was obtained 
using the data on the hydrogen atOMS i~a1zation rst e and 
the electron density profile time evolution. 

Th_ abaolute density profile of hydrogen atoms messu­

red by the resonance fl uorescencs method / 1/ was used to 

obtain the r~dial distribution of the diffusion coeffici­

ent in tokBJllak FT-l (R .. 62 .5 cm , J .. 27 la, ne ~ 10 1Jcm-J , 

Te ~ )50 eV, H - 7.5 kG). The local vsluae of the diffusion 

coefficient ~ere calculated using the electr on surface 

flux outside the cylinder of radius r 

f;. -= -2.1i"t 'IJefflt).7;? (1) 

The electron surface flux r was taken from the par­
" ticle transport equation 

(2) 

using the experiment aly measured hydrogen atom ionization 

rate I and the rate of electron number change ~ in the 

volume encl osad by the cyl i ndrical surface of radius r and 

unit length. 'Z. 

t .. J",,,'\t <6.: V> l..'1i'l.'./'Z.' 
o 

?fr. 0<. /~ -;.J;l,/zl 
o 

(J) 

The radial distribution of ionization rate ne.na<o;V".> in 

formula (J ) wB"ti dete.no1ned from the fluoreacence BI!lission 

i ntenaity on t he Balmer Ho( line. The fluorescence emie­

sion intensity may be writ ten se 

with the coefficient j3 calculated in paper /1/. 

The radial profiles of t he coefficient j3 and the 

ioniza tion rate coefficient <0; If) received from. experi­

mentely measured electron density end temperature profile s 

/2/ are shown in Pig.1. In the condition thst both coeffi­

ci ents indicate very s~i1ar temperature dependence and 

essential independence on electron density in t he ne range 

10 12_101)cm- J the retio <~ V> is nearly constant over 

the column crose-section up to the wall region. 

Aa a result the ionization rate nena <6: IJ"> and the 

f lUorescence emiesion inteneity G(r) hsve the similsr de­

pendence on radiua r. The radial diatribu tion of ioniza­

tion rate nena<o; IJ> calculated from the f luorescence 

emiasion intensity is abown in Pig.2. 

The electron density was determined by mul tichanel 

microwave 4 ~ wavelength interferometer. The measurad li­

ne average electron densi ty ne(t} on central chord decrea­

Bed from 8 .10 ' 2cm- J down to 2.10 12cm-J during t he time in­

terval A t zJO ms efter the l118Ximum of the discharge cur­

rent. There wae no seen any significant change of the e1e­

otron density profile form. In this cese the rate of the 

elec tron number fall ~ insids t he cylinder of radius 

r could be obtained using t he formula 

'Oil .L ,,;;-' . I 
_t = ,.!:.:..:J..'Z'I"jrr {l'Jz'rh 
':' t "t 9 1- (I t 

(6) 

• 0Ait" Both tsrms I and '".'F" appsar to give compareable contr i bu-

tion to t he electron surface f l ux (at the diatance r-2/)a 

i . ) . 5xl0 16cm- ' sec- 1 , #- .. _ 7 .1 016cm- l ssc- l ). 

Ths hatched area in Pig . ) represent the determined lo­

cal values of the diffusion coefficient . Aa can be seen 

the diffusion coefficient increaae$from 10) cm2/sec on 

axis of discharge up t o 2.6xl0) cm2/sec in outside reeion . 

The experl$ental error in plotting the radial distribution 

of ths diffusion coeff icient i8 associated mainly with in­

accurate specification of the radial diatribution of elec­

tron denaity ne(r}. In the eatimates of Deff t he influence 

of impurities (Zeff- 2) ~as not tnken into account. Elect­

ron denaity increaae due to impurity ionization might be 

result ed in higher values of Deff • The increase of Dsff in 

t he outsids region due to impurities could not exceed )0%. 

On the discharge axie the correction of Def f s hould be lo­

wer . Curves 1- ) in Pig.J repreeent the diffusion coeffici­

ents calculated on the basis of theoretical predictions 

according to neoclaasical transport (curve 1) and s nomalous 

transport theory (curve 2 - pseudoclassical diffusion, cur-, 
ve J - diffueion due to dissipative trapped- elect r on insta-

bil1ties}/3/, 
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4-15 
THE STUDY OF SUBWALL PLASMA PARAMETERS IN 

THE TM-4 TOKAMAK WITH DIFFERENT METHODS 
OIo' THE CHAMBER WALL CLEANING 

V .I.Bug.ry~, A. V.Gorehkov , S.A . Grashin, 
V.F.Deniaov, K.A.Razurnove., V. V.Sanni_ 

kov, Yu .A. Sokolov, . V.M.Trukhin, 
v . v.Hilil 

Kurchatov Institute of Atomic Energy 

I.S . Bondarenko . L. I.Krupnik, I. S.?ledzelsky 

Charkov Physical Technical Institute 

The comp~ri8on of the TM- 4 tokamak plamna parameters was 

performed with the discharge chamber temperatures TLR200C 

and TL~JOOoc . Such experiments are of interest because 

nlTOH-l1ke tok~kD will operate at the first wall tem­

perature about JOOoe . The experiments were performeQ in 

the TN-4 tokamak /Rg 5) cm, aL-a. 5 cml In the following re­

gime: IlZ"20 KOe, J-J5-)6 kA, ne- )-).5 1013 cm- J , QL-) . 6. 

l'he discharge ·chamber with 1Il01ibdenium limiter is made of 

stAinl ess nteel. The parameters of discharges with T
L
-200e 

and 'J'L_)OOoC are given in Fig. 1. The main data is in 

Table 1. 

TL-200C 650 1.)6 ).1 ).6 

TL~)OOoC 700 2.3 4 . 8 5 . 5 5 

; 
Tew' ; 
.v 
8 

12 

0.56 

0.56 

1.6 1~ 

2. 2 2()IJ; 

The impurities'income IC,O.Mo,Fel was controlled with 

visibLe spectra obs&rvatione . The impurity fluxes increa­

sed by )O- 10~ at TL-)OOoc . This increase may be the con­

sequence of the higher chamber wall pollution, increase 

cf the eputtering yield f a ctor or the limiter shadow plas­

ma parameters ' Variation . As TL~300oe Langmuir probe measu­

rements ~howed , electron temperature Tew in the shadow of 

the limiter approximately increaees 1.5 times at constant 

density new' The increase of Tew may lead to the higher 

impurity influ:x: because of the sileath potential increase 

/1/ . l/o.mely this mechanism, to our opinion, can explain 

the increaee of the impurity income at TL=)OOoe . No notable 

change of the :impurity content determini ng Zeff happened at 

passing to TLK JOOoC temperature . According to the soft 

X-my me8.suremen ·~s. Zeff(o) value i s moinly detenlined by 

light impurities in both cases , although 2.5 times increase 

o~ Mo L-line was observed at TL=)OOoc . No lines of iron 

were detected in th~ spectra . There ls a disorepance in 

the determination of Z~~f using different methods. ,The ave­

Taee effective char&e ie!f calculated f rom j(r)~ T~/2 (r ), 

V1oop ' J assuming uniform profile of the electric field 

is hiGher then Zeff(O). Such discrepance was previously ob-
~ 

llerved i n the .'1'111-) experiments /2/. The calculation of Zeff 

-inside Q < 1 region gives (I. value close to Zeff' Followine; 

the /2/ assumption about nonuniform eleotrio f ield profii-e 

it is needed to decrease the electric field in the center 

of plasma in 2 . J-2.5 times. 

Interaction of hydrogen with the chamber 1'I'all was con,.. 

uidered from the View of hydrogen depo$it . The deposit of 

hydrogen ' was' detel'lllined using thennodeeorbtion method at 

.he increase of the tell".perature up to 450°C. The experi­

Inent e were performed with TL_200C and TL_JOOoe. The total 

deposit of. hydrogen 10 given in F1g . 2 after operation at 

TL-200 C versue the nuaber of discharge pul,ea. Hydrogen 

is deposited 10 timee slower at TLa)OOoC . The conside­

ration of the particle confinement time and the amount 

of the injected 0001 hydrogen makes it possible to 8S­

sume 2-) times circulation of particlea between wall 

and plasma in the experiments 1'I'ith TL-200C before the 

particles are locked by the wall . The same factor at 

TL-JOOOC increases up to 5-7 . Such recycling factor 

makes i t possible to explain the observed hydrogen de­

posit on the chamber wall. 

Core pla~ density fluctuations were studied in the 

TY-4 by Cs+ 13/ ion beam probe . Local plaSMa density was 

determined at q"", 1 region. Secondary beam ions C~+(a), 
proportional to the local electron density, and soft 

X-ray oscillations (b) are given 1n · Fig.J~ The estima­

tion of local density fluctuations gives the value close 

to 1-2%. Interferometric measurement a of the plasma den­

sity also show the exist ence of relaxation oscillatione 

in t~ central region (Pig.4). JU&t before the inner 

disruption there are oscillations obviously connected 

",ith ~_1 mode development. Pluctuations connected with 

~2 peripberal mode are a180 obeerved in the density 

curve. Typical characteristic parameters are the follo­

"'ing : Tm~1 - 50/,~ Tm_2 .- J6?8, T - 5OO-800/,s. Pha~e 
~"F"'rhW" ~ shifts T,., . j="JI , '1"'.~' total phase shift 't' - 12"; 

Densit y fluctuations estimations give ~ .. 1 - )-6 . 106i-J , 

'ri .. 1_2 . 1012cm-J., n(O) .. 4.5 • 1013cIII- J • 
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THE ROLE OP 'l:RAPPED PARTICLES IN DISTeR­
SIOS OP A TEMPERATURE PROFILE MEASURED BY 
WEANS OP CHARGE-EXCHANGE NEUTRALS 

Yu.V.Oott, E.I.Yurchenko 

I.V.Kurehatov Institute of Ato.ie Energy, 
!.lolleow, USSR 

Abntract. In the paper to~ pl aBh& ion teaperature 

radial dietr ibutionll measured b~ Mellnll of corpuscular diag­

nosticl! are ehown to be anosaloulll~ broad . This i. due to 

the effect of ions moving along banana trajec~oriss. A me­

thod to reconstruct a true radial temperature dist ribution 

from charge-e~change particl e spectra is deecribed .< 

Corpuecular diagnoetics is currentl~ widely used for 

tokaaak ion te.perature measure~ents / 1-4/. This technique 

records fast atom spectra resulting from charge-e~change 

of a small fraction of the plasma ion component on neutral 

gas atoms. Me n.surements start generally with a minilllal cbarge­

-exchange-p.tom. energy exceeding a I:I&ximal plasma ion tem-

perature ( To ) by a factor of 2-J. Hence, any distor-

tions of the distribution function of these fast particles, 

whioh do not nffect the bulk of the ions, can cause e~pe-

ri~ental errors. 

For example, the particles trapped in longitudinal mag-

netic field rippleB . oause essenti a l asymmetry i n the radial 

temperature profile measured by charge-exchange /1,2/. 

The recent T-10 experiments have given ano.alously 

broad ion te.perature radial distribution profiles. These 

cannot be associated with the effects of particl es trapped 

in the ~etic field ripples. In this case . the tompera­

ture in the vicinity of a It-iter was about 400 eV. that 

in the col u.n oentre being about 600 eV. 

We $how that the tempera ture pro~lle distortion can 

be attributed to the effeot of particl es aoving a long 

banana trajectorieo, i.e. of those trapped in the toro­

idal field mir rors. 

The expresDion for a charge-e~change atom flux rea-

~hin8 the analyser is: /. 

Cf}(r) ~ ) ";t }J2,E)io;,1,p e- ", 
where is the neutral gall denllity, I .. the i Oll 

distribution function, ~ t he rel!onant charge-ex-

ohange croBs-section, the Prench quotes mean avera­

ging over the neutral gas particle dilltribution.L-the 

plas.a optical thloknellll for charge-exchange atoms . 

With Itn e.::rpel"iDlent ... 1 value of c;D(E) one can find 

the plasma teaperature by t he for.ula : 

T~ - (dE;:fET i E > Tu 
I t l s aeen frolll (1) and (2) that an experi-

mentally mea~red temperature depends 

on tbe ion energy dlutribution func­

tion tt . We t!lke the distribu-

tion fUnction appe!lring in (1) 

and taking into account the ion 

~otion along banana trajectoriell 

i n the form: 

fii (~.) , ~fl:) exp(-;'.))O) 
I (t·) 

(2) 

wbere e4. ~e-- A~ - O'Ll'2" ......... 
(4) 

A~ • G r:'.'Y " po'" ' 
L\ '?'_x· 1ft Ji -COS e. £V;. V If 

'ft· i o the icn Larmor radiuo in the toroidal field Bo ' 

q.. cB/Ba the oafety factor, C "' e/R the 

toroidality . B.. the a::oimutbal angle of the refl eotion 

point of the trapped ion, Bs the current magnetic field , 

Z'n-the ion velocity component in the direction of the 

resulting magnetic field, 6. ! 1 . 

The des i gn of the analyser and the tokamak defines 

the values of If, and for the particles that 

can be recorded . Dlotribution fUllc t ion (J) differs from 

that of t he banana guiding centr es /5/ because when de­

riving (J ) we have taken into account the plasma tempe­

rature gradient over the banana width. The parameter 

¥ < 1 arises :from averaging of the 10cally-l.!arIrellio.n 

function over the brulana trajoctory and dependa on the 

particle energy and plasma temperature gradient . To in­

clude the effect of particles trapped in the magnetic 

field ripples we have uBed the distribution fUnction 

in the form : 

(5) 

"her e i? is the coordinate along which dril't t repped 
_ 'lFJ (Q 2 ) m ?/,, 2 . 

ions • .aZ - V,'': 2d - SIn If ' Ut ~ c?.5 .. R 
the drift velocity, .!S=- .,8, .... " - A_M _ the measure of 

eJ. 
"the ripple roagnetude. 'f': VU/if.. _ the ion pitch-lIJlgle . 

I n n~erical l!imulation of t he radial t emperature 

distribution measured b~ charge - exchange partioles we 

look fo r temperature profiles in the form: 

T= 7,;' (i _(%,)r)o( (6) 

where 0 1 is the radius at which the pll'llJJll& tempcra-

tur e equals 0 ) 0( and f' the parameters to be fo -

und from the condition of agreement betweep numerical cal ­

culations and experimental data. When calculating the model 

charge- exchange particle flu~ we substitute into ( 1 ) I'l cal-

culated neutral gae distribution /.Po /6/ , ion ~lstri-

bution function J.. in the fol'Jll (J) and (4 ) ."ith a tem­

perature distribut ion in the form (6). 

Particular calculations have been performed for the 

conditions when the partiole3 getting into the analyser 

!Ire thece with (for the T- 10 

devi ce 1[" /71;' '" 1/250). The results of ee.l culations for 

the T-10 low q (q(a) ~ 2) opero.tioll are shown in the fi­

gure. Here a solid curve in a true temperature profile (6) : 

0( _2 , (3 "4. a dotted curve rel'l·t!l!tll1t8 llWlleJ"lcal l!lJQ\.1-

lation reeulte, points correspond to experimental resul ts 

/J/. It is eeen that experimental and simulation results 

a r e in good agreement , and a true profile io r easonably 

peaked. The perfotmed calculations show that it 10 poosible 

to determine true tokamak temperature profiles by meane of 

oorpuecular diagnostics provided the t rapped particles are 

taken into acount. 
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A-17 
PARTICLE BALAllCE IN T- 11 TOKAMAK 

V.M.Leonov, V.G.Merezhkin, V.S.Mukhovatov 
and V.V.Sannikov 

r.V.Kurchawv Inatitute of Atomic Energy... 

t.!OBCOW I USSR 

;!\JLatra.£1, 'l'otal particle loss rate re BB a function 

of line-averaged electron deIlsity ne in ohmically heated 
discharges at different 11miter radii QL and safety 
fuctors q(a

L
) have' been measured. The values of re and 

/le D are found to rise with an increase in Q[ and 
'.'Iith B decrease in q(~). 

In Refe /1 _)/ it has been shown that the groBs par­

ticle confw.:ment time 2p increases with rising den­

Bity', 2P -ne, s.nd the particle diffuaion coefficient 
scales aa D-ne . In the recent experiments on T- l1 
we attempted to determine the dependence of the total 
particle loss rate, re = f1i./tp (Ne is the total number 

of elect~onB in the plasma column), on the limiter radi­
us ~ and the safety factor q(aL) . The measurements were 

performed at BT = 8 . 7 - 11.5 kG, ~Ip a 50 - 100 kA, aL= 
b 20 c~ and 15 cm, q(~) = 2.5 and 4.1 in the density 
range ne = <.0 . 9 - 3.G} x 1013cm- 3 . The value of re is 

determined from the equation re:;r ~t -dt%: Id! • where 
r;~"t .: rlt'. -#{ -# /(;p is the volume ionization rate 

for neutrals incoming from the chamber wall (rw ) • 
from the limit er (fi.) and from the pule'!d valve 
(t;;p/ . The value of re is obtained from a change 

in the time derivative of the mean plasma density ,at~/a(t. 
jl.lut a:fter ClOSind the pulsed valve. The ratio r; : I6p: IW 
is determined from the ratio of Hfl intensities near 
the limiter (HflL) . near the pulsed valve (1(,.6, . and 
in the region away from them ('"fo IN) , taking into acco­
unt effecti'.e lengths(along the torus) of neutral- influx 
inhomogeneities in the vicinity of the limiter and of 
the valve. These lengths are evaluated from the measure­
ments of tangential charge- exchange neutral fluxee in the 

region where the valve and the 11m1ter are located and 
far away from thelli as well. In the present experiments, 
the typical rat"io (p/t;.,t is found to be about 0.35. 
The ratio Ii. /'i~t measured at ne" 2. 1013cm- 3 increa­
ses from .- 0.1 to 0.35 with ~ decrease from 20 cm 
to 15 cm. 

FiB. ' shows the typical oscillograms of the line-ave­
raged electron density ne and ~ intensities in the 
'd;lscharge at ~"20 cm and q(~) ~ 2.5. UfJually, the dis­
char-ge is initiated at low initial hydrogen pressure, 
R ~ 7.10-5torr. The pulsed valve is ~itched on short­

ly after the discharge initiation. Ga s is injected at an 
approximately constant rate ( ~ 1.1021 atom/s) during 

..... 50 me resulting in a nearly constant rate of densi- ' 
ty rise. It was possible to change the density achieved 
by the end of the gas pulse from _ 1.1013cm-3 

up to - 4 . 1013cm- 3 by a relatively small 
( ..... 30%) increase in the gas injection rate. At the BaPle 
time, an increase in the total ionization .rate was no 
mort! than ~ 1 ~. After termination of the gas-puffing, 
an ~lmoat linear decay of denaity;eorreeponding appro­
xin>ately to the same value of d~/dt "::1.102' ,,-1 

at different plasma densities.1is 
observed. 

Fig.2 shows an electron loee 
rat e re 69 a function of nc for 
two values of q(~) at tl'l'O diffe ­
rent· radii of the plasma column. 
One c'an see 'that re practically 

, .. , 

does not depend on ne ' and it ~ 

drope with e. decrease in ~ and 
with an increaae in q'( ~). Theae ") 
data show that ~ is proportio-

nal to ii ,weakly 'depends on ~ J~~~~~~ r. e 0 4 Ilz. ' .~ - «:i.' , and riscs with °0 .. 
an increaee in q(aL). Theae trende 
are similar to those obtained in 

flG.1 

•. 

, . 

00 , 
.. noll ,.;3 I 

"G. :/ 

Ref./4/ for the electron energy confinement time. name­
ly fFe iieq(~)~ · 3 . The absolute values of f""p 
and fEe were found to be 
close to each other. 

Using the calculated ra­
dial profiles of neutral 
density and taking into ac­
count the neoclassical pinch 
effect,we evaluate the par- i 
tic1e diffUsion coefficient -, 
D. In the calculations,the ~~ 
energy of incoming neutrale 

••• 
'V. 
th, 

varied in the range 2-5 
In Fig.3 we plotted 
values of n8 D - dedu-

ced from these experimente­
and the valucs of ne j"" 
( ..re being the electron 
heat diffusivity) obtained 
in our previous measure­
ments /4/. A variation in 
ne tJ with plasma par8..lD.e-

8 
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ters appears to be similar to that in n8~ giving 
an approximately constant ratio Xe/.D~~-t5. 

Aeauming n"D= 2.10 19r!/fe/qtr) (rtR/t·,sWhiCh does 
not contradict our findings for hydrogen plasma , one 
should expect the particle 10s6 to be important in the 
ion energy balance at an electron collisionality faotor 

Y.II:61 in ohmically heated plasma. and at ~ .. ~ 0,1 
in the discharges with high-power additional heating, 

-fDt,!b1710 • 
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THE PIllS'» EXl'Ell.DiKNTS ON 'l'HE 'i'O-2 TOKAMAK 
WI'l'H DIVERTO~ 

L. IrArtemenkov , E. V.Grodzinsky , A.A.Gurov, 
P.I.Melikhov, P. A. Mukhin. L.N.Papkov, 
A.P.PoprJadukhin, N.H.Shwindt 

I . V.Kurchatov Institute of Atomic Energy, 
MOSCOVI , 1JSSR 

The different types of tokamak divertors are invee­
tigated in recent years . It would be interesting to in­
vestigate experimentally a possibility of using a clas­
sical toroidal divertor /1/ for tokam~ks /2/. The raew­
track tokamak '1'0-2 with two toroide.l divertors has 
been built for this goal (fig.1). 
Table I 
'1'0- 2 tokamak parameters 
Large radiU S of the toroidal sections 
Length of raoe.track sections 
Separatrix radius 
10roidal magnetic field 
Plasma current /q(a ) - J/ 
Inductor magnetic flux 
Divertor chamber volume (one unit) 
Asotite surface of divertors {total} 
Pumping speed for two divertors 

The basic discharge regimes 

- 0.6 M 
- 0,72 J,1 

0.12-0.14 J.i 

- 1,0.1 .6 T 
- JO+55 kA 

- o,e T sec 
_ 1.5 MJ 

5.2 

_ 106L sec- 1 

There is possible to run experiments in the next 
regimes ( see table 11) . 
Table II 

ConUnuous Start AsoiHe 
ne Discharge gas leakage pulSe Puf- gettering 

fing in tb. Om- J duration 2.10- torr ,H2 gas in- iIllI\Bec 
jC,":Ii~gll divertors 

+ 5.1O+12250+JOO 
2 + 4.1012 -"-
J + + 2.1012 -"-
4 + + 1.5 . 101) 100+150 
5 + + + 1.0 .101) -"-
In these regimes the plaarnn current is Ip.24+JO kA with 
Bo·1 T. The stationary state of discharge is becolDe 
settled after 15+20 msec. The typical osc1l1ograms of 
the plasma current I , discharge voltage U. plasma 
density n, H,. . Pe fI, hard X-rays are presented on 
the figures 2 and J. One may note the important feature 
of the divertor tokamak discharges. The pulse time 
length is diminished drastically by a small changes ot 
the divertor coil currents . In particular it isn't pos­
sible to ~btain a long stable discharge when the diver­
tor currents are switched off. 

It is measured the radisl profiles of some spectral 
lines /CII1(4647 ~), cv (2271 i)/ (fig.4). Prom tbese 
profiles one could see, that plasma discharge is ioola­
ted from the wall (a metal limit er was not used) and is 
limited by the separstrix. Comparison the mentioned pro­
fi l es with the one ' s obtained on the nondivertor toka_ 
mak TO-1 (at nearly the same plasma parameters) is ~di­
cated on some broadening of the hot plasma region in 
TO-2. 
The divert or layer probe measurements 

it is placed two probes on the toroidal part for a 
measuring of plasma parameters. One probe could be shif­
ted in the vertical direction and another in the hori­
zontal one . It is posoibl e to use each probe or for the 
electric current measuring or for the measuring of the 
thermoelectomotive force, arising in the result of the 
probe heating by a plasma flux. Combining these data 
one could obtain the plasma density ne and the ion tem­

perature Ti • Using the probe characteristics (obtained 
for many identical pulses) one could determine the ~lec­
tron temperature Te 11.100 . In the regime N 1 (see table 
11) the electron temperature Te is 8+12 eV . The ion tem­
perature in the eame regime is turned out significantly 

higher, l.e. 60+70 eV. The plo.arm density across the di­
vertor layer ia presented on the fig.5 . On the aeparatrix 
this density is 7.10'Oop-J and decreases in ten times over 
1.0 om. One could see the assymetry of this dependence on 
the fig.50. (co and counter current directions). ·The real!lon 
of this effect may be disturbances of the magnetic field , 
which were detected by electron beam method is special 
measurements of the II18gnetic field quality. 1 t \"Ias shown 
that the separatrix of one divertor doeo not txansit con­
tinuously into th€ separe.trix of the other one. 
The divert or probe measurements 

The four probes are placed lIear the divert or plate of 
a one divertor. The probe construction VIas ana~ogous to 
tile mentioned one. Two probes are adopted the cocurrent 
I)articlea ClI 1 and N 2) and two others ono - the counter­
current particleo (1I 2 and }I 4) . 'rhc plo.nmo. dcnoity prQ~ 
fHes are presented on the fig.6 a and the heat flux pro­
fHes are presented on tbe fig.6 b. The aveI'age maximum den 
sity in the plaarua flux near the divertor plate equals 
2.2 • 1010cm-J , a.nd the averllGe ion temperature equals 
£i-70 eV. The half~idth of the plasma flux on the divertor 
plate equals ...... 1 cm. 
The measurement of energetic balance 

It wss measured the heat flux over the pulse length ~~i 
nsported by plasma on the divertor plates are . This I;'as 
done in the regime N 1 (so~ table 11) for plasma current 
IV'" 14 kA . We define the divertor p.ller8etic efficiency no 
relation the total hent on the divert or plates to the ob­
n:ic energy input ,WOol.) , ... ~ • In the J.ro:l ess of this 
I~easurement it was discovered the existenoe of two kinds 
of discharges with different ~ - value . Wc name them. stable 
uud wlstable !lode. The second case we l'elute lYith ou-cl!l­
led tranElveroe runaway electron instability, wll1.ll:il ciUlrac­
terized by numerous nhort positive pul:Jeo of the diochnl'e;e 
voltage. In thin operation mode 7 equuls "to,; (art .... 4.0 ... J, 
wO>!. -: 5:1- ... J ). Energetic efficiency equals 50'~ in the stabl·~ 

mOde (Q~t"2"1- ... J \ W"1t ~S",'2.><J ) . 

~e acknowleqge I.N.Golovin f or supportinB and co.n­
stant interest to the work and teohniciano for provi­
ding the expel"1.ment running. 
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ROTAl l llfl AIID ISLAND EFrECTS IN TOKAXAKS WITH 
HICII -PO!o/ER NEUTRAL BEAM HEATING. 

J. Hos.n 
O.k RidBe IIattond L.bonto~y 

United SUt '" of ..... er1". 

I. Introdu"tion: The .tudy o f 8 It.iu in toke .. ks ... ith neut ral in­
Je"tion has o:i1lela.ed • slO\ls r- than-haped-far I r aw t h 1n 8 AI 1njecUd 
po .... r 11 r.iaed. While .ttentian 11 {oeused On the s tillulation of 
n .... .ad", t o ekplain th15 pose1ble Inuration (e.,. hyb r id U.rin,/ 
ballooninB) it Ihould be n.- ... ph.lhed that neutral lnJ ec t ion can in­
t r oduce aponent ne .. . fheta at hiRh pO\ler level .. hieh are un ..... lated 
to 8. W. dhcu .. two of the .. : 

1) the eHe" t of toroidel nOli on equUibriu .. and s tabt l1ty. 

2) Ne .. KItD behav10 r r",uldng froll h r le be ..... prolluced talllPen­
tuu. Iradienta, 

and pre .... nt rnuHa for typied patneterB of the 15)(/11 tok~lMk. 

It. Torold"l nov .ft." •• : T'h .. possible influence at r otuion On e­
limits has b.an noud n rUar (I]. Whlle "0 has nOt been lI .. au ~"d 1n 
the ISX!II expuillent s, char Be IXcb.anal and HHD loop a landa lIuIBest 
.stboa t .. of 106cll/ s ~ u. ~ lOl~/I. 

11.1 Analytic 10lution. for .ouilibrium: The anal"tl" equillbria of 
!'Ieaehke and Parrin (2] a re triv1ally general1u.d to /l"eount for iJ. p " 1. 
With this enet aolution, and the ,olution expanded nea r th ..... snetic 

AI .. -[1 + u!f.,;](l - Bpl/Bp 

12 .. -(1 + Ea + 2u!/e!1/4 

1) .. (Ell - l)/2R 

l~ .. -(1 + 'a + lOU~/)c;)l4R 

.. e ar. able to avaluate n o" e He("~s on at:lbllity . 

11.2 Local int.r~han&e cri terion : The g"n.ralized tnte~chanBe crite­
don ot Solo ... ' ev [3] i a applied to toka ... k geo .... try "ith purely toro­
idel llo... lbe eritedon in th1l "aa, Is: (for .. 2 • c~l 

1 I Q* ** * 4" (V-)6SZ - PT f 2{U"Q* - V"Q2~ + PT(Q2Q] - Q\2)] 

+ U'[{f' + PiQ;· - #+ lfl(~ ... ~ (Q; - Q:)Q2 

Conliderlna the n..tahbo r hood of the .. gnetic .xia . and exprallinB the 
criurion in le ... e tric .... ri.bl .. (el1ipticity E . tri. ngula r ity. r) the 
.,difhd "Merchr" eriterion i " 

1 F(E2) 48 (0) (l - 2 u l /c2) 
__ < __ _ p • s ; [2: ELLIPTICITT 

ql(o) 1 + [2 E(E + 1) 
1 El El 5 

TRlAl'iC1/U.UIY, T .. - (..!!... - 2 - +-
2 E* 2 E*l 3 

1+ [ 2u2 

- -' -'-1 
E*Z "Z . . 

and ". have 
. . 

The !1ov velocity .. nun through chllnB" in the equilibriuII, 
used.n exp"nllon in lI. l f.,5 2 . 

Aa .een in Fi g. I, 
the tOfo!dd fIov 
incr ••••• the trianlu­
larity , thuI 10"erinl 
the tol.rebla q-value. 
qeo) '" .9 could be 
inureh.nle suble for 
.. ri .... d tS){/a pare­
met.t • . 

11.3 Numerica l re­
ault" SohinS the 
~Sh.franov squa­
tion n""",rie.Uy 
with flO\l addsd 

" 

_.'°1• , 

Fi,ure 1 

Eff.ct o f toroidal 
!1O\1 on InUr ch" n,. 
eriu r ion near the 

"Dln.tic Dxil, q(~~t 
dro pa .. the td­
anlulad ty i a 1ncr .. aed 
vith incre .. inll u/c.' 

( ...... ing t ellpsn­
ture COnl t lnt on " 
flul< lurfaca) 

. ' 00 -." . 

6,* . .. -tt, - r'[Pi + I'T(~),~ZI 
• 

PRESSURE 
r2 ... 2/2c2 u 

P .. PT{,)e s ; ..... -f ..... (,) 
and ... dUyinl the Cnd-1Iu- StsVlnS ]4J ,eneraliud difCerential equnton 
to .ccoun t for flo". we cel e ulate thl .elt-con,illtant evolution of the 

B-1 
H - o tranlport ISJ. EvaluatinB Ueal (and reela dve) tnte r cha" gl cri­
u ria. ve s ee the aubUhinB efleet f or a typlca l ISX!B "as". exps" t .. d 
fro. previous an. lyt i c clllculat i ons (fla. 2J. 

lIt. Periodie 
MIlD behllVior: 
K1Sh po"er 
inj ection 
el!peri .. e" t l 
ev idenee a 
v.riety of 
ne .. MIlD be ­
ha ... ior {6] . 
SOIl\ll of 
thla ... y be 
due to htShar 
tUlperatu're 
gradientl 
produced by 
the incr.llled 
he.t aoure., 
and due to 
finite hlend 
.. id eh eff.cta 
on tranllport . 

-" .... "" ........... " ......... --............ ,...-...... """ 
.. ..... " ..... ,,0( ... .. ." ... , ........ . 
":.:=.':[::"::~:' 
...... , • • lo". 

~ 
L '.. ~> --~~ ~ ! ' •... , ..... .. -. . :~: ~ 

''''OUO'''''''' 

Figure 2 

Cene r alized ideal .. nd 
nailltive int.rchange 
triteria ror tWO UII­
iting ISX- 8 ca.ea: 
momen tu . I Hed •• a 
o f 30 lI.e" (uppe~ 

curves) .nd 5 .... " 
(lower eurvu). -D1 
-OR au d1~played • 

"ith D < Cl required 
ror atllbility. 

C.l"ul.tin, satura ted t .aring mode hland evolut i on .. ,lth the quad­
lin.ar ...-del 

*- 'lA'(v) 

ve find a pe r iodic alternating 2/ 1. 3/2 b.havior to result. under 
some condit10ns, .. ithout!!. priori asslllOptiCm5 3bout periodicity. 
{Ft,a 3a,b J. Tunsport modelling of the " .... tooth .. proe.u haa been 
hllIl\I',ud by the ".ed to apecify an lid hoc triUer pare .. eter (typic.lly 
th. q/ In d l o" ed before reconnect l a;;). A pe r iodl " 1/ 1 oae11 l11.tion has 
blSn di "a ... ered {7] .. hleh doe. not require thll 881_pt10n. The 2/1 , 
3/1 al ternadon h dlllilar in n l tUre to tha osc i U. t.1on nported In [ 7] . 
The q - profil. r.quired to p r oduce .uch a"ti ... ity h rest r icted . a nd th1l 
"pre- spike" beh .... ior ("ith mild positive ... olta,e Iplk .. a) Ihould occur 
in the near-disruptIve r l,t .. e . 

~: 

(IJ H. P. Furth, Pr oc . 9th Eurnp. ConL On Controlled Fusion and 
Pl .... Phydcs , Oxford , 1979, V. 2. p. 309. 

(2) E. Ha.ehk., F. Perrin . Plea .. Physiel n (579) 1980. 
(3] L. S. Solov .... JETP 54 (666) 1968. -
(4] 11 . Cnd . P. H. lIu. D." C. Su .... ns. Proe. Natl. AClld. Se L 21 

(3789) 1975. 
[5] J. T. KOBan. Nucl. Fudon!! (753) 1979 . 

Referenc,. cant 'd. 

]6J M l1urakand. O. S";Iain, J. OunIap. Proc-. lAEA. BruuelB. 1980 . 
(7J V . V. Paull, C. V. Perevarn ... . FiE. PIn. ! (27) 1980). 

Ftgure lb 

Evolution of 11 calculated Isx/B cue vith l.:J MW injected pa .. e r . In-
je"tion 1. aa.u .. ed to bllin at 20 ...... c. 

Elc<:~ron t."paut" r .. "."i11at i ons. "Ith period 'I. 16 "",ec . 

b. O.ctUation in the to roidal current d. nlit)·. drive n by alur­
nltina 21 1 and 3/2 Island • . 

Th, beh"vior ia len. itiv. to a.,,,,,,ption. about t r ansport IcrOIl the 

~:~:::~ .~:::~~~o~1 :~!l r:::i~~uee thh leti ... 1ty . Te (out) .. Te (in) 

'-.Ru e.reh s panllond by th .. Offica of F"aion Enar8},. Dapartllent of 
En .. r IY under cuntract W-7405- enl- 26 vith Un i an Carbide Corporatlon. 
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'!'IlI: THEORY OF DISIWP'i'!VE DIS'l'Jo.BILITY DI 'i'OKAJ.1AXS 

:t.okilQrov L. E. 

I . V. I';urchatov IOJ:ltitutc of Atomic hl'ergy, 

Lloeeow, uss~ 

COllu1tlol\~ or helical equilibrium sive an opportwlity 

to uadcrstond the cause for the kink and tearing inetabili­
tie!:, tQ.r!)nnui~te i.!]Y~l:ll!nt(indepcndent of the plaslIIQ model) 

requi~'el!1entG f or a. stand:! /,Itate rq;imc , to give an estima­

ti on of the pooBibla rC 3ult o in the development of kink 
inGtubili tieD. 

I.Condith'ns for the helical equilibrium with free 
boundary /1/ . 

In caGe of a rectilinear planma 001= , which has an 

ellipt ical croB!l - Gection with helical symmetry characte­
rized by Q. poloiual wava number m .. 2 and by 11 toroidlll n. 
at tha uniform plo!JlOO current j]lC 'conet , onc needs an 
c;;;ternal l'lQ.intlllnin8 field to be produced with the he11-

ca~ windinss: ~ 

1if Ji I ' ' )..\ -! l- :0}. . J 
T,,[ ~ C LX -J :;.: +! ('\'itJrl - d. . (1) 

Herc, Yext (fl O ) 11.1 the flux fWlction through a heli -
cnl !:url"o,cc f} :;: to - X S =con3t, ;l(.::: rL/m fl. io the 

helicul 
torus, 

rot io , 

f ield . 

3'yr:v:lctr:l index , R ill the rndiu(l of an equivalent 

j.. ., lJ I f". io the crolls-3'e ction Ilemi~es 
"ld·6 ::: :;'1 8s El'! ill a longitud1no.1 

Prc!.:ence of a tem 

of n loncitudinal field 
"" a& <V 8s shows the role 

Bs in the rnaintainance ()f a. 
uon-circulc.r cro:lD- sec tioll of the pla[J~ column. 

3q . (1) shows, that a cro3:l-section of the helical 

plasma column Is determined by a balance of three forceD: 

u) oc lfc.ontraction / ~l )( Epl /, b) interaction of the 
ple.3lIIIl currel\t , f!.owing a lollg the helical lines4 ti th longi­

tudinal fi.cld / ,ipt! 8$ .., / c) interaction of d t with 
an mointo.inin8 {ield / J..I xB. / . f r- t..t 

'~he ro1nUvo value of 'the first twoJorc:es is .de·ter­

L1ined by tho ::;ign of brackets (1) : if (.).+1t.J pt .... - a& >.3) ..., 
then ~t x Spl. ';> ~ll( &~ ,and dflKS,l < drt x Bs 
in Oppoo.Lte case . 

2. eau::;e of kink and tenrine moden . 
':' ill~_kir! inutabilltit!!: a re CQused by thc_disrupt ive 

force 1 Jp.( I( 6,$ /, when it is ereater than 1 J'pl I( Bpt., . I . 
Par Co !:Iooe n .. 2 , n at .)... -1 this,condition is sa.tis-

fied wilell 
(2) 

that correopondo to nq ~ 1. In general ca.se, this con­

diti on is suhotitut ed by nq !!: nqcr' w;l ere qcr corres­
ponda to the left boundarJ ef kink rnedcD (nq ~ m - 1 

i'e r unirorm current) . 
For reoonance ourface inDidc the current channel , 

th~ helicn,' equilibrium l"Iil1 be violated on the beundary 

£If a tearinc; mede, \'/her& t/ < 0 . 'J'he tearing mode 
i s 0100 cauoed by 0. diD balance between the self~ontrac­
tian ferce a,nd tl18 t of i:tteractlon between the current 

f lowing through thc croes- section nq ~ ID and a longitu­

dinal field . '~he current beyand the resonOJlce surface 
he1pa to stabilize helical perturbations . a.: it fo11owo 
from 0 general otructure of the tearing-node conficura­

tion v/ith J:I£ll,'lle t ic i!Jlnndo. 
3 . 'l'he ourfac e current a en a beundary af the current 

chnnne1 act 0.0 a linear stabilizing meehrulism /31 and give 
the r iGht bou.,dnry nq • m. The second linear mechaninm in ­

c l udes the eddy currento through a caaing. J~ter, the oe­
cond mechQ111am will no t be taken into. accaunt. The third 

linear otabilizntion r.:Iochani::;m i3 the eddy current!: throuch 

the liner in the presence of sufficientlJ faat plasma ro­
tation . In tilis caoe , the liner becomes equivalent t o a per­

fectly conducting casing. 
4 .• Quaoi-1inear mech(t.niom of stabilization 141 is a 

current l"edi atribut ion near the resenant surface in 
ouch a way ,that an increased current denaity is produced 

acrODD the m.e.tp1eti c island!: . ThUD, the curranto through 
the mo.snetic io1ands produce a maintaining field like , he11-

cal conductor!!!. 

5 . A non-linear mechanism for ntab11izing the kink 

~ld ~earin& modes is generation of a ne8ative surface cur­
rent t on the boundary af a current channel or in the 

r eGion of large j ump in the c~ent density /2/ which pro­
'uces a stabiliziZ18 force It txa: /. The reason Of[ . ge­
neration is the increase ~ulk current due to flux con-
servation . For (1 p1asIIl8. column wi th 

with elliptical cross-section the 
. I .t.\ 

2f' = i + (dI! -1) -, J. .\ '1 

a uniform current and 

r-value ( r" 1f}) ia 

(Jj 

Vii th an increase' in j, 'Jyl as ... e11 all the bulk current Dhou1d 

l"i~e to conserve [M. 
~.; The disba1Ilnc(lhe.tween the disruptive force /~tris / 

and /J,l ). Srt 1 dae.s not diso.ppelll." tlt t1 nuu- lluc"u' S~llge. 
When the linear conditions of stability are violated, 
the only stationar'J mechanism of stabilizution is a quasi ­

linear one which is applicable in this case only to a 

tearing mode and only near the marginnl stability. 
Therefore , a requi:rement for a steady-state disehnrge 

in a t okamak is to Deet the linear condit ionn of stabi1i-

ty for the kink-modes and for the tearing modes (quasi­
l inear ~echwliom of stabi1ization should be takon into 

account ) . 
I n particular, at nq ( Q ) ~ m on t he boundary of 

a current chrume1, it is necessary to oatiofy t he !ol lo­

\'1ing unequa1ity on the axi3: 
nq(o) ~ m - 1 , (4) 

'rhis is the nece3's(1l"J stabi1itJ criterion f or a fa1-

line- down currant profile . 

7 . A drop in the current densitJ at the centr e of 
0. p1aElIllll column (braadening in the current profile) re­

DUltO in u disruptive instability 00 that either the 
conditi~ns for the kink instability 12/ are violated (when 

nq f. m on the border of a current channel) or a quusi­
linear mellbonism of stabilizo,tion stops to \'Iork ( trtuloi t ion 

of a magnetic inland beyend the how1dary of a eurrent chon-

1lt!1 indicates thi s: thus, thc tearinC-I~ode in actually 

converted into a kink-mode with a free - boundary). 

8. A disruptive instabilit y is being actually dove­
loped as a kink-mode with (1 free boundary , 1'hen , l t is 

necossary to discern two. cases . 

a) The linear conditions of otabil i t J are violated , 
but the neeessarJ criterion (4 ) ia met . In ,this case , 

o kink mode can rearrange an1y t ht! poriphcry of n current 

chrome1 withou t touching its centre . It is a minor dis­
ruption . 

b: The necessary criterion (4) is violated (conside­

rable drop 1n the current denalty at the contl·e) . I n thi!: 

case , the instability completel y turns out the plasma. 
co1wnn. It is Il major disruption. An increment in the to tal 
current b'Ijr (lIeeative voltage spike) itJ dfltennined by a 

~ei -h(l) <I relationohip: 
or r e,'~" ,(~ )B, (J)~&. (r)Jf (5j 

d is the radius which io reached by a magnet ic axi s after 
a complete turning out. In some canes, d i3 the rndi~G 
of a 1ir.:liter . 

A1·ter a complete turning au t with a modll rn, n, the 

value of nq (0 becomes equal tonq(O J.ml5/and, thus , 

the conditions for a disruption with the next mode 
(111+1 ) are provided . This ~nct explsinD e consecutive 

development of modes in the process of disruption. 
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tD&AL t1HD STABnITY Of " FORCE-FREE KAGNEtIC PIELD 

AND nu: RESISTIVE FWlD FORCE-FREE flEW 

M. BINEAU 

ASSOCIATION e URATOM -eEA SUR /,A FUSI ON 
D'p<"I.m~"1 ". R.r~ .. ~~r. ,"r In Fu.ioll Coul,M':. 

Cnlr., ," E..·I~d •• N"d~fIiT'" 
Ball. 1'00/0/" ~ . ,. 9.%260 f 'ONT£NAY- ,WX • ROSES (fRA ,'1CI:) 

The variational proble .. h dilcuu .. d with eXI!llp les in cylindri­

cal Iy.aCry . Sall conaiauncy condition. are , .. ndated with ........ 

hl oChUh in the CIIOdd of • diffusive .force-frn fii!ld, 

I THE VAIlLAT I OKAL PROIILDI 

With no prallun r" .... tbe potsnthl 'llulY of • 11'\ g,L fluid 

bll th" form 

(~HI a .i1llply connecud domaill .. itb boundary S). 

Let tbe f!el~ I b" 2'1!qUd to 10 + t 11 . Ild W(I) - Wo 

+ c f lo.11 dr + J l f ll dT. The field I hll loeally thr .. ~"Ire .. 
of ru"dOGl if the constraillta hav .. ona of th followill8 typu : 

a) 'ii'.~ B" 0 (Bo " ..... 0. Bl - ..... 1)"1 .. conlt. on S. Tb. a .. ocilte9 VI­

dltional equat ion i. "'.B - O. 

b) "'.B - 0 (Ba - '" X loo, BI ,. 'ii' l< AI) AI - 'ii'S" on S. The a"ociat'"d 

y.rileional equltioo i, 'ii' x B .. 0, 

I n both c ..... thl .olution of the variational proble. giv ... an 

Ihlolute lIi llilllWII Wo of W(B). 

A force-free field i. a 10Iurion of • lIIodified type b proble .. 

wh::er" the vllried potential AI hu two d.gr" ... of f~eldom .. ith the conl­

traint 10].80 - 0 (tbia ohlerv~ti.on i l t.ken from H.Grld' . .. orlt). 

c) Ba - Vy x 'ii'8 , 'I - '" )( Al vith AI - u'ii'y - v'ii'B and u .. o. v .. 0 Ofl S. 

Th",e conditioo. imply thlt the ... goetic linel hive did endl on S . 

Now the. potent ill ener gy W(n,v) h .. tenu in c. ,,2, cl; ,,4 • The 

flrat order varildOfl i. t h p;. (vu x "'B + 'ii'y X 'ii'V) dt 

.. t ffj J. (u'ii'/I - v'ii'y) dt. It h identically Uro iffJ x B - O. Wben 

J x B _ 0 th" potefltial .nergy i. sutionar y . ThI field is ::.l1ed 

• tlble .,h.n the lacond order varhtion h poa itive IInd unlubl" in the 

opPolit. e.a.e. An ",.a"'PI" of an unluble forCI - Er"e Elald .. ith cylin­

ddc.I lytDltry it obtlioed in ref. (I). An IXlllDPle of .nun~table field 

.nd of I Itable fie ld i. given in th., n.xt lection . 

If tbe field Bo h I tabl" , Wo i. a llini_ of W fOT In,. field 

B in 11 functionll ne ighborhood oE Ba. Under .. hit condition the field 

'0 .,.k ... W(Bo) In a bsolute .. ini_ of WeB) il In open queation. 

1I - STABLE AND UNSTABLE CYLINDRICAL FORCE-PREE FIELD 

L.t 8 0 bl I for ce-free field and J o .. '" x Ba - ,,(x) Bo. Th' 

.. cond vlriation of W can be .. ritten in teTU of a vector filld A luch 

::a: t)r~'ii':)2 _. <IA."'U] dt or equivaleotly 

W2 - I f[ (9xA - <lA) 2 + o.Akv. - !lA)] dt . 

If Bo .. B,(r) ee + BzCT) el: i, a forCI- free Held .. e bsve 

J - V,B - ,,(,.) B • 
o 0 • 0 .• ~u .. <-t; o .. .s 

Th., hald A cln be .. utt"ll ~n uno_ of t .. o arbitrary~ : 

10- u
i
: .. )( B"i;Zv er· A Fourier trafllform in z and 8 ,ivel u(r,6 , z) 

-~e f .. ull ( r.lt)dk, v- ..• 

Th ... ini ........ ith resPlct to v h obtlined d,ebnically .nd 

W
2 

i s a ...... of Utili : 

W~ _ !; I:J:Z/ (f
i

)2 [u,2 + (~ + k
2 

.. 2) u2 ] 

_ 2k2 (B2 _ k2r~B2)u21 
l +k2r2 . z 

.. here u i. writt.n for u
ll

(r,k). u' for:r u
ll

(r,k) and f:l - B, :t kr Iz. 

Thh f ormula i. uled in the two flext Ix .. pl ... 

B-3 
.) Th. "loUd" force-tree field (the IIOIgnetic tines lati.ly the equa­

tion 6 - h ~ con.L). Be" ~ 8,,,~, 11 10<:.lIy .. natable 
1+1"1" 1+1'1" 

for any .. er;' 0) (with . k VI IUI! clon to 1) 

-0 ·".m b) ne one- pn......,c.r flllllily of force fu.e fi!!ld . B ... r "S, er 'IT=n I 

o < n < I. 0 <; .. 0;;; R, h ... total tun'ent inllde the tube of radius 

, , 
I(r) .. ~ r 1

-
0 and ..... ,netie ener gy per unit length equa l to 

.r2(l - n) 
~. 

(I-n) The.e fon.e-free fieldl u, dl subt .. for any value of R. ih .. 

following inequality it u .. d for bound;"1J W : 

1'1'0 r dr f2u,2> l r
o rdr h2u2 

o 1+k2r2 0 ~ 

where f - (kr - ~)r-n, ro - i ~, 
h_* 12Z-

" Jr I+k JI dx 
o x ri(x) 

(C i. an ubitury conlunt). 

Tb" " nergy W. is bound"d by a t".... f :v>(n.k , r) u
2 

dr .. ith 

10 .... function "(fI , k, r) .. hich is coq>u t "d by n""",ricst "",ana. 

III - mE REStSTIV! FORCE-FREE FWID 

10 this .ecdon ve conl ider a sy.te .. of "qu.tions c"",hining 

pr""lNell aquationl , fluid _at ..... "quation with no in"rtia and no 

prel.ure J X B - 0 Ind ohm', 1 ... E + v x B - n J. 

v il int"rpr~Jt" al tilJlt'~~it y. Thl quution of the consi.tency 

of tbi . Iylte. ia relat"d to con ltrainta 0" th" v H"ld. 

For lxampll , dou . fif-ld v e)(i . tJ,ud, th.t it - O. or i, v - 0 

cOlDpatible .. ith it J x I - O. 

In CII" of I n .. g.dv. nn .... r the .yste .. i. lomeho .. a singul.r 

li.it. Thi, typ" of qu"nion i, sillitar to th .. problell of th .. Pfin(h­

Schliiur diffulion vllocity : in order to cOllOpV ~ e < vl > one "'utllel ~ 

Itationary equilibdull and th" "",aningfull ,,£fect . oblerved for J.B;O, 

i",1y a nnn-.c.tionar y equilibriu. (ref. 2). 

We introduce la'"" hypothelis for the di lcunion 

1) T .... initial variatiollJll proble .... u_i that ... gne tic lines hive 

tied _nds. It i l thsufon n_turtl to auoci.te I conditi un liks v .. o. 
It toHov. however frOll;';" - 'ii'x(nJ) thlt Tar ~ - - '1 0

2
• III 

conc lude that v - 0 i. not cooapltibll .. ith ~ - o . 
2) More genl rally do ... a filld v ~llo'" ~ - 0 1 

aB -'I .rn -n 
If it - 0 il u."d t o COIIIp<Ite v .,ith the field 11: - r ,I, - ,. r:n r 

conttsdic t ory conditiona ar l Obtlinl d. Therefore ."c:h a field cannot be 

lurionary . 

3) It it ponible to hive v .. 0 and . vlrying for ce- free field (Iuch 

thl tfrJ)(I-O)? 

In cue of cylindrical l}'!mIoltry it i. found that v - 0 .nd 

itJ x B" 0 i .. ply ir .(na) - o. 

Tbe constnint "" .. 0 il th.refora related to the re.i.tiv~ 

4) Wi th tha force-fret field of .. ction 1I b doe. the conltraint 

It J l< B - 0 determine ... !il ld v 

There il • lolution to thil Iquation .. ith I radi.l v"locity 

r,ivGII hy v .. 2t~:n) .; . 
Thi. disc"nion pr ... entl the forcc:-free field at I . ingulllT 

lillit of thl lov B resiltive e quilibriu .. . 

(I) O. VOII ... ber .nd D. CIU"bau t 

The hy •. Rev. U8 , 1, 20]6 , 1962. 

(2) H. lin .. u 

Phys. of FI. 10 , !, 2026, 1967. 
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E~ AKALTTICAL FORCE-F~E THREEDlMENSIONAL 

TOROIDAL EQUILIBRIA OF ARBITRARY CROSS SECTION 

rerdinand F. Cap. University of Innsb.ruck, A.ultria 

Fo rce-free equl1ibria which are described ~ 

c url 8 - YB, cHv B = 0 (1) 

became recently again of i nte rest 1 1 /~ since analytical 10-

lut ions o f I I I can be fo und . In c ircular cyllndrlcil!ll coor-

cHnate s r.~ . :I: the solutio n of (1) is given by 

'. L AmkleimQ+ikZ[_ ~z"J~Y~-k2 r ) - Yz~(~r)] (2) 
lI1.k.l 

E Amk l leim il> + l kZ [7Zm!~J:) +kz:n(~r)l '" 
m, ;<..1 

" L: Amkleimil+1kZ r( y2 - k2)Zm{~rP , ( 4) 
rn .... ,l ~ ~ 

wher e "1' 1 is the l-th e ige nvalue and Zm ill superpo'ltlon of 

Bessel's and Neumann ' s func tions. First, we inveltigate 

axi s ymme tric toroidal equU i bria (m "" O) of arbitrary cross 

section. III this case we have /21 8 .. ,, - yzb . Br --fr * B<)r • 

- 1kZ~. and Bz . +r * (rB",) - ()' 2_ k2)Zo ' On the other hand. 

t he dif ferent i al equa ti o ns f o r the IDagnetic fi e ld lines 

r e ad ( Ill" 0 ) 

dr dz dr d:z e; ~ -aa. rn:z - <lB, rJar ' 
IS ) 

Integration of ( 5 ) yields rB~ .. const. This means that 

t he ~ngnetjc field lines ( a long which the normal component 

o f B vanishes) are described by rB~ • const. On a wall made 

of a perfect conducto r. the normal component of B vanishes 

t oo. Thus. the wall o f an axisymmetric toroidal chambe r may 

'" 
By choosing for a give n 'I (or k,) a set of 5 coordinates 

~ i . z ( ri ) ' l E0 1 ... 5 . we ma y generate various arbitrary cross 

sec ti on s . For i .. , ... 5 equa ti c n ( 6 ) representll fiVe homoqe­

~ous equat ions for the fi ve unknown constants Xi' In order 

to oI::Itain a non-lri vial s o l u tio n! tht! determinant o f the 

linea r equa t i ons (6) must vanis h. This conditio n yi e ld. the 

e i genva l ue kl (or YJ . Tlle n the equa tions (6 ) are solved f o r 

th~ Xi' If the Xi' )' and kl are known. appropriate initia l 

c ond1tions may be assumed a nd the numerical inte gration of 

th e magnetic field line s ( S) yields the field. Ar bitrary 

c r oss secti ons of t he tor otdal vessel may be obtaine d by 

appropr i ate c hoice of t h" Ci' :Zl ' see Flgs. 1-4 : 

t n th'" t-J" ,,,,,.F ... ,, ...... . • ",1 (no n-a xisynunetcie ) case we ha ve 

ID ; o . now we lIIII y use )( , ... x s • 'I and k - 0, k1 hOfl'l the alCi-

sY J:\n\e tri c c ase, bu t r.Ow ne w cons tants x6 ' x 7 e t e appear. 

The y may be chosen arbitrarily or in such a manner to deter-

mi ne a II pecial he l i <; .... l st r uc ture. The differential equati ons 

t e be i nte grate d are now 

£i .. r:" • 
<B , .. 17 ) 

They yie l d zh;). r l ... ). The e xp cess i o ns to be inser t e d into 

(7) fo r t he !leld compo ne n ts a ( e e.c;. 

8.,(r.:z. <» ) .. X,J, "ir) +x2Y,I)'rJ + [x)J,hJRr) +x,y,l.JRrUOOIIk,:z+ 

+- [-X6JO!YC) - !07Yohr) +~,(YrJ+~,IYrJ]coa. 

Brlr,z,Q) .. k,[~,(-J)'2-k~r) +X4Yl("l-k~r~Sinkl:Z­

- ~[~Jl (yr) + !o7Y, ()'rJ]a1n ~ 

Bt I r, t, 0) .. x,JoIYr) +;Yo(vr) +- Il- k~) [x3JoNi-k~C) +-

+- lC4Yo(VRr)] a:lSkl :Z +-[~J, (Yr) + !07Yl(yr~COS O. 

I f more modes ro, k (and more e igen values Y
o 

v
1

,)') . • . are 

chosen, many arbitrary cross .ectlons may be produced / 1/ . 

In order to obtain the eros. section of the torus for var-

i<:lus O . it is necesllary to follow (by integrating (7)) a 

field line going around and around the torus. i.e. foc 

o 5 • 5 n·2 ~ . For n - SO we obtain 5' c r ossing pOints o f a 

Held line in the Jl\ecidional cut a t .0' Repeating the .alll8 

pcocedure foc .0 • 0, ~/ 4. w/ 2 e t e we obtain a serie s of me­

cidional cuts, sce Figs . Sand 6. 
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WlAI< FlU]OOHAG N[TlC [ QU ILl BRIA ABOUT .A SURFACE 

C. La Swrdo 
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00044 Fr.sc.ati, Rome , Italy 

Despite its relevanc.e to tllennonuc.lear researc.h , the question lIS 

to the existence of general global rnagneto-fluidos tatic. (MfS) field s 

remains essentially unanswered . Confining ourselves t o nowhe re force­

-free MFS f i eld s i n a bounded , c.onnected 0 with (smooth) boundary 6n , 

the problem is that of proving the existenc.e of Cl solutions (! , p) t o 

the POE sys tem 

(1) V' .Q" 0 , V I( § I( ! "VP in n, witll 

(l) vP'" 0 in nuan .. nd under the hound.iry conditions 

(3) p .. c.onst1 on aOi ' the l-th connec.ted part of ilO (i .. I, ,,$). 

Standard cha rac ter ist ic analysis shows that P) hllS the !-lines counted 

twice as chiJracteristi cs. Since these Hnes cannot cross ilO nor have 

singuh r points they ~st be closed or unending. This global -hyperbolic 

nature of the problem gives rise to peculiar diff i culties. 

As a raa t ter of fact, only two specia l chsses of Cl HFS configura­

tions are presently known , thl! axl synrnetrlc and the phne-(pseudo) sym­

metric c. l asses. On the other hand, no signif icant attempts have been 

made t o date of constructing (~ot to say of defin i ng ) IJlI'a lcer (in a con­

venient sense) KrS fields. This is rather surprising, on considering 

that by now for several decades the general1 zed- sol ution standpoi nt 

has phyed a major role in POE research , especia lly linear. 

A classical theorem [11 states that n must be' a toroidal annu lus 

(and so s .. l) in order that a C' solu tion t o (l ) E!J.ists . Tllis induces 

us to study the HFS problem in weakened sense, where a hrger sol ution 

s pace is allowed by definition , in a fI with the above t opol ogica l.struc­

ture. 

A step toward the possi ble solution of a l ocal version of this 

problell - that is , about a given (5IDOOth) t oroidal surface, assumed 

isobaric - has been .recen tly contributed by the autllor 121. Whatfollo'olS 

15 a n out line of some new ideas related to and inspi red by th.t previous 

analysis. 

By usi ng P as first c.omnon r uler po tential and (c, ,C, ) as sl'<:ond 

(monotone ) potentials of ~ .. V x § and respec.tively §, one put s 

(4) Y ;; ;;' V'C,MV 'C" where n is the oOl1llal unit vect or (for instanc.e , 

pointing outwards) on the i nitia l su rfac.e y;, (say , P .. 0) , ~nd V' mellns 

surface gradient . The requireraent t ha t the surface differenthl form 

y-Id,i-n><v 'c, be i ntegrab le is an initial constra int. To first order in 

P , the neighbouring surface Ycan be detennined by displacing :r. . E.!'. by 

the amount P y n. The "anc! ' s one needs to c.ampute the (!!.!) su;face 

fie lds on .Y' arp. then given by the following gl obal-hyperbolic linear 

equations (rud alternately upper or lower i ndic.es): 

(SI) nl(v'c"V'anC!+V'Cr IV' (;;l<V'c,) - n+v'c,) .. O. 

Fi~allY , one goes on to next (and higher) order Eqs (4, Si) by replac ing 

ann I:oy -y-".J ' y. Eqs (5,) (and n-derivatives) both have t ile !~ l ines as 

cha racteristics. Tile main diffi culties - and. ultimately. the need of 

making recourse to generalized solutions - are .ti ed to these equations. 

In fa c t the relevant unknowns must be periodic on 9'. up to arbitrary 

monotone SU!Tll1ands. General questions of existence/ uniqueness under tllese 

~onditions cannot be reasona~ly put - for the equations of c~ncern _ 

but in some averilged sense; typically, on allowing the (peri odic part 

of the) unknowns to be only l ' - slt!TJl1ab le overY'. (w.r .t. , d,.Yo). Unfor­

tunately the simplest and best- known (suff iCient) existence/uniqueness 

criteria appear of hard application, or unsui·table , to tile present case . 

An interesting alternative t o the above fonnulat ion is allowed by a 

sort of inversion between the independent and dependent variable spaces . 

8-5 
Precisely , one puts 

(6) C) :: Claz
a 

(a, ele. ~ I, 2) , and 

(7) y- ' ;; (det C) - I anz ' t where Cia are the (surface invariant) increments 

of :L tt.e long (a .. 1) or short (0 .. l) way around Y'o, and C :;: (Ca B)' 

(det c turns out to be * 0 in view of (2». Tllen one looks for a mapping 

z ;; ( z ' . z~,z')r--"7! ' periodic with unit periods w.r.t. z, and ZI , sucll 

that !-( Z"Z' , z' z const) , with const about zero, are the isobaric. su r ­

faces about Y ... The equations to be solved can now be wri tten In terms 

of the metr ic glk;; ai!"a k! ( i, k , IltC . .. I, l , 3 , il i :: ilz') as 

(8) T, al:.aB .. 2a
lB

(g'jO T' a), 

(9) g :: det{gik) .. I, together with ~he initiill integrability constraint: 

( lO) M M I \0. 60 ~ -! as T aeg:J, -T ae9:r " ~ O. Here T = I:. C~S(de tC) , /;' ,&os are the 

unit an t is)'llllll!tric d~nsity and capacity , and l J means al ternation. Tile 

problem has thus been entirely geometrized. The order of, the diffe ren­

t i.l PDE syst e .. (8 , 9) in !(z'.z';zl)can be lowered by one by taking 

tile glk's as unknowns together witll the second funda!Tll!ntal fom qas on 

.Y'via: 
~ 

(11) " qaS " r ' ,a8 - • with rl,k being the usual c.onnection coefficients 

and .p. ;;: det (PaS;; 90S) ' Of course one needs tllree more equations.These 

are pt:'ovided via a long man ipulation sta rt ing from t he Gauss-Weingarten 

formulas on .Y'together wi th 
00 . -I 00 08 

(1 2) a,! .. II.ilo! + a l !"ill~P • where g l; g ,sp . The resul t is (witll; 
meani ng surfac.e covariant derlv~tive) 

- In -lny.'Y . y 
(13) a.1Io8" (p );as - p qaI!yS+g . qyO ; S+ llty(ag , ;S)' 
wllere ( ) means synmet r i ution. Hote that tile thi rd term on tile RH is 

Synllt'tric w.r.t. a , S in vi r tue of Codazz1 ' s equations . [quaUons (13) 

can be sllown to be solutions of the z'-derivative of Gau ss -Codazz~i's 
sy.s tem, as it IIRIst be. Finally , [qs (8 , 11) tan be restated as 

. - ~ 
(.14) a ,PaS .. l(g,(a;S) - p IInS) and 

(IS) _TIOg .. _ 7 10, _flap + 2p- lIl r1ao witll the dot ;;: z'-
.8;(1 as aS "OS' 

(ordinary) derivativp.. Note that the ai!'s di sappear from Eqs (13, 14), 

in Agreement with Gauss-Bonnet's theorem. System (15), which hn the 

inverse image of the ! -lines on the (z'. Zl ) plane as (straight) char.­

acterht ic lines, is the gl obal-hyperbolic counterpart of 5yste .. (5 j ) . 

If the (linear) operator on tile left is invertible (in the weak sense) , 

we are tllus in position to obtain l via Eq. (12) (by means of sill., lar 

recursive procedures) as a fornal power series, (z,)ii1h;lo , with l' 

sUl!lllilbl e cot'fftc.ients over the unit (Z l . i') ·square. To each order 

11(11 .. O. I, .. ) the fOlJr constants d~i'8are prescrib4M! arbi t rar ily. The 

above ter1es migll t quite con~erge (for instance, in nonn) in the asso­

dated Hilbert space. COIItrary to the Clse of Eq. (5 j ), the classical 

friedri chs (sufficient) criterion [ 31 for the invertibility of a lst­

order synmetric. operator.can be appl ied to [qs (15) , requi ring that the ma­

trill 4>aswith (o,S)ell!lllents pS6r.s ,o/21 be definite (positive or negative) 

i n the integral sense; namely. that: 

Inf (.11 , 11) > 0 or Sup (.II ,h ) < 0 , where 

IhI _l h l=l 

(f .g) ;; I !/ ! dz ldz'fogll for any 2-colulT.n fa and 2-1'0'11 ga,(periOdic. over 

the unit square ), and IhP :;: (h ,II). What is laking is rather an illtutthe 

interpretation of such a c.ondition . Finally, Eqs (1S) can be sllown uncon­

ditionally and chssic.a lly solvable in the usual Syrm1etric c.ues , as ex­

pected . 
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*"'l.Ultn n'ourTlOtf or ' IDEAL HIID INSTABILITIES NEAR 

THE THRESHOLD OF MARGINAL STABILITY 

E. IlI:bhan 

Inltitvt fllr Thloutileha rhylik, univeuitllt OO.u.ldorf 

4000 Dllnlldorf, fedenl Republic of Cenuny 

Abltract~ A onl par ..... t".,. fa.ily of toroidlll ideal MHD e~"ilibria i . 

~d ."ulling , ,th.t an inc.,." .. " o f the p. r._t".,. " beyond a 

certftin th.,.uho ld 1.0 ,uda the pI ...... fro .. at.bl" to un l tllble • .t 
lIIIOy b", "quftl to. fo . •• hape para"",Ur 0.,. ao"",thing eh". U.i·nR r,,­

ductive p".,.turblltion theory , the nonlin ... .,. HUD "qulltiona are ""p.nd"d 

near l. -).. ",ith rupe ct to • i .. .oll pau_te.,. e.. , To .ueon" o.,.der in 

t , a nontinnr I,u.tlon for th." .ropl·itud" of the fiut ,rder per­

turb.don i, tound, yhlding dther exp",.ive inltabUity or I nonti­

near 0.eOlat10n about. ndghbouring Itable equilibriulI, 

1',0) . 
(0' 

In the nlighbourhood of A . . ... up.nd 

With eqa. ' (2) Ind t : V)I !}) ve have th" "quilibriulII eoodi-tiona 

t··l(·~ .. " 'iT." .. ) i'.~~""1.·~~" "Vf'-l 

i">f~,,~j,,)~ .. t2(i" ~~··) "Qp.~ 

No .... '" eon,id"r • tl ... dlp~ndent .. ~uilihriu .. perturbltion 

lHr,d " ~.o..) I- l~. t f' ~~ 

f (! , i)~' ,.0) .. €f. t f'1'J 

1 ('t, n f. 0.) ~ 

J '" 
Sinu nur the thr .. ,hold 01 .. u,;n.1 .tability all .. uantiti ... "hange 

.I ..... l y (in idu l HlIO thlory th"re i. no oveuubility) , ve _y a .. u_ 

that ~'I ~l "te. deflend on a .Iow ci .... TH )' !. ~ ~. (f,T) ..r e , 

The .::"orrect lin ... r lubili t y r ... ultl . re obta ined vicli 

and vith the"lIov vl\ocity" 

(" 

..Ina"rtinll ~q" (2) into (4) .. nd eqa. (4)-(6) into the nonlinear "qun­

tlon, of motion 

j( 1'11t. t·V,,) 1 " ~ - Vr (1) 

)Jllt v.cy-§J (8) 

'PIlt - (Y'V)" h.<W y) (9) 

.nd upandin, al.o 

't ,. ('to + l'r~ , (10) 

with proper Ur e of the .quilibri ... " .. u. tion, ( l) "e obtain 

0 i .. Jt ~, ~ j . " ~ .• - 'J"p~ 

1 
~!"T V ~ ( 1!4 le ~ .. ) (11) 

lr'f)r - (~ .. Vr .. , f r .. .;.;, ~.) 

to tint order in l , Setting 

(11) 

(ll) 

'y.tem ( 11 ) i l aolved by 

, -
!!. ~ ACT)~. f' • A(,) l' (14 ) 

if ). it a lolution of 

o (I:';) 

Heu,f. i l th~ \llud MHD at.bility opantorE t.k~o.t l.. A •. To 

",eond ord..r in .l , I/e obt.in the ",t of .qu.tio", 

( •• 1," ~ .. v~" 3·, ~,-· Vf' .r. cr ,!). ?';')'Jov~ J ,,- - -

:I~." V)l(v • .,8 •• ) ... T''V'''(1:!_x~) .. V'''(~.J q.) ( 16) 
"')T - -

~ " - (,::. V, •• i fl' .. AoJ~)- r.(~ .. v1''' ~ f~4.r y.)- ('!.. Vp.t ~ p . .l.:.J~) 

1f th'" Hut o f the eqa. (16) i a differenti aUd .. ith rupaet to T and 

tha och",.,. two an then interted in the 'ir.t , .. a obtain vith (12) 

.od 

Ib.Cj.) , i ... [vvq,v!.ij.{h[V'if··!·TI} .~. 
';(!"Vt>.~r.j;.,I') d(V.!.).f, 

Since f i , a Uermit",an operator, ve h.vI 

(1" [oC,,)) • • J L" f.c~.)""r • (~'I &<[.1) ,0 J 

(18) 

(19) 

.nd vith che norqlization" (t',I')'" -1 ve thu. glt tro ..... (17) 

(10) 

lntagnting .. q. (20) 1ori.th r "'l'e"t t o T and ntuming trolll T to t 
.... obtain 

(21 ) 

.. hire In integration eon. unt i , ebonn luch .. to yield .. xponential 

inaUbility for amrll A aod .. h .. re "" have .at 

" • 1;. (j., <r.f.'Cf.I! J 

Integra.tin, eq, (21) OnCe .g.in , ve get 

(JAM)' • l'A'. ~ lA' 

.) It [<.°1 th." .mplitud" at A.-~l;J rlv"n.,., 

tha ... tion i. a non linear ",dIlation . r ound th.1 

".i ni ..... _ potenti.I" .t A--I'lf)"""r". nadon. -

ry •• plituda i. pouibh. After ao",", ",dll.~ionl . 

fd"tion ... y h.d tha pi ...... to ... ttll down in th.i. 

(12) 

(2l) 

A 

n"iChbouri n& aquiLibriWl vhie h. bean th.e .patill .truetun of tha .... r­

li nal perturb.tion I' . Tbil ahultion la ",paetld to b. pollibh e . 

c · for ... iar-t r i" in.ubi! iti"-" of tnk._k. dill to tha adaUnea of 

oaighbouring axi'Y"'.tri" "'quilibri., 

bl If I,.. 0 J tll" ,olution of " .. _ ( 21) ia gtvan by 

A ',' [ ( ,(0.'.,),,( _" '''')' 1] ... 17 ~ .. ~ /1 1 -e. - (14) 

Thi, il In uplo.ive type of instability, 'ine .. at.rtint vith finite 

."",litud .. A. at t ~ 0l.n infinit ... .,plitudl i. raach.d .lr .. dy 

afar the finit~ ti .... 

t. ,,-7.t....[(V.f~i~ .A .. - -4)/(~ .. . 1)J (2S) 

fhii ,~tuation i, e"peeted e.g. for nonad.y_trie i"'tabititt .... Iik" 

kink...odu in tokam..ka, due to th" noned.tan"e of nona"i'r-tric 

n.ighbourinR "'1uilibri •• 
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XI TOiAMAX BY TBE VARIJ.'IOX!L HETHOD 
V.D.Kha1~, V.K.lolesn1koT 

Institute Cl!' High Temperature ot the USSR Acadelll;J 

of Sciences, Kosoow,USSR 

Ths variational metbod of approxiaate 80lution of 
the equillbrium equstion in &%i~etric toroidal eys­
tama is offorod in Ref. [11. This metbod (as the method 
of IIIOlDente[2,J]) eDBbleo the h'o-dillleJl4ionaI problelll to 
be. r educed to the system of ordlnm'y differential equs­
tions for parameters Ui doto~n1ng the ehape and poB1-
tion of magnetic surtace (m.e.J cross-scction. This aye-

(OT )' OT_O :oilI era:: - ( 1 ) 

tell i81 

Bero T.J'(r)I'1(r,Ui,uiJ-c'p'V(T,Ui}- In(T, Ui) J 

wherc 1 io a 80me surface function ehoosed ~8 an in­
dependent Tariable. and t~e pri.e ind1cntes the T de­
l'iYatin. :t(r)and P(f) 8l'e the 10ng!tuClinal current and 

plasma pre8sure profilea conB1dered GS to be prescribed, 
v=-21i/ftdtd"i 1& the l'ol.u.mc of a ginD 111.11 •• /.J:: 
=2Jlt-4dtd~ le 1ndUctanoe of tht! solenoid that c01ncidee 
witb lI..s. M~"'=. 4'Jvf l 'l~~e/4~ ill tho integral along 
tbe cr08s-aection contolU' of Al. e. ( 't and i! are cylin­
drical coordiDBtee), I is tbe ezternal poloidol current 
cOlltlectad witb. :1 aDd. P by tbe eq. 2NJ1~C{J'v+rr'L.=o 
The exterul poioidal aDd toroidal fluxee are defined. 
b1 t· - 2MYIC, q, '=IL'lc. 

Tbe boundary conditions for (1) are determined by 
~b. aba,. and position of tbe boundary cross-sectlon: 

U 1 (11:1':: Ut! • Purthermore the regularity of eolution 
on tbe magnetic axis ift require~. 

Taking 1nto account ell1ptic1ty and triangularity 
1e required for adequate solution of a sOlDe probleme. 
One can ehow tbat arbitra1'1 cubic curve.. required to 
desoribe the crous-section contour In tbis cases is 
determined by 

r = e'(~ -Rj'·{'Z' [f+ t, (' -R)J I[ 1+ 'e, ('< - R)] ()) 
or i':-+-.are.aetrlc form 'l: = R + Ve-, COS t J 

Z °Ve~r~C!t +i)/((+ r;cost)jsint, 'c:/ r,o 't,'/r,' 0f'. 
Rere R is tbe p08ition of m.s., ~ iD the ell1pticity 
parameter, 't4 and t'2 are the triaJ:lgUlarity par8llleiers. 
Eq.(J) enab~8B to find etl.s1l,y the runctione of ~h8 prEi !2. 

bl •• luTl: 'I:/g,,19 dC · vg;;dt .hon il.,!o(DlMd-) 
ls the metric cocft1~ient, 9 "ZJetgi.("~ff-ff*1Jls 
the determinant of metric t eneor 9~K defining an elelllent 
of length in tha ooordinate system r. t , VJ (uiDJ.1tbal 
8nt;le). 

The boundarJ oonr1itione f or 7=0 18 obtuned by 
expanding with r espact to r in tbe Ticin1t~ ofaxi o. 
Let present bere only tho expressions for R .. and tz; 
OQ thel maenetlc uta (exprseeionn for t;1I' and t;;are 
fairly unwieldY)1 

fi 0 p"R;e'·:(~+thq.r'fJ;c'p:i ;' - (f+ th '/0)1 • • i.(Hh q.)I# J 
1: 0 [-(i;li.)R;e'1othq. + ~ tn q. [I -2/ •• t {. R. (t,. -m,,)]+-

+ fth'q. (f + fl. , fI.')- 3S(f+,.)-2ethq.lf+ f t.). (4) 

+ 6/h''/o (f 'K.) + 25'(t i1'~. -Hh R. -.) - t j/JR:e ' ·(2 - lh'1.), 
i.o 1:, i. 0 R. (t" - 'l:",) 

~er1cal ~eolization of the method had beeD accom­
pliehed sc far only for tho scheme with two parameters 
Rand'l ( ro{ = t':." Oj • In this case f=-$""r (m.e. 

croHs-oection erea ). 
Eq.(l) waD written in the form of linear equatione 

818telll, coefficiont s of tbat were howOYer functions of UL 
CJ.IItlui- Th10 lIyDtel1 waa being lIoIl'ed on each iteration by 
thl metbou of faotor ization 80 lineal' one with coefflcia 
ente cslculate4 troa two previ ous iteratione wit h solla 
"weight n, The typical computations take 5-tO iterati ons 
for cODVergence that roquireo 1-2 sec machine time of 
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preoent e result e of t~o parametric scbeme computatuin8 
liJaiUng A: p;'m - aspect-ratio A. dependence (~r " 0 ) 
f or two caeea: uniform current denaity ::J I " C006t, para­

bolic pressure P:Po&-f/J1: )(Il and sharp protllea ( Il ) : 

poP,&- flf,) /(f+ 3,,6f11,), Jo i.l l(f'.IIf, ) 1. ",,,rdn.,, 
witb. data of T-II d8Ylce[4j. 

Por the same profiles (A- ).5 ; qr .0) Plg.2 Allows 
magnetic axis ebift (no,raallzed to tbe minor radius of 
the plasma) and aemiax18 ratio V of" near-axile cr088-
Bection 1n dependence on jB, . 

Fig. J repreeents;::(. 8'!/unction of j3~ (1-A.s2.5; 
2- A_).0 ; 3-04.&).5) where oL 10 the ratiO of po~oldal cur­
r ent It needed to creat given value ot 8ate~y factor <fr 
on tbe pl asma boundary to such a value of this current 
qAfJ/e'l.~ch'7'E aB required for case of small ( /+jJ':1)/A . 
TUle va~ue CboraC\er1J1ug aletortiOQ or magnetic COQ-

figuration is 01.. :A'1.j~~8pd.el2§'{{+Vtj, 'IIhere Bp 10 po­
~oida~ magnetic field a~d the integrale ate taken sloug 
p~aama boundary contour. AB it ro~lo1ls from tbis formula 
cL increases w1 tn fl'1 when zero of 4. approacbes tbe plas­

ma boundary. Pig.) ebows that 0£. can visibly exceed 1. 

The dependence ~~y,A ) turns out to be sligbtly sene1 -
til'e to tbe value of ~l' aa well as to ourrent and preesure 
profiles at Ieaet in the region wbere 01.. visibly IUceeds 
1. Such a bstlaviolU' of d.(fi,} leads to the eesential quan­
tity flT"=4'1i<p>/a:s. =fi!1d. 1e'lr.chll'lrIA'q.'1. is 8tron­
gl,y 1ncreae1ng nOnJ.inear function of j3",(w1tb q tued) es 
Pig.~ shows. The equilibrium turns out to be possible et 
ratbor Il1gh'pr . 

1. XaHT 8.)1 •• ).J:n<,a n 1'a3~~ 6 07I , 1geC. 

2. 3!IXll pcls JI. E' ., iIl e i' ~iiOB U: l! .: ]In , 225 , [973 . 
). 3axapos )I .F ., li>. tIEHOfl B.ft ., nr"nplolT ;M:'-lC75 ,1I,, :?7F . 
4. ~OYatov V.S., Second Joined Greooble-Varenne Inter­
natlonsl Symposium on Heating of Torroi~al P~aema, Ita-
11a 1980, 
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TOKAMl\KS WITH A FREE BOUNDARY 

J.M. Akkermans and J , P. Goedbloed 
Association Euratom~FOM . FOM-Instituut voor PluQI;lfysic.a 

"Rijnhuizen" . Nh!l.lw@gein, The Netherlands 

ABSTRACT. The free -boundary problem for a 111911-6 tohmak is discussed. 
~al results for free-~oundary equilibr ia are prl!Sented. With re­
s~ct to external kink mode stability H is suggested that the Kruskal­
Shafranov lillit is no longer • ~trict limit at high beta. 

INTRODUCTION. Previously , high-S tokamaks have been malnl;, investigated 

within the context of filled-boundary ~de1s In which the plasma cross­

sec tion is prescribed (e.g. , Ill). This leads to a linear, but Ill-posed. 
problem .. An approach closer to experimental relllty Is to ask (or the 

shape ?f the plasma cross -section inside a given conducting sllell. Tllis 

free-bolll1dary problelll is well - posed , but non-linea r. In tills work we em­

ploy a surface-current model, together with tile IIlg11-8 tokamak ordering 

11 - t. An exposition of this IIOdel is given in Refs. [2) and [3). Due to 
the t1igh-8 tokamak ordering the free-boundary probl em con be reduced to 

a two-dimensiollal problelll ill wllicll Laplace's equation lIu to be sol ved 

in tile vaCUUIa region .subject to the condition tllat the cross - section of 

the wall and tile (unknOWll) cross-section of the plasma are both curves 

of constant flUK. The influence of the wall shape is investigated by em­

ploying the techlliq,es of confol'1llal mapping. These techniques, corilined 

'with fast Fourier transforms. yi eld highly accurate numer ical solutions 

for the equl1lbriLll!l; exa"9les are found ill Ref. 131. Here, we demonstrate 

that the hlgh-II tokaNk approach provides the OPJlOrtunfty for fruitful 

analytical work on the free-boundary problem. Furthermore, prelimlllary 

results of the stability analysis are shown. 

EQUILI~. Analytical solutions for the free-boundary equilibrium can 

be found by combining confo rrnal mapping alld Fourier analysis with a pow­

er series e.pansion·In tenns of 6 , the toroidal plasma shift. In this 

-way solutions up to third order in 6 were obtained . For circular walls 

the solution is a shifted circle in first order In 6; In second order It 

is a shifted ellipse. In third order the plaslll/l becomes D-shaped. An e.­

ample is given in Fig. 1, where the numerical solution (full line) Is 

c~ared with the first-order (dot-dulled line) and secood-order (dashed 

lIne) ·analysls. The maximum devhtion of the third-order result from the 

Ilumerical result is about 2t (for clarity the third-order result is not 

shown here). In Fig. 2 a canparison of nUllle r lcal ilnd analytlcill results 

for. the pololdal beta as a function of the plasma shift Is giyen for two 

different plasma half-widths a. The straight .dot - dashed line represents 

both the first-order and second-order results. It turns out that the el­

lipticity of the plasma does 110t Influence the poloidal beta di rectly. 

Furthermore. it is seen that the analytlcill results are particularly 

good for fat plasmas. 

For non-circular walls we have considered shapes sllglltly defonlll'd 

from a circle (where the defonnation !IILIst be SIllaI1, but Is othen/Ise ar­

bitrary), for which a si""le confomal transfomatlon onto the circle is 

known. As expected , the wall deforma tion influences the plasma shape in 

leading order. For e lliptical waITs there is the follow'lng simple ana­

lytical result for the pololdal beta: 

(I) 

where Ewall !s the ellipticity of the wall (I Ewall I « I ; I+Ewal1 Is the 

rati o Of · major and millOr axis). It appears that elongation of the wal1 

(and , hence, of the plasma) Increases the peloldal beta In combi nation 

with tile toroldal shift. With respect to the plasma shape it can be re­

marked that f~r fat plasmas the elliptlcity of the plasma Is larger than 

that of the wall, even when neglecting finite-beta effects. 

We have also illyest (gated the i nfluence of surrounding the plasma by 

·a region with force- fre e. currents in stead of a yacuum regloll. In this 

case one has to solve Poisson's equation in the region between plasm 

and wall rather than Lap lace ' 5 equat I on; the inhonlOgelleous part repre­

sents the strength of the force-free currents. It turll$ out that the po­

lold.al beta of the equilibrllM1 I.s strongly_ increased by the introduction 

of force-free currents. For a circular wall the result Is 

(2) 

where r is a constant representing the strength of the force-free cur­

rents (r - I; for vacuum r - 0). Regarding· the plaSIllil shape . force-free 

<;urrents provide a st.ranger coupling between wall and plaslllil shape than 

a vacuum does. 

~. Stability results for the free-boundary equlllbr lulI of a 

plasma surrounded by vacuum Inside a wall of circular cross-sectloll are 

compared with previous results of the fixed-boundary_ mod~l 141 In Fig. 3. 

Through the influence of the wall the ullstable region for external kink modes 

is restricted to the range l\2 < nq- < 1 at low 8. When 8 Is raised' this r1!­

glon shrinks, as opposed to the situation in the fhed-boundary model 

where the stability becomes worse at higher 8. In the latter model tills 

leads to a well-defined muilllUlII value of 8 where the stability boundary 

intersects the equilibrium boundary associated with the incidence of a 

separatrh at the plasma . In the free-boundary model complete stability 

obtains above a certairl ~ value of 11 , which is well below the equi­

librium li mit associated with .the developl!ll!llt of a region of vanishing 

poloidal field. We conclude that the Kruskal-Shafranov limit Is no long­

er a st ri ct li.it for stability with respect to external kink nodes when 

8 is sufficiently high . 
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ellipse, O-shape) and In the shaded area fo r free-boundary mode. 



THE .s:sz.t.H BPPEC'l' · OW STABILITY O. BALLOOll'IUG 

HlDBS IN CLOSED I4A.GNETIC TRAPS 

~B.MlKB1ILOVSKII 

.lUJBCBl.'l'OV lBSTlTU'l'E 01' ATOIlIC BllEHGY, 
LK>SOOW. USSR 

V.V.DEL:CHENKO 

InSTI'l'UTE 0, PHYSICS .tTECHliOLOGY. 
UKR. ACAD. seI •• KHARKOV, USSR 

In paper/1/idesl ballooning ~modeB ot 8 tokamak 

were inTe.tlgatod to an approximation ot a Dull ohear. 

ID the giTon report, aB opposed to/1/,we shall aeBUme 

the shear to be a finite one and inT8etigate the influ­

ence ot the shear on stability of ballooning modes both 

in tokemake and ln aore intricate toroldal trape,inclu­

ding the traps with spatial magnetio ilia,In this report 

•• apply the methods of analysing ballooning mode. in 

the tokamek witb ebear propoeed ln paper/ 2/ and then 

lmproTed tor the eS.8 of the tokamak with a finite shear 

and moderate plasma pressure ln paper/}/ . w. generalize 

the • .thod of pe:per/2/ for the caBB at trBpB with an 

.rbitrary torm at magnetic &xis. 

S1milArly to paper/2/ ,inatead of angular Tartab:le e 
(a. inl4,5/,the ooordJ.nate .,.lItem G.,9.'f ill ulJed with 

8tra1gbtened .agnetic tield l1neB) we introduce the 

Tari.abJ.e'a whoee mean:1ng .... ' .%pla1nad in /2/.Then we 

aball preeant ral!1a.l d1splaaem.ent lin eicon9.l tOnl! ).-
i-fto(q,'A-'f)-r "'~""" -tI ,r(.Q.'~I"),where" ..... ,~,,,-elowly chengtng '!unction 

ot angular -rariables, ~ la a safety tactor. 

1.iokamaJc with ciict::lar magnetic snrfaqee(MS).Acool'd1ng 

to .averaging schema for the equation ot BlUall oscillati­

on proposed in paper/41,for an average part of function 

t(Q.,'i
l
') ,B'im1lar to equation(5.21)of paper/5/ ,we der11'8 

~rlh\") "1l1 _ ~\, 1: [\1 ... ~ ... Lt\}\, \'''' J-O (1) 
"'A ~ '1!.~ • "1+".... (\+\")'- , 

\J -.....!.h[ "-'-\ - ~1:(~~' -1.' .l..)] • G.y)"!)~'- t 'i. 1. ()I , 

t..9..,5.~ the pr1Jzte ie the deriTathe ona.,~ -the Ta1ue • q, 
oharaoterizing the elliptioity of MS, ~ie the equilibri-

um diaplasement ot lIS.Prom equat1on(1)!t follows the 

required oriterion of btl.lloon1~ IDOdee etabl1lt;p 
'\'l. ~ .. l 

1.(~_~) "'.l,'i.l-\-J\.-.t:..)~O, 0.. .. - " ) b. - -" -b." \.1.) 
.", 'l.I fls ' 

; ~ (~ " _I ... ) ~ Cl. \" - 'Y ~ [' " f).~-2 · T l:'"~ -~.Q; - 4 " \. ... u ~\ -

-: tt ~- 'lit) ~ i:\o.V'-~){Q.}\I,,~~) - (o.~~_~)1, - ~t l\1 .. 2.a.~)1 
In- the C88e or parabolic preaBUre profile 

~ - \.o.}, , 0.."" 4\Q,,}1, "1l 1a,,,,(,\o.)'I.}~ /~, 
we 'have/5/1 

to_ "t\o.)'I..";, 
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whereJi .. t./~(o..), r. -plsl!IIIIB pre.aure at the centres.to..)-

poloHal 

at\'h1i t 

magnetic tield at the ahall.From inequality(2) 
_l/l _1,1) 

folloW8 that inatabil1ty arises atl1)~ tft<l) • 

~.Ballooning modea in the trapa with a !patl~l magnetic 

8%is.Tbere are eome experimental reBalta/6/attesting 

reali£ation ot theoretically predioted efrecta/7~9/ ot 

plaama aelt~.tabilisation.ln paper/7/a helical column 

waa disous.ed, in papers/e,9/-the trape witb an arbitra­

rJ tOl"lll ot magnetic ana. Both iD/71and/e,9/tbe pertur­

bation ot Mercier type .ere inTeetigated.ln our report 

tha etablli t,. ot thre_dimens1on9.l ballooning modee is 

being Bxsmined. 

Acoording to our calculations,in the caee ot e1mple 

pIa ... configurations w1 th a spatial magnetio uiB-a he­

lical column-the criterion ot ballooning modee stabili­

ty takes tbe torml 

,,' [", l'>-l'- , 1 \". , -;:;-+!.\.IJI.Il.)----U~+b.1 --6i:;,\'~.Il.)~(). t~) 
.. f.,+ y...J l. 

• ~\.. u,"I, ,,' (2. ,1"1, _ I . 1&.\ _ -.i..u,(, Q,'Ilo."_,,)+ .. 9. t\.Q,~{.l\"+ 
~... '2.d. \l. l' _.a. + ~J '-to. •• ,.. )' ' .to.. "[110 

... .l.. lo..lW -~)lQ,\W"W) _ lQ.\' - ,')'1. _ ~ (~ _ t)- o.,,~ l~"'?o.\.~ 
" )' ~1. ~ a.. ~_ , ~, 

}Io.--~Q., ,, -11)./'2.';', , \._r./R.\ "",,\../R.\, Q.\.r!+~, 

t'. and \.... ... radius and step ot magnetic QD.8 which has a 

fora of a helical line.At parabolic pressure protile· we 

. deri.e from(3)1 

:'1. + ~!.lQ.'"IP.\)(tl.t.)'-~ _ y.~ + ~ ~ R."Q,"}~1- \,),,"(iAt,o lit.) 
Of ~~ 'I, ".,+)10. '" JQ' 

wherBl •• ~Inthe abeence of lOngitudinal current 
.i tCl.) ~ -\r., 

(.l'-320)we haYB"J!.\ (.l~ .Mercier criterion in thie case 
~Il 1, '\~.J 

g1Tea ... }~\\.~)).Thue.ror currentleee trape w:1th a spatial 

magnetic axia the ballooning modes are more dangeroue 

than IJerc1e:r-type perturbations. !loYfever, due to plasma 

self-stabi11zation effect these modee are aleo four.u 

to be stable 1f plasma pressure 18 rather high. 
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Tlf£ RESPONSE OF ElECTRDIIS TO LOU-FREQU[UCY MODES 

T.J.Schep . A.Abels-van HaMen, 8.Braams. F.Pegoraro· 
Association EuratDIR- FOM, FOM-Instit'uut voar Plaslflafysica "Rijnhuizen" 

Ilieuwellein .• The Nethe rl ands 

We discuss analytic ap~roJ\i .. atlons to the !l0n~adhbat;c responses of 

trap~ed and ci rculating electrons to unstable. low-frequency lIIodes in an 

uis)'II'IIIetric, tOroidal configuration an.d cOIIIpare tham wit~ numerical cll­

("hlions. We employ fl ux coordinates (1' ,8.1;) with Jacobian J. for 

large toroldal wave-numbers, any perturbed qUilntlty can be written as1,Z) 

• ((S,S) exp[-wt+in·(~ ·roeqd3 'll. 'with 

)

+11 d +<00 .. 

(S,e). . f r (e+Zmn)expi(-Zmn+u)S. 
If .n _m (I. 

(1) 

nO befn~ the t~roidal mode number, S(",) - nO(q-iiol. q ,. (211)"1, deq • q .. 

J8
t
,R, qo a reference rational surface and Q a continuous eigenvalue. 

Employing ttlis mode ~pruenhtlon, the perturbed electron density Is I) 

" I;f ,. I;) ' [ . ']" " ["""" J ~. --f- + I- -;-'Q(e) +f- NQT(e l +NQc(~ l , (Z) 

where 111* is the dr~ft-freqUenCY. The ~tential , is related· with the 

parlllel component of the pe~turbed vect·or· potential acc0rd.ing to (-"iII/c)A. 

., (! /B)'" .. The responses NT,C' are obtained by expanding t he distribu­

ti on function in humonlcs of the orbit periodicity and by integrating 

over velocity space. Collisi ons will be ignored. Al though. this is not 

correct nur the boundary between trapped and circulating particles, a con­

sistent and continuous description of the responses can be given. 

response of tnpped particles is 3) 

Here , S _ (r-T')lrb,T _r( e) is the parametric time along a particle or ­

bit and Tb. 2~ltwb(A) the bounce peri od. The response of circulating 

pa rt icles is A _ • t. -lAb BB' _ _ ~ I (8) 

N (e) - A( ... ) J de'J' r 1 d ... LL 'B x(et2nt) --aT- (5) 
c . _. - 0 0 " "r: .- rf exp( 1211(S+p)BI I (a)--w t dtexP{-6t')r dS · IS')- t 

c _.. _.!I_j.... p "'t 

where 

I') 

with -a+II-!,a- (t...,.')/T
t

, Tt - 2;ft W
t (A) being the transit time. 

In Eqs. (~)-(6) \>ie drop~d the index 0. and neglected the lIIagnetic drift 

frequency .. I
T 

and Ic can be evaluated by sUllPling over the orbit perio­

dicities. Th is brings them in a fom suitable for both numerical and ana­

lytical calculations. Using x - (S+p)t instead of S, and performing 

. the X-integral by contou~ inttgntion. Ic can be written as 

Ic(B) • 211i J dtt-
I 

exp(-6t'thlaifJl-tlt- l
), a· 2l11.o1l':;t (7) . . 

Using Fourier tnnsforms. the sum over the resonant denOlilinators in IT 

can be converted into a sum over exponentials, - . ; 

1 (a)· 211i r r dtt-
1
exp(-6t1tiala+nlt-

I
),a - h·"'/':;b · (8) T __ n 10 

!.mall .v"lucs of n eorrespond to "'rge P in Eq.(") and v;ee:o'e r~a. fit the 

bound~ ry between trapped and ci rculating particles , i.e. at" - Ab ' a"' · 

and a .. 0 , provided e' andlor e' .. .!. . are excluded . The quantity ala l 

rellWlins .finite and is continuous. An application of the saddle-poi nt eethod 

shows that the tems with 11 11 and n I 0 , · in Eqs.(7) and (8) respec­

tive ly. as well as .1 1 terms in the series for IT(atlll). Ylnish exponen­

tially with .... .. even for real frequencies. We conclude tllat tile trapped 

arKI circulating responses are conti nuous over tile boundary l"ayer an~ are 

given there by the n · 0 t erra in Eq.(8). 

In tne limit of infin ite aspect ratios. i.e .• Co" 

remains finite for trapped p~ rti cles for all values of A 

"I 0, a. Co but 

Conseque~tly, 

the trapped particle response .... anishes exponentially as C 0'" O. 8y con­

tinuity, thl;! clrcuhting particle response vanishes at A - "b' In tills 

limit aiel • ("'/:t)19 ~e'l (1 _A)-1 where :t - ':;t(A~O). Since lct!) 

depends only on 6~alal , 3la6 can be conv~rted into ~pA. Then tile 

gration over A in Eq.(6) can be perfonned and yields 

H(B) •. ~ [l-~ rl -~ Jtn~.LJ "I-de';,;,), 
Z.Il"'t '" l 2 " w 36

6
_

1
6 _ S 

(9) 

wl"le re '5 - Ic( /hO). For sNII va lues of its argument, z -{ale l)..o • 

wl~ le-a'l the kernel I can be exparKIed t , 
(2I1i)\~-~t (It¥ZI)fhll-1n(6i Z 1I-i.J6}Z - 6{1 - j'r') ZI (10) 

This approximation is accurate for localized modes. Tile exoct Is calculated 

from Eq.(7) is plotted below and compared with approximation (10) (dotted 

curve) to fifth order in z. 

-. 
~le-e'l 
• , 

. , 

Nut we turn to toroidal geometry and consider modes that a re localized 

such that only the" _ 1 tenll has to be retained in Eq.(S) and have fre-

quencies smaller than ' the _an boul1l::e frequency of a deeply trapped parti­

cle. Tt.en, a la lls sNIl for III values of" Ind 31c'<l6 can be expanded 

1. Iflll hala l 1 
~ lc(a)la6 - f(ala l) '" -"6 + 611> alajt-,-(3-hth-Un(6 ~ Ia l)l (11) 

The trapped particle response cannot be approximated either by the p . 0 

t er:m In Eq.(4) or by the n _ 0 term in Eq.(8), IS shown in the nut fi­

gure \>ihere partial sums over p are plotted for circular CrOSS sections 

with co- 0.1. In approximating ~ IT,a~ we split the interval of inte­

gration in Eq.(8) into (0,11 I) and (11" 1, _). In each of these intervals the 

SUlll of the lntegrah Clln· be approximated and we obtain
3

) 

31 (al r; a6hrll"~~ r a tall I· I l1l": -1 ", 
.2.-, 3 f{alal)"!" expl-l-.li~- -I 1--;;-, ,- a . 6" --Z/ T 

~ (11 n l6 _ 

ia' r COS2.P(S+P] 
z. p .. l pl 

(12) 

In tile lISt figure, OJI
T

/ a6 frun Eq.(12) is given as a function of A to-

gether \>iith the !!)I.act expression from Eq.( 8). The expressions (11). 

(IZ) and (13) represent the particle responses surprisingly well, even if 

a _ 2111,\ is not small for the chosen value IoI/Wb(A- l.l) _.0 .Z(1.8)i. 

The responses are continuous and hne a sh~rp varhtion In an extremely 

sma 11 interval of A • Thi s behniour waul d be smoothed out if ~ sma 11 co 1-

I1sionality were included in the theory. The contribut ion of circulating 

pa rticles is mainly imaginary, whereas th~t of trapped particles is mainly 

reaL Th'e integration over pitch angle leads to a logarithmic singulari­

ti} 1n lIel-let I In the kernel of the trapped particle response (3). Si­

milarly to the plane slab cillse. this singularity is related to particles 

\>i1th vJl"lishinQ paralel velndty. and. In torold.l geOllldry . is 

trapped particles near their tuming points. 

. 
F.Pegoraro, and T.J.Schep. in Plasma Physf cs and COlltrol1ed Nuclear 
Fusion, Innsbruck 1978 (IAEA. Vienna , 1918), Vol.l, p.S07 
F. Pegora ro , T.J.Schep, Phys.Fluids Z4, 470 (1981). 
T. J.Schep. O.Braams, F.Pe90raro. RijOhuizen Report RRB1-DZ (1981). 
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CONVECTIVE RIPPLB TlWlSPORT OP I ONS AND 
ELECTRONS IN A TOKAMAK 

~.V.Gurevich, Ya.S.Dimant, Yu.N.Dneatrovskij, 
D.P.Koetomarov, A.P.Smirnov 

Xurobatov Institute of Atomic Energy, USSR 

Due to tha rippled etructure of the magnetic field in 

real tokamske, the effective mechanism or part icle t r ans­

port ariaes. This t raneport ie due to the drift or a spe­

cial group or localized particles trapped in magnetic rip­

pIu [1} . Owing t o the strong depsndence on t he en t· r'gy , 

this traneport through the Coulomb collisions lsads to the 

distortion of t he distributi on functinns of all the parti­

olee. The ripple t ransport may become important for energy 

and partiole balances in tokamaks. In up-to-date t okamaks 

the electron ripple transport geta tha global convective 

type for energieeW~W4, where Wd (2] is"'" 10 .. 20 keV . 

The same quantity for ions 1e ( m.t/rrt.e) 1/5~ 5 time e lese 

than that for electrone . Por tokamake with today's tempe ­

raturas, and sspecially with thsrmonuclear ones, this 

transport may play a very signif icant role. The theory of 

the oonvective ripple tranaport has been developed in pa­

pers [2-4]. Simplified kinetic equationa for the distribu­

tion functiona of passing , trapped and loeal ized partic­

les have been obtained there taking into account the 

drift of the lat ter acrose t he magnetic surfacee . The moet 

general and compl e te coneideration of the problem hae been 

made in [41 . 

In thia paper we present the reeulta of the numerical 

cal culation of t he distri bution functions of ione and 

eleotrone which ie baaed on the equat ions [ 2} whsre the ra­

dial electric field and the varistion of the r elative r ip­

ple depth S along the drift trajectory are not taken into 

account. In future , the authore plan to generalize these 

results. 

The reeulte obtained here agree,in tbs main, with the e~­

perimental ones both for electrons [ 5 1 and for ione [6J. 

The parame ters of the tokamak T-l0 have been used. Note 

thet the winding natur1 of tbe magnetic force l ine leade to 

an effective decreaee in the depth and even to local disa­

ppearance of the megnetic ripple ~ells . In T-10 t he r ipple 

dietribution is of auch a typa that the inner part of the 

torus is pract~cally free of ripple welle .Firet,we oonei der 

the resul ts for deuterl~ ions . Pig .' ahowa the distribu­

tion functione of trapped particlee in the symmetrio csse 

(a) and in the absence of the t ransport in the inner part 

(b) vereue the energy for different values of an adiabati­

cally-invariant variable S:(!+!cOS9)SinJ (2] , wbere 9 ~Q 
is the minor radiue of the given magnetic surface , ~ ie 

the maj or radius of the torus, 8 ie the pol oidal angle , 

and :f. ia the pitch-angle of the particle. The dashed line 

repreeente t he initial Maxwellian dietribution. Here the 

riBe of the diatribution funct i on tail with energy VI for 

W> 3 keV lILIIy be eeen. In Pig.2 the quantitiea f/ CS
,WJ, "are - ~~ 

plotted for the caaee co rresponding to thoee in Fig.l(a), 

(b) for differ~nt energies. There is a marked aaymmetry in 

the eecond caae. Fig.) abowa the ratio be t ween the locali­

zed perticle dietribution f unctions above and under the 

equatorial plane of the torua (drift ie upward) against S 
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in the ease (b). These di s t ributi on func tione are averaged 

over the permitted range of the ~agnetic moments i nside t he 

ripple . 

For electr one we must not neglect the longitudinsl ~lec ­

tric field ainee it l eada to a str ong distortion of t he 

di s t ribution function. The computation of the distri bution 

funct ion fo r the caeee of electric field without tho ripple 

transport has been made in Ref .(7J. The electric field leads 

to the increaae in the dietribution func tion tail, even in 

the trapped region. When there is a tran sport in the ripplee, 

the distribution function tail ris e lcoks liko 

that tl'lU'lllferred :from the centre to tIle periphery 
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COMPUTATION OF PLASIlA EQUILIllRIlm 11 TOlUJl.U WITH 

IROB CO~. 

Yu.N.Dnestroveklj, 8.V.Tseun 

I.V.Kurehatoy Instltuie of Atomic Energy, 

D.P.Kostomarov, A.K.Popov 

Moscow State Uni'/eraity 

Moscow I USSR. 

The numerical computotiC?Il8 ot the pluma eql11l1brium 

in tok~ak with the iron ~re transformer for different 

discharge staB;8a lire described 6.~. The equil1briWll 

otate le de termined by tbe oonductors position. It& curr­

ents, ./3:J _value, and plasDLll current distribution. The cu­

rrents in tbe toroldal cODductor~ creating the pololdal 

fields are invBetlcated for different moments of discha­

:-9:0 int-15 deTlce. Let t.lf.Z be the cylindrical coo­

rdinates with 2 -axis along the main axis of torus. Sp 
Is tbe plasma croBs-section region, S,..lB the iron volume 

croBs-a.ection by the median plane. r le the externa.l and 

~ Is the internal boundaries of SI'"' ~ is the va­

cuum region, I p is tbe total plasma currsnt, I (n)are the 

statioWlrY currents. 

The ayste~ of equations for equilibx1um bas the farm: 

'"bW. . • ,_ ~(_,._"",-) ..'L(-' £Jh)_ (S) 
1\ .. '1'. "-",,- 1;«B) + 0' 1'(&).,,, -0 , ~ 

'\'Y' =-,\ { 

,+,Ir" 0_ 

where 1f ie the pOloi~al flux !unction. j«6)ia the iron 

~agnetic permeability. 

The equil1briWll ifl nUJllerically integrated bYthe "~t­

ching" mlltbod. which includell the followine; iteration 

proceeD. Two first boundary proble~ insido the plasma­

VSCUU,[II region and ~region with the boundary condition~ 
a r.c 30lved for every iteration etep(m 10 the ::::J.1.ll:!.bcr of 

iterat ion). Function ie determ1n~d from "finite conduc­

tivi·ty" condition on'lvacuWD-iron boundary: 
W~",1)_ 1P~'") __ , _ -2,0'" _ '}~"") 

'Lm.. - ,.Ai(~"')) () n <-;) n 
~~ery problem is solved by finite differenco methods. In 

T-1 5 device there are 62 

4 eection pairs (Fie . 1 ) . 

current windings packed in 

Tbe first section with a total 

current 1. form the main dipole component of the vertical 

maintnining£ield.The second and the third onee,~ith the 

currents I.z I J , basically form quadrupo,le compo­

nent of the poloidal field, which d2fines plaama cross-se-
l 0 8 , d d t 'b -_. ction form and decay index n=- B1~ t nee 0 c.or. e ~-

eY1lJllletr ical stability. The fourth eectil,ln .i th the current 

1~ ie an inductor. ln qUBsi-static simUlation of 

the diechargs,we suppose the functiona Ip(f), It .. ). ,fi3(t), 

corresponding to experiment scanario. Pig., present!] equ­

ilibrillZ level lines 1Y .. const in the initial part of 

the discharge,when the plasma current haS not reached the 

flat top. In this etage, the inductor _current and the pla­

sma current have the same directiona. In this case,!;'0.56; 

1,,, -0.148; I;~~-[l,"!; \ ,,0.402; /:.';J ..0.12. In tbio calculationa 

"e euppoS8 ths qussi- parabolio plasllLB. current distribu­

tion: ~i'CV 'V' The iron tranoformer core is sQturated 

r rJ 3. The external part of iron ia Wlsaturated~"dLjoO 

in this case . In Fig.2 the equil i brium level lines 

~ _const are shown when Ip_1 . 4. 1,0-0.8; 12=-0 . ). 

1)--0. ); I4~-0.)42; J?J-O,). This cal&ulation corresponds 

to the moment when plasma current has the stationary va­

lue . The following figures present the different parame­

ter dependences. In Fig.) the magnetic axis position· R 

of equilibrium plasma is shown depending on the currents 

I, when 1
2

=-0.05 value 1~ tlx~~ (curve I), 12- - 0.2 

(curve 11), and the current~ 12 when I1c-o.675 (curve 

111), 1,--0.8 (curve IV). The calculation corresponds 

to the discharge moment, presented in Pig . 2. In Pig.4 

the plaSDB elllpticity uependences in equilibrium are 

shown on current values in (I) section (curve 1) and 

(11) eection (curve II). The equilibrium corresponde 

to the steady state plasma current value presented in 

Pig.2. The calculatio~s allow us to dete~e the 

time dependence of control currents needed tor equi­

librium for given tokamak discharge scenario. 
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PARUCLE DI::PPUSIOlf ..urn ENERGY BALAJroE SnruLATION 

nr A TOXAJWC: 

Yu.D.Dnsatrovkij, S.E.L1Benko . S . V.N~uda­

teh1n, G.V . Pereverzev 

I. V.KU1'Ohatov Institute of A toraic Energy. 

MOBOOW, USSR 

D. P,Koetomal"oY 

M.V . Lomonoeov ~U8COW State University, 
MOBCO'll', USSR 

'It is kno~ that in tokamaks the particle confinemant 
tillle is considerably shorter t-han that one could expect from 
the neoclassical theory / 1/ •. T.his fact shows an &nomalous 
character of the particl e l1i!"fl.udQU 1Ir oo!!!! II. Tho experiment s 
at .A.LcATOR /2/ show the anomalouD pin ch-effect slao, though 
the experiments at other devicea do not support this con­
clusion /3/ . Until r ecently. there were no sufficient &~ount 
of experimental data fOl' a rel iable determination of the 
tr&neport coefficients . The difficulty of the problem is 
in the fact that several procesees are responsible for the 
formation of the porticle density profile &nU the main Rour­
ce of partioles is extremely skinned. The equation of par­
tiole balance has the fo~ 

~: ~~ L '!. (!l~ - l1V'p) ] + P + P""I< (1) 

where n is the eleotron density, V is the diffusion 
coefficient. 'If'p is the pinch velocity, P is the in­
flux of electrons due to ionization of neutrals and impu­
rities, ~ mix describes tbe effeot of MHD-mixing. 

It i8 too hard to determine the values of separate 
terms in (1) from the ateady-state measurements. It can be 
done more preoisely in some nonstationary processee such 
as pulsed gas puffing /4/ or MHD-mixing. Por describing 
~-m1x1ng in T-l0 device we used the model /5/ with the 
transport coefficiente given in /4 ,6/: 

'D ~ ~ , IO'i'n ( CM%,) (2) 

heo 
where))rp is the neoclasnical pinch vel~ity. Some 
radial profiles of particle fluxes Co = - J>~ , ~:. nt:p 
are given in Pig . 1 (n(o)a2.101)cm- 3). One can see that 
near the axis 1 rp 1.::< I r p I eo ·the saw-tooth densi­
ty ocsilla tions are mainly determined by a drift flux r; 
The source F> term is small near by the center. Compa­
rison of the caloulatione made with the experiments 
shows that model (2) describes the regime under study 
fairl,. well . 

Simulation of a discharge in T-l1 based on the ideas 
preeented with the heating of plasma by a fast neutrnl 
beam (0.6 UW) and with a s i multaneous rise in density due 
to gas puffing /7/ was dOlle. The behaviour of averaged 
plsSDa conoentration in timo and plasma density profilea 
are given in Pig.2 and ). One can see that at a time 
t - 45 ms the experimental and comput ed profiles are quite 
similar. An average density continues to rise in the 
experiment but ' it reaches 8~uration in the computations , 
This fact can be explained by an increasing role of the 
pinch- effect . It ootLld be alao Uu.t. in thio resime ,1.1:p 

'If "neo ia slightly larger than 1" 
The preceeding results are rela ted to the experiments 

with moderate electron concentration (n ~ 1014cm- 3). The 
situation ls changed, if Vie .. use the greater values of 
deneity. The experiments with the pulsed cas puffing at 
a high density have been carried out at the FT device 
in the regime with parsmeters: Bza~O kg. 1_400 kA, 
aa20 cm. Some experimental dependence a of an average 
density t1 (t) and the radial deneity profile a for 
the shots 3335 , ))37 , 3JJ8 are given in Pigs 4 a,b. 
Simulation of this process results in the necee3it,. 
of increasing the modelling transport coefficients 

8-15 
in compftrison with the values (2) . The beat results 
which are also given in Fig. 4 B,b have been obtained 
for a mo(\el 

1e 
5 ) 

0) 

where no. 3.5 • 10'Jcm-J. These tormulae are applicable 
for the description of a deuterium pla~ diffUsion in 
the density r&n88 2.101).( ii ":::2.10'4cm- J, 

The authore wish to eXpress their appreciation' to 
the FT-team for presentation of the experimental data 
before publication. 
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IfU1(!RICAL SIMULATIon OF THE P1.ASJ,V\. COLUMN BEHAVIOUR 

AT THE EQUILIBRIUJJ CONTROL SYSTEM OPERATION IN 

A TOKAJoiAK WITH A HIGH FIELD AND ADIABATIC 

COW'RESSION 

Yu.V.Gribov, V. A. Chuyanov 

I . V. Kurchatov Institute of Atomic Energy. 
Mos cow. USSR 

Yu .V. L!ltrlshkin , L. U.Fltoncr 

Institute of Control Sclencos,Moscow, USSR 

Abstract . A numerical model is proposed ~hich allows 

to cJleck up the qua.lity of' the toka.mak plsamo. equilibri­

um control system. Tho operation of the r elay control sys­

tem 1n the toitamak with high field and adiabatic compres­

sion is considered . 'rile possibility to simplify t~e mathe­

mntlcnl structure of the model descr ibing the plasma col~ 

behaviour Is otud,:i.~d~.,-__ _ 

The paper nl~ at checking up the control system quu-

11ty and optialzing th e algorithm of the plasma oqui lihrium 

control /1-2/ using the matbemntical model of the object 

a llowing for the real tokamak winding and vacuum chamber 

design. The vacuum chainber 01' the tokwnak wit~ bigh tield 

and adia.batic compression has no insulating meridional 

joints end the varying poloidal magnetic field generate 

in it toroi4nl cur~ents. To calculo.te theee currents the 

chamber has been devided into J2 ring elements symmetric 

in regard to the z·o plane. The currents in an inductor, 

compression winding, control winding , chamber elements and 

plasma column have been found by solving the set of equa-

tione of the following fonn: tJ ) 

IcRi.. + jt. (LL'i Ii : E.LU.) (1) 

d - , 
Whore Ii is the current in the i -th circuit, Ri e.nd Ei 

are the correoponding electric resistance and applied 

B. M.P., respectively , U Li..~ 11 is the inductance IIIB.­

trix , N· is the number of circuits . Eq.(1) should bs sup­

plemented with an equilibrium equation determining the 

plasma column position. The equi librium e'quation is 

written in the limit of a circular, thin column IJI 

und hn3 been colved cimulte.neously with Eq.(1). When cal­

culating the mutual inducte.nce for the plasma column and 

the' rest of the toroidal currents and also the vertical 

magnetic field controlling the plasma column equilibrium , 

the real plaoma column dimencions and the poloidal mag_ 

netic field distribution cn the plasma boundary have been 

taken into account . 

In the paper the results of simulation of the pla8za 

position control sy,otem cperat ion before the major radiue 

compression are presented. Since a high-power output de­

vice i s required for the device in question, a relay 

control sys tem is supposed to be used . The acsumed con­

trol winding per~eters were as follows: el ect ric r osis-

tnnce I! .. 1 . a x 10- 2 Ohm , inductance L 

E.}.! . P . Eo .. :!: 2. 4 kV. The calculations have been perfor­

lIIod for the 480 kA. plasma current . In the relay systelll 

operation studies the control signal of the output device 

k Js 
haa been chosen in tho form Z .. S + d. t. ' where 

S ia the pla~ column displacement from equilibrium, 

k is the numer ical factor. Pro~ the point of view of the 

reduction of the plaB!ll& col= oscillation o.mpl1tude , the 

optimal value of the K term appeared t o be approxiaately 
equal to the time of the current dipole eo~ponent dam-

ping in the chamber. 

The considerat ion performed has shown that the chosen 

relay sY8te~ allows the effective control of the plasma 

column ~osition st &Qy expected slow variations of the 

plssma par&llleters (with the oharacteristic times ~a.r 

than 10 ms) and at f ast disrupt ive inotabilities wi th 

th. t>J values varying lese than b7 0.5 . In this 

cace the aJIIplitude of the plasma column displa cement was 

less than 5$ of the column ma jor radius value. 

In order t o synthesize and analyse the optimal equi­

librium control sy8telll and to reduce the ti~e s pent on 

the control numerical s imula tion the poosibility has bscn 

otudied to s~plify mathemat i cal s tructure of the model 

describing the plasma column behaviour. To real ize this 

the E.M. P. jumps hove been applied to the control win-

ding as follows : 

[
+ E o 0' hL E • } 

-E o 1:.>1:. 0 
} t-Eo O~ t .; l, 

and E • I 

+Eo} t.">t.o 
switch instant to . At t. 0 which differed by the 

the chamber current was equal to zero. The c~lcula-

tions have shown that the result i ng phase trajectories 

in the (s, J ) plane (S is the plasma column displace­

ment , J the control winding current) do not inter­

sect at the input signale of the same sign. The eitua­

tion is adequate to the b~haviour of the phaae trajec~ 

tories of a set of two first - order linear different ial 

equa tions. So , to determine S and J one may substitute 

20 nonlinear differe t.ial e~uctior.~ of ae t (1) b1 a set 

of two first-o r der linear differential equations, the coef­

fic ients of which are matched accor ding to the condition 

of coincidence between its phase trajectories of model 

ot controlled object. Typical phase trajectories are 

shown in Pig . l (the asterisk labels trajectories obtain­

ed using a complete numer ical model) . 

The 0081'ficient8 in the approx1matins 

rential oquationa- depend on the ~1 and 

set of 

t , 
diffe-

pla.a-

me. parameters and vary within the ranse 20 to JO$. 
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TRANSPORT CALCULATION IN A TOKA1IAK WITH 
ADIABATIC COMPRESSION 

O.I'. Pogutse , N. V. Chudin, V.A.Chuyallov 

I.V . Kurchatov .Institute ot Atomic Energ)', 
Moacow, USSR 

Abstract. A one-diMensional model which ia used for 
the traneport simulation in a tokamak with adiabatic com­
pression is described in this paper. This model allows to 
follow tbe evolution of a plasma disoharge, 1n.lud1ng the 
breakdown , initial stage and tbe compreseion along the 
major and minor redii. The results of numerical ca lcula­
tions have shown an essential increase in the energy con­
tinement time with compression along the minor radiua. 

The follow1..o.g; set of equations is adopted for the 
transport calculaticn in a tokamak wi th adL~butlc 
compression 

H= (t-f)n + ~fr.rDFr +snna - R~n:! 

~:.J..l r.Da~ -snna+R.K ,..,! 

( 1) 

(2 ) 
dt r"ar or 

(J) 

+tSI7I1cl~ -j-RkI1ZTi 

i~~ =fj-rr[K..ff'+fr..Dll~] + Qcx-

-~Shn.T. ' iR.n'7i 

ib= 1v_B-)j,+.<t .ilr,_l:t 
dt l(J R 4!S"rar'6t- o 

where ;!h=~+Y"1r,Y"=-~i. 0'" 'EtBl ,Qie deocribee 
the electron-ion energy exeha:lge , Qc:x and VI denote 
l osses due to charge exchange, ionization and radia­
tion . The other notations are generally nccepted. 

This Bet of equationa is the generalization of 

(5) 

one suggested in Ref. /l/ and ueed for calculating tho 
particle and energy balance in tokamake /2/. The neo­
classical coefficients are employed in the Bet of equa­
tions ( 1) - (6) for the ion thermal conductivitY,and the 
anomalous coefficiente corresponding to the AlCQtor sca­
ling ore used for diffUsion and the electr on thermal 
conductivity. It has been adopted that the transport 
coeffioients ~an't be greater than the Bohrn ' s values . 
The diffusion approrl.r:ls.tion is uDed tor the neutral 
atoms . Boundary oonditione are 1'i:xe'1 for n, To' Ti 
and Ta . The neutral atom density is found from the 
condition of equality between ~ne plaacn flux and 
,the n~utra~ influx. The currant density is deter-
mined trom the external cicu1t equation 

The changes in the toroidal magnetic field and 
the ma jor plasma radiue with time ere given to des­
c~be the compression. All affect of the ayatem geo­
metry 18 taken into accoWlt by (l change in the minor 
radius of the chnntber. The details of the _odol can 
be found in Ref . /)/ . 

The calculations ha.ve been carl-L .. d OU ' for a plao-
1118. with the average c;I.ens;.,ty ii .. 2. 5 x l01)b\-J. DurinG 
t he ini tial sta.ae thc plaemu. current riseo up to !~100kt,. 
After ohmio hCAting the t'oNid.e.l magnetic field i& in­

cr~ased from 2 T to 5 T within 10 me. Then tho plasma 
is compressed within 10 me by the po1 6id.ll field nlong 
the major radiuo to U"42 ~m . 

Tho main results are represented in F·igs.1-4, where 
the computed electrcn and ion tempernture pr ofileD and 
those of electron density are shol'ffi. 'fhe curve 1 illu­
strates the profiles before compression, the curveD 
2,) - after the compression along the minor and LJD.jor 
radii. The computed plQ~ parameters for the ccntlul 
region arc in a good agreemcnt with those which rollol'/ 
from the adiabatic compreooion law. A riDe in the eller­
gy conf:l.nement time iD a self- colHliotont effect of tilC 
profiles which cannot be taken into accowlt in the zero­
dimensional modal /4/. Figure 4 ahows an evolution of 
the energy confinement time with diff!;! rent cor.IJlrcaoion 
velocities along the minor rndiull. Curves 1-3 COrl'CS­
pond to the compression t imes Le .. 10,20,40 I,\ll . '~he ener­
gy confineDent tir.le r.iso occure duo to plaol!l!l. compros­
sion and a simultaneous e:xpamlion of the rceion in I'Ihich 
thc electron thel"1ll61 conduct ivity is l1r,lited by ~ohm'l; 

value . Therefore , n partial clooiDf: of the electron 
channel of losoes (the main one) tues place. 
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!1![ .PS_E P.L~[LI~P.)."_..u.!J.O_~lo§!'-RB![l"IS_~O_.H!'P!..!HE SLOWING DOWN 

.o!..lI.!!: .R.A!'...G.~_ f!l.!FlGF. £!. . p!o.Rn.Cg.S_ J.1'I_i!! 

P . R. ThoIJus anll W. Core 

,I[T JOint """" ,"Inklng 
Abln , do n , Ox I'c.rd" hi re 0114 J DB 
Unlall ~ l nFdc • . 

In o r de r t/lat .. 11-1 pI ..... a houl d l ~nH e , It ~5 n .. ce •• ary Ihat 

11>1' 3.5 )le\' .).~ p.rtl("\.s ?r<><i u cu<l \1> Ihe 1I,,,\on r eac tion dep<nlt th"l r 

kl n ... . \ .. ""CTII')' \n tI .. ' pl..... 11)0"" Ih .. ~ I.,...in(l:" d""" 11 cl .. ~lc.l tI •• 

1>,. ,h .. (" . ioo re.c l lon •• and I ,nltlon can occur wh a .. the .nllt ref "'01> _ 

t\nelle ll1 11 ... l a large .no"~h . On the other hand , if Ihe o.-p_ .. II " I" 

" r ... 1ed In Iou orb ll. \h~n tlll'r " .... y b e ina.,t llc l<mt f u. ion power to 

b ••• ;IlJec l io" thu <I", ~l". l "~ duwn or p.<rtlel". 11' t),. un. Of l<e V 

The I MeY Irltona pro duced III th. r o."tt o " dld,plt h ave a poloid.l 

L .... o .. radius .. hlch Is 93'1 o f that of d-I Q-p.rU c h a la that H,ei r or­

blla .n -'I\e tok •• a k .'Inetle ft.ld .re ver1 .1. ' I Il~, TrltOn. produeed 

b)' th.rOld d-d re.ctione hue I birtb profile thn i . lIttll dUterent 

~ro .. lhllt of d-t ,,-putl c:ie, la th.t tblir trlpplnl .hou ld be id .. ntical. 

furth ~ .... o,.", · thelr . lo"6"lnl do .. n h ... bllllt I,. ·· , lo].O .. IICII" I lncI the 

Hlt o n •• re produced U the ••• e r.t ••• tbe 2.~ Ma V neutrons fro. 

d(d.n, l l/" ~"" the i r p .. allll throulh 240 keV h .a rk e d by th e peak In 

Ihe 1( .... n l·l/., er"~5-6.Ulon . It h propo.ed t h.t Ihe 2 ~ . 1>11 14 lI eV 

Th .. s lo.ln~ d_" of I lI eV tr:lton. In p h ....... It .. t,,"p.r,turu 10 

th" k <' I' ,. "n/l" h ,1111011 '1lIIr,ly d u, to th~ Inta ,. ;o.c I lon .. lIb the .,I.c-

t r" "" . Efl en , Huch .~ pl'ch-nnlla . ~ .'t .. rlnl a"': .narlY dlftu , lon 

c"n 11 .. nc;1t' c lcd s o ,h a l 'h. "fnkker- PlRnck .. quutlnn c~ n bl! aol ved 

~nn ly lI<"all)·. B)' foldln~ 1110 tTllon lIi~'rlbullon fun ct i o n .. lt h lh" 

t(d,' Uc) n crO"~ -5 .ctlon. nn e~p,·e" . jo.n tor th e "Illo of 1C .II , V to 

2.~ .II~ V n ..... t r on p"odul, tlon e . o h. oblalned. 

,. ~". fi " . '" , [ , ) 

Her., K 15 tile t r .ppln!: tr~ct j on lIu lt l pll.,d lIy I"~ hr .nrhlne r . tlo fc. r 

Ihe ~-d _ ju 5 Ion r".ct 1<,o., '· 1(1 I. Ih~ c ollisIon fr " qu"n q ' !letu· .. n Irl­

Ions ",,,I "l~"'rn~. , nd is \1", lIc,ule .. o n lI"ns1l)' gnd E~ r th .. ~rl ll c ~1 

",'''' r ~y. Th" d"pend .. ncOI o f R on dc""ll y 1I1~ ~ppe&ra b .. .,.u • • \ ' 1' I. 

propo.Tl;on. 1 10 Ihe "1,,cl r On dcn. lty . R h pl o tt ed Ra • ( "ncUon o f 

"Ie~tron ,,," p,,,. .tu r .. In rl gur" I . AI ID"- 1,," perDlure' I1 Incr .... " .. , 

•• T .. o/l o"c . u"., of Ih .. bo h.vlour of tb .. co l lision fr" qu"ncy. 

)I ••• ure .. e nt of the r.tl o 0 1 14 lo:eV to 2 .$ .... V neul r oD 1Ip1d .. ... 11 t eH 

t he 1IOd,,1 f or Ir.pplnt .nd .1_lnl dOWD . Thh h • • • J ..... d , bee n don. 

on" PLT [ 2 ] .hcr c Ihe _ __ ure d rUlo .... . cons l .tent wllh pquDtlon I , 

"o.·e~.r, 'h" plA~ • • cu ,,"enl In PLT ia too low to tra p e n the I lIeV 

t rl ""'" 5 .. Ih.1 ,11", .. ".~ur,,"enl th., r . "g~ .. nU u ·o . llh" I D Ih" tr.ppe " 

f rac,I,,". ln conl"~" ' . JJ:T . ' 111 run .,ith plgGlOa "" rTen U a t up to 

S~~ ~" Iha, the 1 ~I "r I.r llo", " 111 nuaTly all b e .ra pped. Thcr., for. 

the salle .... a s ur., .... nl o n JET ~' ill b . .. o ~ t s ensitive I n tt>" alow lnK dow" 

t l." of Ih" IrHoM . Til e dr • ..-b~ck wllh Ihi ... et ho d la tllat the 

ab.olut •• easu .... ", .. f\! o f ~lI e r .. la t t v .. y i .. ld. 01 dlffe r .. .. t n.utron 

,roup. free (",,10" devices I M d lfl lcu l t beclluse 11 t. neee • • a r 1 to 

Th., probability Ihat a . lowlnl d_n p . rti cle will unde r lo • 

f Ul l o n I. proportlo".l to (I ( v) v. The \I V' . I nr th. productin" of 

2 . ~ lIeV "nelllrons by 160 keV d.utar"n • • nd 14 Me \' nelltron' by I McV 

trlton. l~ ~h"~n In r l~ur. 2 '. a t unction of tI.e. TI ... h • • h .. . n 

.e.led by thc tl .. e (ts l It I . k •• tile trtton to eom. to r .. t , t . Is 

tabulatcd In fi ,,, ... 2 . It C'" be " .. en Ih . t t he r e I . a tI .. e del.y o f 

o rd.r th .. S l o wl"l: do .. n tl .' b.h· .. an th .. pe.k produc t ion of 2 .::' . nd 14 

lIe \' neutrona . Till . 11 •• delay wIll b .. vhlbl .. dud nl r.pld c h"nt ... 

In Ih. pI • ••• r e .c t ivlty. An .~ ... pl. o f t ile ... pe et.d bell •• l our la 

Rhn. ·n In filU r e 3 . Inlll"lI,. 10 lII' o f 160 lIe\' d .. u le r on • • r e In -

, .. el .. d in to .. JET p l . ~ • • wit h ..... n dculty of 3 .. 10".·'. 

Th .. . n"rIlY <"onl ln<' lIenl tl . (I la as.u ... d t o b. ,I vcn by: 

Tb. i n 'ect.d powe .. 1& lI.pped up b)' 20,; for I .ecODd .te .. Unt .t 

t 11 2 ""o.,d •. TII ... rr.ct of tll .. ttOle del . y bet.e .... 14 M"V a.,d 2.~ 

",.V ".utroD productio" ca .. cle.rl)' be .ee... A 1 1.1I'r .. !f.et .111 b e 

ob. erv.d .:ltll lIydroleD In',cU OD or . D), otbe r for . Df .dditio",,1 h"lI-

1nl. Deut.rl .... i"jection he. the .dV. Dt'I'. thourh, tb.1 the eount 

r ate la hl 'h a.,d the ch'n,e In 2.l M"V n .. utron production la v.r1 

"'pld . Th . edv.nte,. o f the •• Ihod t. tbat the .Iowl." do.-a ti ... la 

..... " ... d dlrectl,. The Ib.olllle .... lI r ..... "t . c.n be u. ed to che"k 

that tha d-d fU' lo" ... t .. la ... ~p.ct.d , ."d tb't th .. tritOn tr.pp!nl 

lrec tlon I" one. Th. pro" ...... o f tll. r"o.,II"I .. . r produ c tion , tr.ppin, 

a nd . 1_ 1 ... do"D o f M. V ran,e ch.rl.d p a rttclu _Ub .i. lI ... prop.rll" . 

to d·t Q-partlcl ... c.a tb . r .. for" b . ..... ured ID " dnll. '.p . rl • • nt. 

It .111 b .. poul ble to p"rfor .. til1a e .perl .... Dt .itb tb l .dditlonal 

b"UDI ami n" lItron dlBSnOl ti c. ~hlt .ui 11 .. i ... t.lled on JET. 

160 lI.y d.ut .. rt .... n " utral I nJeCtiOD .11 1 allow experl •• DtI of t h a k lDd 

lllun rned In filu)" e 3 '0 be p.rlor •• d. III addltlOD, lip to laW of 

ICRP .. Ill p"rltlt co p lou. tb"na. 1 product1on of tritoD' .t e1.vated 

te.p .. r.ture., .D that b irth pro fil e. typl e .l nf d-I pI ..... c.n b. 

atudhd . 

ton • • "" 3.~ MeV a-prodUced In.tabll1t1el and the Q cODtrtbutlon to fI 

• .1 11 h.v. t o ;l. .. . it the .... o f d-t .hlu r •• In JET. M""eva r , tb .. 

b •• !c proc . ..... .. Ill hu. b •• n teGt.d 10 tbe experi .. .. "t propo.ed b . re 

In p.rtl eu la .. , the .... t1 .. ~t1on of tbe trito" .lowl". do.-n ti.,,, .. Ill b. 

..d. u . 1 n8 . .. "thod that doe. not dop. "d 0 .. . blolute ...... ur •• 8I1t. of 

neutron yl"ldo . 
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LOCAL MEASUREMETS OF ELEOTRON DISTRIBUTION FUNOTION AND 

CURRKHT IN TOKANAK D~VISE . 

CHULKOV G.N. ,SKOVORODA A.A. 

I.V.Kurchatov I nstitute of Atomic Bnergy ,Moscow , USSR. 

The spatial distributi on of the ele ctron temperature 

Te and the current ia the impotant oharacteristi c ot tho t o­

kamak plasma . Thoro 1 0 4 po •• i~lllty of tho local measure ment 

of these parueters b,. tbe determinat; l on of the microwa"M 

beaa absorpti on profile near the aaximum of t he electr on 

cyc l ot~on frequency. The scheme of such measurements and the 

coor dinate Ojstem use d in tbe caloulations are shown on ?ig.1. 

The abnorpt i on of electromagnat ic wave whon W ~ ntct.is deter­

mined by t he re aoneDce reg i on ne ar the magne t ic field aaximum 

along the beam direction . The dimensions ot thi~ re gion are: 

dong t he uis OZ"'~ , Oy",CL , OX "" ~B . Bocause of 

the small dimenBion of t h i s regi on It I s possible t o use the 

l ocal magnetudes ot plasma par~ters(denCity, temperature et.a) 

and to approxi~te the magne tic fi e l d dependence on coordi­

nate :; by means ot tollo.in!; expression 8(:I, I}- Bo(t -.f -ff,.) 
In this p nse for calculnt10n of absorption coe fficient we 

used the method of successive approxi mnti on [1j.The sp~t i el 
dependenc e ot the ~ave electri c ~leld ampli t ude is the f o llo­

nng E .. E-e,cr[-~:I. -6'i~~here a..-thc , beo.m width . The absor­

ption c oeffi cien t ~ is deterJllined by t be expressionil. 

~ . b 'i'd. Jdy fdtUf{-£ - !k'ri) fe(E~J/ (1) 
F-~ -<>Q _J; a.. 

where J current density exitsd by the wave ,~ complex conju-

gation,Re-real part , P - t he s tre am cif eloctro~agnetic ener31 . 

Usinp; tbe me t h od described 10[1] we obtaind ~ on n- hnr.teni c 

for M8Xvellian digtributi on : ~ 

"( ,j" r,~ 'Et 7" ' ot:Xc,vO'{:W)Jdv,e TnAl.ln-l(~) +~v.Al .. (1)' 

,.tV:ln (~ )] jat-~;'''''f{-£) 14;:«( [i 'Plc,,/."'.')] (2) 

. h", c. t (/' ;';;1-;;;8 -oI'o{,Moe, <PI.,;', "'!) - (<.J - "'4.(1,2-
. u - £f,.) ,.v)t - '.(t. -i); f, - f -rl'ff),(f+;,)w.(Yff} ; 
R. -/"X+(Il+II) '-'; A - otk;' ; r- ,f!.'~r-; f'- ?': 
fe-~ , '+-r-rr; c 

"'.f.l .. ~the co:nponents o f the pol arization ve ctor(sec,1"o:t' exam-

ple (~; V- collision fre que ncy ; 'I.t - t he projection o f electron 

velocity on magnetic field ~j~ection .Usin" the expressi on (2 ) 

it is poseible to 8nsl;rs e the influence of Doppler effect , 

magnetic field line curvaturs , r l!! l".tiv1!!t ic I!!ffect and beam 

widt h o n the absorpti o n . The e Xpr e sRi c n simi lsr t o (2) v~ s 

an~ised in detail in [1J . Po~ t he t okazne}c; pl ' ,gm<l diagnost i c aim 

VI!! c.n slmpli fy (2 ) consider-l!!bly.'l'he absor ptiQn coe f fi cient ? 

at the t ox,ne.k comU t 10ne P.nd 6 £1 (/(~VT::''> ( (~)1 v).i Jri1(i 2~)f ) 
is ~ete rllllned mainl.r by t ha Dopp ler e ftect. . l n this c l!" se t ho 

expre 8s ion ( 2) h as t be foll owing for~ 

n I.a..)_ Twe~(.J')'~V'e-'f· Ir (~lrA"rJ/D - lNlf 
1nl' l.tVa>NCG-(a:}'*'F-)'H, n-.fUi'~ t' , 'J (3) 

• J.«~i:?.A U(-f _",1 +$Z?"l;;(-.l-Ivll f.l. J (~lrJ(O-Iv)1 
(a:.;+ ttJ"I.L ~ 'I l'~f.. . 'I) h 1'1 I 'I (t ~ f 

• ~" • • ll. • • r!' I 
1rheraZ,.l '"' ~ ,vJ- (z:+ ,;)r,.. ; U(~-W/_P8J"abOl1C cylinde r 

f unction [ 3],,,an ... n~W;: . USi ng ineqUality/ A!» Z.l. ,whi ch is 

~ \l B t f or extrttordin~y ~' Iwe(the absorp t i on coefficient for 

tb tl'l weve 111 Iluch more t h l!! n ~ for tbe o r dinary "'8ve), 

8-19 
we obtllin: 

(4) 

(5) 

(6) 

r 
The ~e~endence of the ~b ~orption 

-gammll funl;ticn . 

cOl!!f!1cient ~=? (b.!l .. ) is 

showen on ~ig . 2 . The tnexin:um vl'h:c o! absorption coefficient 

h equl!!l l'}·n,""/1.1I'--{.2"rl'l((;et'l.J.~t")A.t. when W!6f 
If ~l'" ~ thl!! ncesurarnonts of the ab sorption line profile 

Si VI!! us the oppo r t un.l ty to recl!!i vit the locn.l mftglli tude of 

electron tempereture end l on~iti~inl!!l energy distr ibution 

func tion f rom (4 ) ; .'hen pll'SlIIa bes s systemati c ve l ocitJI Vz 

(hscose ot the current , for example) i t is nece~snry to raplnce 

in t be expre8 810n (2 ) .tUr! on ."Q.n ... ~ . One Clln ustE<r­

Mine V
z 

b y carri.!JJ; out the simulteJ'le ouB mo asurement s ot 

absorpt1')D coe f tlcie nts in two opp osite (liroctions Kz ano - Kz ' 

"or thi s purpos e it is necess8ry to use the " tail" and the 

mex i ll'lum of 8b s or-ption l i ne ( g ). 

I t :;hould be note d t h ll t t he runat,a;?' elect rons C1l1l be 

investi ~ ll t e'" by tile 8"_":18 rne thoe . In t he oxperiment the h l>.rmo­

nic nu !!:ber rutd the en~le El 1epe n tl.s on the nec"l'sslU"'y 10cl"11-

t y , ml! lI::ne tic !'iel~ ~n(! ulB sm'l .1ensity . t:ainr; the I l n t'Drly 

oo l llr izl!t e '\"Ia~ 3 , vhich c on t llin both ext r'lordinl'ry t n d or<U ­

nary component s , it i s ne ce 3s~ry t o t a ke 10 ~o ~ccount that 

the ~b sorption of ordinary w~ve iA much 6~~ 11 er . It s hould 

be no te tl thl'.t the r e f lection from re son ... ...nt r e i,;ion is small 

1n absorpti on. 
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~i~ .1 n , b -sche~e of ~e~surement s and coor1i Dn~~ 6yC ~C Jl\ , 

f" , " ·, B , 13 · - miorow!; W' h o r:-o:-. , O- .. x i !'l of toln".r::ok 

-ch.~gq of n-hllI'monic of e l I'!C1:~on CYCl" t ron 

frequency Well l onll; ~he m.t ct·O\" 3 \·e ( !'re ;~uencyw ) 

beam, d Q., .. -A--. ..... 
'l-

- ~n,,,,,,,, ? i g . 2t'ependenc () of ab ::Jo:' ) ti ,m 

c oe:"fi cient 7", o n AQ.. ., 
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H:J\'f COfIDUCTIVITY OF TRAPPED 10U5 HI 

" ' .. 'OIWiAK 

r . I!. i."uohr.lO.nov 

1. V. Kurchatov Inoti tute of AtoJ;;.ic Ener6Y . 

1.1000011, USSR 

'l'hc thermal co':!-ductivity of ione trapped in a space 

w~or~ the lonGitudinal field coils is inversely proporti­
onnl to the Cou:"omb col11810n:3 1. -li">' U'J£ / V, , where 

"4 - tfr'/W/J A 10 the toroidal drift velocl ty, fj 

ls the ripp~e depth 11,21 . Such dependence reJ:\Qinll Wl­

tll the difltn.nce , c.t which the trapped ion drifto for the 

ef fective confilll:ment time in :1 local trap '-11-;/"'", 
floc.::: not exceed the chnracterilJtic lJize of the oy . .:::tem 
non-uniformity . EvnluLiti .. llr; the non-Wl:lforluty siz~ a:J Q. 

,:.;1;101' radiuli of the torus) , Strlnc;cr has come to tho con· 
C1113i oll thc.t the thermal conductivity type 1-.. _)),:1 

i s true do· ... n to the consid era.bly 10WI:r Vi thon those 

obtained in fusion fac.i.litiE:o 11/. 
In ' ::ll;I..n:: toltanako the minimal non- uniformity oi7.e for 

the trapped particle::! iD not Q. but Zo - v/idth of a zon,:, 

in whici} the local llUu"1lctic trapli do exist , 
'.I.'ac local trap8 arll produced only in the range (see 

Pie; . 1 ) 

1l1< l . '01,- , Z.! N'~ R, (1) 

I"Ihc!'c ]I is the number 01' the longitudinal field coilc . 

° i:> the sufe tJ factor, R is the r.:JEljor rudius of the to­
rus. Sub~tituting . for exnmple, the parameters of INTOR 

n .. S , 2 rn, q=l , 1-1=12, S!>O,J% onc uill obtain Zo'= 20 cm «a, 

Tilereror ·~ . th(! condition for applicnting the thennal con­

ductivity type f:' v:-I is COll9idered to be I/jr."ul. 
or 

(2) 

In the oppo:.ite l ir,li t C~8(! of 'Tery 10\"1 collioion fre­

(Jtl0' !C~' ",« V· , the trtlpped ions drift along the ver­

tical without coll io1ono. '''1!C~' do not lell.ve the vessel , 
but hnvin(!; pe.::loQd the olia~uncc -i!. , they entel' the re­

Gion without any lOO511Ctic trups_ Returnin& along the linc 
uf f orce, ~he;r :aovn uiong tllC cloaed tru jectori es shifted 

Q~ &or - z: / r f:'OTol th!! maGnetic surfoco . Tnking 
In~1) tlccount ," ~·c.I' colli81 0~1 ::: ,onc evaluate:: till! thc1'l;nl 

cOlOd\.lc!..ivit.y 1; - / """!lr"ll-v, Z:/r ~ SI'i, wh~re I-r "~l./"t 
jo ~hc :Cr",d! t)/\ of lncc.ll:1 trapped particles /J/ , 

]11 th!:: 1'....,./,;'. of l(>w collJ",ion :fr cq1lencic!1 . 0. radial 

', lCCt:l'ic r~e\d ~)' .i.lhill.\ctr. "n the heat tranofcr in d i f­
fCl'E!IlcC L COI.1 the ccoe v;» " . , Due to elect!'1c drift 

the trajectories of trapped particles are not vertical 
lines but arcs of a circle , Therefore, the diaplacement 
ot particles becomes 1e80: .4" - (?:.I/r) v;t /fil"l #q;;}, 
where VI." C~ /8 is the electric drift velocity. The 

thermal conductivity deoreases correspondingly by a fac-

tor vJ/(Vt/~//£r'-R/a' /.1/. 
To find the thermal conductivity for arbitrary col­

lis10n frequency . a kinetic equation for locally trap_ 
ped ione have been solved for a magnetic field model 
with parabolic wells 

"-8. [t-Z.(J(t-l·/l:-N·~·HJJ. (J) 

where BIIJ-O if X<' O if X"O 

toroidal angle. The thermal conductivity obtained CWl 

be represented as (it is asoumed that r»z .. ) 
~ ["Ill W. 

'1-.=001< i'.o h • . K(~ .~E'~) 
.' r~tnKW6 W", T; ,W .... 

where W" "(T Jh.vJ]'jmW6R~N'9- J"(Il.l.) /2iir lf 
1a the 

energy of particles for which Vu l"",..! ., i!.. or J),. v· , 

(4) 

8 - 8" (I{ ,0) V,., is the minil:Lal energy of the 
locally trapped ions determined from tbe condition ,;1'(""' .. ) '" 
• oJl:' 1f(w",j N / 1{ . Dependence of K on 17 !W.. o.t dif­

ferent values of the parameters ~~£r/T;. and. W",/W .. 
are giv~n in Fig.2, 

At· W';' « T «( W... the h~fit canduct ianof trap-

ped ions (4) can be pres~nted in the more simple way 
0"/1. z' /r, Z 

I, '" 0';:i'f.;;AJ~Il.) (5) 

Funotion K( T / W .. ) - (T / W .. I 7/.. corresponding to 
this thermal conductivity is shown in Fig.2 by a dashed 

line. The formula (5) coinsides with the result obtained 

by Counor /2/ within thu accuracy range determined by a 
factor ~1. 1. 

Tbe results of numerical calcula t i ons or heat cond~c­
tion /4/, where transition from the dependence "1 _ v,-' 
to 1 .. _ V; has also been obtained, are d·eeigno.ted 

in ~ig.2 as' ~ • One can eee the rnt io of heat conduc-

tions ob~ained from a'numerical calculations 14/ end 
from the fonnula (4) with £,. -0 - what W(l9 likely to be 

uoed in aimulation 141 - does not exceed 2. 
Determine the vnlue 1'/13: A9SUllling approximately J(Il,l.? 

". £; • one haD W",,,,,(Z ' /O-',, 8/? .l. /V fj-)<I./s, where 

", !J.,( are measured in om-J , T , m ~espectivelY . 
Using th(! parameters of the INTOR n'" 2. 10 4cm- J, 

.5 . 5 T, R=5.2 111 ,N" 12, q .. 1 one obtains WG."'22 keV. 
So , the operat ing range of temperatures ror the INTOR 

is r _ o. J _ (J. G W... • In this range, the depen­

dence of " on To is found to be suf:ficiently weak 0.6 

TO. 5• 2 for different radial electric fields. Thorefore , 

it i~ unlikely to expect on effective pla6ma temperature 
control due to the dependence ;: .. ( T.) • On the con trary, 

the heat oonductien dep~ndence (4) on a ripple value S 
is very atrong . As W... does not depend on d and 1" .. --i. 
the heat conduction (4) ia proportional to b riIJ. 
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Al'OIIALOUS BLBC!'ROI VlSCOSI'l'! .un BALLOOlI'ING 

IIODl!S 

O.P.Pogutne, B.I.Yurohenko 

I.V.Kurobatov Institute of Atomio Energy. 
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A linear 1deal ballooning Mode theory has been recent-

11 developed /1-)/. In tokaaake theee .odes .uat be dri­

ven at preesure gradiente _8xceeding the oritical value of 

,,(>.c< /3,4/ (.c=-S'JiP'R'l'/8.', R is th. 

torua _jor re41u.lI , q the _fety factor, 80 the torol­

del field) and develop at • growth rate 01' the order 01' 

an 1n"l8rae Alhen t1aa ro -- 1/7'9 (le'"' a/cs, 
('6 '" 63 /1'117 { I 8:1 111 the ourrent 1'ield). In 

.odem toka.ak. with an auxiliary beating the pre.sure 

gradient ie of the order of ..(~ due to the neu~ral 

injection, but one oannot be BUre that the ideal thre­

ebold ill surpaa.ed. 

Since the .linear ideal b&llooning .ode tbeory i. auf­

tioiently well developed, the reaearob ia now conoentra­

ting on~ the problems connected with the presenoe 01' 

di •• ipation /5,6/ . In the reeiative .odel tbe pres~re 

gradient threshold i. shown t o vaniah and the instabili­

ty must develop at a growth rate ~-1z~(l~/rtl)o/J« "1fl) 

(Tt = t;/'GCl/C.z.) . ThOU&b. thin growth rate iI!I 

lIIuch higher than the reveree skin titDe Z,s' e1:00e 

l:s/C61 » -L , the utiJla.tea 1'or tranllport coetticiente 

aa.ociated witb theee mod88 show that :i)-'t/KJ.:l-.,la'l'c;. 
i.e. of the order of peeudoolas.ical. Such ooefficienta 

are known to be lower than exper:1Jlental onee. 

In the paper we attract att ention to the faot that 

the inoluaion of anomality a •• ooiated with an electron 

channel, can enhance essentiall,. the transport ooeffl~ 

cient. oompared wi~h paeudoclasaieal onea. The enhanoed 

eleotron heat tranaport ill a well- known feature 01' an 

eleotron ano.slity. 

Thill effeot can be related to an anomalous V18COlli­

ty in an eleotron fluid. Db order to explain experimen­

tall,. the obllerved Alo!lotor IIcaling 7& _na:l ,one 

should introduoe into an eleotron component the tran­

averee visco.ity ter. of the Orderj".o ~ ='-@:" tJ.j 
where r - f» 11. a /tE Then the Ohm la." will 

read: 

(1) 

Uaing the prooedure of Ret./6/ one can obtain 

a differential equation valid for higher-number bal­

looning mode. ( J:l -::=- nq >:> 1) in e. tokaDlak with cir­

cular fl~ eurtacea : 

cI (1'<S'Y"d'l' h("'-' •• e ) (-(+.M+~K''''·) 
dj(1'+M)c{l +)( ,. < f+S'y' (1' + 1'/K'Z,') - (2) 

- .i- V - ~'l.Y1'+"J·)j 'f; 0 

Here ./U= h~tp~("''''52!'')/!zt + 6~h""'J-r"'+SA1~)7a~~ 
S "" '1'~/". 18 the IIhear, b'" C/w,P .is the co11i-

• ionleea skin-layer thicknesa( Wp'l.. ,.. Y4-h. e/,nz ), 
Cc. ~ R't/Cs, C; "" If .. PI s is the sound 

velocity, ~: In h a ~ i8 the viacosity electron 

time; 1f =- "('/2 + 'l"/..e (-t'- f.-~) io the magnetic ."ell. 
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Below W9 confine ourselves ~o the moat intereeting 

caee when the 'Yillcollit,. do.inatee 'fa. ~'" 6" "'It'} .rlJ/a:~ 
and perturbation. are potentj,al, and 80 tbe preesure 

gradient '" '" oI..c and ideo.! balloon1n& lIlodee do not 

develop. In this case the plaasa pressure le aleo suf­

flg1entll low and acoustic oscillatioos have ~o enough 

tiae for e.oothing of bal l ooning perturbatione along the 

field line!! rlc.» 1. In thie CUB Sq. (2) red:uqee to 

1ng mode gro~b rate ie weaki y dependent on the anoma­

loua electron viacoaity value and inore •• e. with tbe 

1II0de Dwaber: 

ot 3/$ $ ~I'S" (); )'1'( o/s 
~ - __ ~/S"'" <;/5 a h..'t) (4) 

cl"" (IP 
The localisation region of theee modes in the P6urier-

apace decreasee with bQth the viacosity and mone number 

increase: 

, l' (")""7.0;,J/r :f 
'/ - .t"S $",:r CS) (h 1fl5 (5l 

With tormulas (4) and (5) it is possible to estimate 

the diffusion ooetficients a ssooiated with the balloon­

ing mode development in the presence of the anolll8lous 

electron viscosity. Sinoe K.L:l co ti~tYf". )~!ls }/a" 
the maximal (in nq) pla~ diffueion coefficient 

exists I 

,2)-
(0) 

Thia coeffioient 18 higher that the pseud-oolaseical 

one when viscosit,. electron tilDe ~ ~ CS (S/~ r WCB­
Assuming the viao'.it,. tt.e to be of the order of the 

energy one Z"... ...... 7£ one can readil,. .ee that 

in the experiments th1a inequality i. aatisfied. The 

ohmic heating dittuaion tae Z:.l) det.rained by coaf-

ficient (6) depends on the plaa.a paraaeters in tbe 

1'o11owing _y: 

and agrees in the order of aagpitude with the experi ­

ment.ally observed one . 
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RADiAL TAANSPoRT OF PLABMAS IN CENTRAL CELL OP 

GAMMA';'6 TANDEM MIRROR 

T. Kawabe, K. IlIhii , A. Itakura, Y. Kimura, 5. Miyoshi 

Y. Shinaqawa, S. Suzuki, M. Tomishima and K. Yatau 

I nstitute of Phy.ica and Plasma Research Center 

The Univerdty of Tsukuba 
IbaraJd, 305 JAPAN 

Tandelll mirror (aJlbipolar mirror)l}2) 18 one of the 

attractive approache. to nuclear fusion reactor , and 

experi~nts have been carried out by use Of GAMMA-6, TMX, 

PHAEDROS and AMBAL-l. · Expected confinement time of ion. 
in the centra.! eell of .the tande .... d.rror ha. boo .. n SU9qeated 

by pastukhoV3), and it was verifi~d by GAMMA-6 experiment4}. 

At present, one of the eSllencial problems of ~ill confine­
_nt IIcbeme. i. the radial tranllport of the plasma at the 

central call due to ~on-axis~tric magnetic field con­
figuration, which hll8 been lIuggested by Ryutov and 

Stupakov5). In thia paper, experimental results on the 
effec~ of radial electric field upon the radial ion 

transport in GAMMA-6 are described, and they are compared 

wi th the calcu­

l 'ations of the 
drift surfaces 

of the ionll in 

the central 

cel l. 
The GAKMA-

6 magnetic 

field is fonned 
by the follow­

ing coils, 
(piq.l) . 

pi9. 1 Schematic diagram of GIIKMA- 6 

The pl ugs are two pairll of Yin Yang coils to form minimum 

B confiqulation, while the central ce ll consists of two 

lIolenoidal coila. The magnetic- flux tubes in ·the minimUIII 

B plugs entering ~o 801enoid a r e o riented to face one 
another . ~he field .trenqth are 1.5 kgauss at the mid­

plane of the plug. with mirror ratio of 2.4, and 500 gau~s 

at the central cell undar the typical experimental 

condition. 
Pl asmall are produced and injected by two pairs of 

titanium occluded waaher qynll frolD both en(l8 on the axia. 
The typical pl,,1IIII denllitie. at the plugll and at the 
central cell are about 5 x l013/ CIII) and 1013/cm3, rellpec"'-. 

tively. The electron temperature is about 10 eV, while 
the ion temperature ill about 30 eV. The Crollll sections of 
the plasma are elliptical of 4 cm x 6 cm in diameter at the 

mi(lplane of the pluqs and that of 3 cm x 40 cm at the 

central cell. Radial ·distribution of the plasma potential 

w~ llleallu:fed by LangtDUir probe. and it showed tha~ there 
Villi a dip on the axis durinq the di.charge of the plallllla 

gun. to fOrM a radial electric tield of several 10 V/ cm 
and that i~ W~II rather tlat after the dillcharge . 

The radial flux of the plasma Iona wa. meaeured by a 
fluX detector of Faraday cap type. wbich was located at the 

midplane of the central cell, ·and the radia l position on 
the extention of the short axia of the elliptical cross 

section was .canned. The detector consiate of a mesh grid 

Which is biased neqativ~ly to repel the. electrons and a 

collector to collect the ion flux. 
Typical resultll ~f the temporal variation ·ot the ion 

current to the collector of the flux detector is IIhown i n 
Pig. 2, aa well as the current (Ig ' and Voltage (Vg) of the 
plasma qun discharge , radial potential difference (AV), and 

ion saturation . current of the probe in the central cell 

plasma (Iiac)' As i. lI~n in Piq • . 2 , when the location of 
tha detector was clo.e to the plll8ma (r· . rem) , the ion 

tlux conlliats ·of two peake , the one has similar shape with 

the temporal variation of the pl~~1!l8 deneity , while the 

lIecona.. peak CO"II just after the discharge of the plasma 
gun. When the lQcation is far from the plasma (r _ la cm) 

then the flux at the end of the gWl discharge becomes 

dominant in the radial flux . This latter type of burllt of 
the plaslllll reaches as far Il8 r .. 20 CIII. 

The coincidence of the starting time of the burst of 
the r adial ' ion flux with the time of the end of the dis­

charge of the plasma gun was veryfied by changing the 
duration of the discharge of the plallma gun in a range 

from 300 ~sec to 700 ~sec, and it was fo und that the 
coincidonce was good 
within lells than 
.. 100 ~sec. The 

expansion of the 
plasma seems to be 

quite fallt in the 
radial direction. 

This enhanced 
radial transport hall 

been conllidered, and 
it lIeems to 

attribute to either 

the effects of the 
radial electric 

field on the ion 

drift motion or 
some instabilities 

which occur when 
the radial electric 

field b~comes 
ama11. 

To check the 

first model, cal­

culations of the 

drift surfaces of 
the iona i n the 

central cell of 

of the G1J.1MA- 6 

y 

(ms) 

Fig. 2 Temporal variation of the 

current(Iq ) and Vo ltage (Vg)· of the 
plasma guns, Potentia l difference (AV) 

Ion saturation current (Ii.c' at the 
w~dplane of the central cell, and 
ion flux current (If) at r _ 3 cm and 

r .. IQ cm. 

VACUUM l'lASMA V A(UUH 

I:: , 
'.' -' /:"'-.\ ·.·'·r. r \- tr': .• 

.t' (J \ i -';_ 

with the experi­

men!a). condi tiona 
has been carried 

·out based on the 

guidinq center 
apprdximation 

with. and without 

radial e lectric 
fie ld . One of 

the example is 
shown in Fig. 3 . 

As is aean in the 
figure, the drift 

surface of tJle 
·ions ia within 

the croa. aection 

of the plaSmA 

"'" 
• • ! i \ ' , - .. i; ~. 

when there is 
cadi.!r.l electric 

field, While the 
drift lIurface 

would expand 

.-
B: 

-, . 
-. 
-, .. , -. 

Ai .. 1 .. , , , 
i : 
I It' 
i . t i ~ ... 

'--.-~ \ itl ! -'--'J': ... .:. , 4-+ 
\"~i , . ' 

-, • x ... 
Fig. Example s of the drift lIurface 

of the ion8 in the cross lIection of 
plasma column of ,the central call with 
fA) and without (B ) radial electric 

field . 

beyond the plallma surface when there is no radial e lectric 

field. Thill ill becauae the e x B term becomes dominant in 

the force acting on the i01)8. 
50 far. an e nhanced fluctuations have not been 

observed in the plaama in the central cell when the gun 

discharge tinillhed. Those facts suggest that the radial 
electric fi&ld play. an important role in r~dial transport. 
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PLA~ FJEATIKG BY R E B III A LONG SOLENOID 

Y.S.Burmesov , A.D.Kh11ehenko, V.A.Kornilov. E.P.~Btov. 
V . 11 . Luky allOV • A. A. Podyml M gin . Yu . A. 'raid ulko, LoN. Vyachee]aY(19' 

Institute of :Iuclear Ph3BiCB, lIovoelbirek 6)0090, USSR 

New results in the study of the beem-plaama intErractl.on 

at the COl-l device 11/ are reported. The r!ls1n8%pel'1.mmtol 

paremetere of the device were -the follawingl the 0018n014 
length L~7.5m. the homogeneous magnetic field strength 
Bo",) I 5kOe. PlaDD'ls' wee produced by four osoillating d1scl:&r­

gee when supplying vel tages t o four diecharge gaps located 

along a dielectric chamber. The hydrogen was filled in the 
chamber with the eJ.d of five pulsed electrodynamic valTe8. 

This method'made it possible to produce a fairly homogene­
ous plo.e:ns ·of 7 .5m long and 9cm in diB!lletEir '11th the dOll­
nity De _(J_S)·,0'4om- J • The plaODa perameters were ch.­
cked by the Thomson scattering ~ethod and with three &1-

chelson interferometers/2I. Injec.t1on of the REB in\o \he 
plasma was performed through a magnetic mirror CIb-25kOe); 
in the diode region the magnetic field was close to 1 ts 
maximum· (23 ,5kOe). At the exit of the system there is lo­
cated '!I mirror with 31 kOe field (the mirrorJ;'Btio n.2·3)0 
The exit mirror con be removed. if neceeear,y. and tho mit 
colloctor--calorimeter turns out to be in 0. fleld close to 

'the homog~~eoue one (Ba12kOe) 0 

In the most of experiments the plasma density at the ~~ 
tem axis "BS ns.n .. J ~1014cm-J and the radial grs6.1ent was 
amell enough ( e/dR al.5 ·101Jcm-4) . The beam currant don­
Bity was held con~te.ntl j b s1.5:!:0.2kA/cm2• Despite the 
~uite large angular apread of the beem (~ _2Jo just be­
bind the e.node foi l and Je; .. 180 iO.8 homogensou8 magns·· 
tic :fiold). the initial distribution of diamagnetiem along 

the device ls 1nromogEllBOUS. fig. 1. Such B di~tr1but1on of 
d.1emagnctiSlll ie a strong argwnlmt in favour of the energy 
release DJechanism based on the .two-stream instability IJ/. 
As it has been previously pointed out (aee , e.g. 14/), tho 
dlamatch between the energy content calculated on the ba­
eia of the Thomson scattering meosurements and the energr 
content fOWld from diamagnotic mee.euremente is accounted 
for by the appearance of "tails" in the energy distl"'ibuti­
on function. The plasma energy contensts measured b1 the 
two methods differ by JO times. !he large length of the 
devioe allows the mein p~etere ot the electrons in the 
"tails", i.e. densit1 of ":",ot" electn:.ns and their moan 
energy to be estimated in a sufficiently reliable manner. 
The simplest estimation tor minimum Dne~gJ wae mada with 
the help of a pul8ed target trom the neon plaSMa (the tar­
get length i8 about 100 cm, the density is about ~J010~cm-~ 
formed nam' the output ot the chamber. In the case wben a 
Coulomb mean free path of "hot" electrons proves to b~ ot 
the order of a target length. these electrons will be et­
fectively back-scattered "hether or not there i s a mirror 
at the output side. Pig. 2a presents two aignale of the 
soft X-ray radiation. The eignul plotted as a solld 11ne 
corresponds to a magnetic configuration of the mirror ty­
pe. The dotted slgnal corresponds to the caee of an open 
end. The comp8l.'ieon of the two e1gnBle makes ' it possible 
to drew the conc lusion that the target is transparent tor 
a cons~~~rable portion at the "toil" electrone. This feet 

"""i,tO cV/ .", mBtultJ thtlt t4e e t racti­
vc temperature of "hot" 
electrone 10 T: > 1 keV. 
Pig. 2b ehovlB the dia­
magnetic signala detec­
ted In two configurat i­
ons ot the magnetic (!;I&­

tern: the mirror trap 
(solId llnea) and the 
open end aystem (dotted 
linea). 

For various estimati­
aDS it ie ccnvenient to 
introduce the decoy ti­

l,,,,Ille of El. diamagnetic eig­

'---C-~C--.C"Cg-.~,iC. --~5C--o---o7'"· nul. Tr.is time is sb~n 
" in Pig. ) for different 

positions along the device both in the O&8e or a m1~r 
trap (dark circles) and in the caoe ot an open end (light 
circles). It le oeen that the co~on decay times can be 
introduced for the both configurations. In the case of the 
mlrv:Jr trap the averaging over 164 signals resulted in 
z: "470:!:9One. In the system 1? th the OPBD end the aVerll'l­
sing over 88 signals yielded 1: ~J _23015On80 It follows 
trom the lat&r estimate that the planma diem~etiBm is 
determined only b:r a group of energetio el eotrons le~v1ng 
the system with a typical longitudinal veloolty, estimated 
as Ve ~ fPITJ·109CQ./s. Purther. sinoe the time history of 

.. 

I Jr·1II ldia!llaglletialll depends OD 

t ~~ the bound&r1 conditions 

b-L. _~ ~ \l (~ ~;~:: ~::::o u:::r~~a!-
Pig. 2a. ' ei tlon to the mirrorty_ 

WJ., 10" ~V/c.rn 

Pig. 2b. 

pe configurstion}. one 
oen assume that the bot 
electrone distribution 
ia cloae to the isotro­
pio one. In any cBBe. a 
significant portion of 
these el ec trons have a 
momentum outside the 
lose cone. Aseuming 

-. 
01 C:, IO, 

that the isotropy tates 
pleae . we find that the 
efteo\ive tempvratur. 
Of bot electrone ls 
!:ft % 10 keV. With B 
typical value of diBIIBg­

netiom per unit length 
of the plasma col~. 
nt.L S _ 1018 ~ and 

S_30cm2 the dens1t1 of 
the "tall" eleotrone in 
estimated a8 followe' 
DIU # J 0 1012cm-J • 
that DOoOunts for ,~ 

ot the plBBDS denB1 ty. 
Of oourse. thie method 
si ve. the orliu of ~. 

., 
~, 

cu 

0' 

0' 

In ~ III11 
I! 11 I 1111 i 

1 I 
jI 

magnl tude values of 
.teaperature. aDd dlDr 

ali,. 

Note that for the 
plal!llla 'and beUl para­
meters indioated abo­
ve a qui to high effi ­
cionc;r ot the RKB-pla­
Bma 1ntsraotion has 

-----I--l--I--------I 

0 J i 5 

Pig. J . 

~,m been achieved. The 
energy input to the 
plasma i8 above Jo.l 

ot tbe REB anergy. It is interesting that the baem-plasma 
interaction can be suppressed considerably due to the ra­
dial den!d t,. gradients. Tbnt iD important tor long die­

tances bea:n trB.Osport. In cOlllparlson with deooribed above 
rosults the ~e~enta made with pleQmQ grndient 
1dJ1~/dRl .. 8'101Jcm--i have shown tb.c:t Inter soLion etfi cienc:r 

ia decreased by more than J times. 
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BXP&lUIIBRT8 OJJ ~ ATOLL . DEVICE 

K.S.loffe, B.I.Kanaev, V.P.Baatukhov, 
V.V.P1tereky and E.B.Yusbaanov 

I.V.Kurohatov Inetitut & of . Ato.dc Energy, 
I.ICSCC'll', .USSR 

Abstract. The Atoll ~evice i s a r1na-ahapcd magneto­
electrostattc trap with a cusped magnetic field (WET) 
/1/. The described exper~e~ts aimed at: i )clar1fying 
the conditions for plaa~ production in such a trap by 
energetic electron injection and determining the reaul­
ting pla~ parameters, ii) studying the effect of gap 
electrostatic plugging on plaamo confinement. 

Fig.1 shows the machine lay-out. The f ield ie gene­

rated by four paire of coils ( 1 ) shaping 2-~-wide gaps. 

The radii· of the outer and inner gapll are 64 CD'! and 

32 cm, respectively; the fielde within tbe gaps are 8 

and 16 kOe, respectively. The plugging electrode _ 

"~flectors" (2) with suppreuing ringe are located 

behind the gaps, the rings being used when it is neces­

sary to supprees the secondary e],ectron emission from the 

reflectors. The latters are at a negative potential. A 

.heated electron emitter (J) 

is placed on a ~l area of 

ODs of the reflectors, oppo-

5ite to the middle of the gap. 

The electrons aaitted are ac ce­

lerated through the gap into 

the central part of the trap 

and initiate a Penning-type die­

charge at a 10. gas pressure. 811-

cOD~ electrons du~ to ion 

3 

bombardment of th~ Te~lectors play the gain part in 

.a1ntaining dillcharge. By means of tbe discharge the 

trap wae boing filled with pla..aj the latter occu­

pying a volume of about 50 1 . 

In the experiments the hydrogen prosaure wae 

(2_6)x10- 6Torr, the reflectors potential -(l . 5- 2 . 5)kV, 

the, outer gap field 6.5.-8kOe. Under these conditions 

a pIa ... acc~lation stage continues 2-3 a5, followed 

by an alPost quasi-stationary plateau. Application of 

the negative potential to the suppressing rings etops 

the reflector electron flux,and hence, ceases the dis­

char8e, "hich xeaulte in a plBDm& free decay stage. 

Pig.2 eho'll's radioi.nterterometer signal oscillogramfl 

111ulltrating temporal plasma density variation in 

all the above stages. 

Pig . 2 Pig.) 

10 12 

cm 

Pig.4 

Main plaoma parnmeteTs. In typical regimes the mean 

plssma denllity =eaaured by an 1nterfero~eter wae (1.5-

3.0)xl011 cm- ) . The density dlstribution obt.ined from 

Q Miniature Langmuir probe measurements &bow. that tbe 

den.ity tu the centre may rea~ about 1012cm-). 

The negative plaama potential measured by the probe 

is (400 to 900)V, its magnetU~e being strongly depen_ 

dent on the magnetic field. The potential is found to 

chtlJ18"o conaiderably in the radial direction (Pig . ).The 

volt-~pere characteristi c of the electrode(Pig . ) l oca_ 

ted behind the reflector hole gives data on the potential 

in the gap middle. The plasma and gap potentiala appeared 

to- be close one to another. 

The electron temperature measured from the probe volt_ 

ampere characteristic was about )0 eV. The ion energy is 

likely to be of the order 0! .50 eV , sinoe the transverse 

electric field exillting within the plasma is auffici~nt ­

ly bigh for new-born ione to reach the well bottom acqui_ 

ring the above energy. Thus, in tact thll ion motion is 

unmagnetized. With the above plasma ~eters the mag­

netic field configuration remains vacuum one, since the 

valUe (the plasma pressure 10 the oentre/the field 

min!.al pressure on the boundary foroe line) is only 

a few %. 

Measurements with the electrode located pehind the 

reflector have shown that the· part of thll secondary ele­

ctron inflow goee backward to the reflect ore and the 

other part ie trapped in the machine. The trapped ele­

ctrone heat the plasma, a number ioni~tion events 

falling at each trapped electron. The result~t elec­

trons diffUse from the trap aoross t he magnetic field , 

While the ions go out to the reflectors through the gaps. 

Since the gap middle potential (which is obviously equal 

to the confined plasma potential)is negative end exoeeds· 

essentially tbe ion "temperature"; the ions oannot es­
cape through the whole gap width, but only throuah 0 

Il&~" passage (about one - fifth of the total gap width) 
in the gap middle. The higher thll negative plasma poten­
tial, the smaller i s the paesage width, The former re­
ache~ automatically such a level that ion and electron 
losees are in equilfbri\llJl . 

~he traneverse electron losses are particularly im­
portant. At a quaei-steady-state the confinea,nt ~d 
ionization tiDell seems to be .eqUal, being a few hundred 

• Should the transverse electron diffusion be clas-
sical, ·the confinement time would be about 10 me 
(N is the number 01' Le.rmor electron radii scroes the 
gap half width). ThulI. in Atoll the electron ~ranaverse 
transport 1s ~ch higher than the clas8ical ons. This 
~onclusion ie a leo confirmed by the fact that the ra­
lial density distribution does not stop abruptly at 
tbe boundary field line, as is the case with a olas­
sical transport, but continues far beyond it (the 
boundary field lines are those which touch the gap 
edges and pass a t the distano6 of 6 cm from the centre ). 
Ion-acoulltic wave instability /2/ dcveloping when ele ­
ctron gradient drift velocity exoeeds the sound veloci­
ty. may be responsible for the ano~ous electron tran­
sport. 

Conclulli<.>ns. 
1) The fsct that the Atoll plasma acquires a no­

gative potential meane that ~he method of MAgDeto­
electrostatic confinement works in prin~iple. The 
gap effective width for ions is essentially lese than 
the material gap, or than the ion Larmor radius. 

2) The l,te of the transveree 109ses from the trap 
exceeds considerably the classical one. 
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ENERGY BALANCE IN RPC-XX 
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~I Energy f'lux out of an open end of the 'RFC-XX was 

roeasured ·by a the~I method. The rf plugging effect wa. 

confirmed with it . . The energy balance in RFC-XX was inv88-

tigated with, ICRM plasma, 

The characteristic of energy confinement or the 

energy flow analy.is is one of the moat important features 

f or all confinement devices in the fusion research . From 

this point of view, we investigated various quantitiea of 

the pla8ma in RFC-XX in relation to the energy flow. 

Th'e RFC-XX is a confinement systems ot the double 

cusp field configuration with a 2 meters solenoidsl central 

section (Bc. - IT). It has six rt systa.sl four systema for 

the plugging of all cusp enda (~ ~ Wci ) and ~wo syatems for 

the ICRH in the central section. The diagnostics are shown 

in Fig. 1. We us~ the diamagnetic loop signal to get the 

total energy contents in RFC-xx . A lilfliter-like obstacle 

with the thermister is set slightly inside the liadter to 

messure the perpendic·llar energy loss caused by the 

diffusion . A pyroelectric detector locate~ at the central 

section detects charge exchange neutral energy tlux f ra. 

the plasma colwnn. End loss flux is me~sur.d _ by both the 

.Illultigrid energy an.alY2ler and the pyroalectric d~t~ctor st 

ea~ open end except one for the plasma injection. 

So far, the e tfect of the rf plugging has been studied 

in various calles. But in Illost of them t he end loaaea were 

m~asuFed by some kinds of ion collector. It is commonly 

noted that in open ended confin~nt devices the electron 

heat conduction through the open end is very important. 

The energy flux measured by the pyroelectric detector give. 

an answer to th:i,s problem. The pyroelectric detector has 

the sufficient time resolution for our experiment (~ re. ~ 

lGO psec) , and with a small orifice i t gives also the good 

space resolution . Fig. 2 (open circles ) shows the energy 

flux profile escaping through the line cusp . The width. of 

the left peak is the order of the ion Larn'lOr radius and the 

rig~t hump i, rel ated to the plasma in the centtal aection. 

When we applied the rf pluggin·g, the energy loss was sup­

preaeed as shown in Fig . 2 . The dependence of the plugging 

effect. on the rf voltage waa also obtained and it shows the 

similar dependence ~s that; obtained with the multigrid 

energy .analY2ler . 

· To investigate the rf plugging effect on the energy 

continement, it is neces.ary to get the whole picture of 

t .he energy flow in RFC- XX. We studied it applying the ICRH 

power to the base plasma. The obtained power balance is 

the basic cha·racteristic of RYC-XX without rf plugging. 

The candidates for the m~jor e nergy loss channels are the 

particle end loss, the electron heat conduction, the charge 

exchange loss and the diffusion 108S to the 11m~ter. The 

. ra4iation loas may be quite small as the electron tempera-

tllre ls very_ low ('" 14 eV frOlll the ThaDson aeatterinq). If 

any, it is included. in the mealurement of the.charge 

axchanqe 108S. We first "measured the diffusion 10 •• with 

the liDIite r calorimeter in Fig. 1 and. found that it Is the 

order of 1 , of the input Ps-6r. Then _ plot the time 

history of the energy balance during' the IelUl in Rl'C-XX aa 

Pig. 3. Each d~ta waa derived aa following; nc ia the 

deneity in the 'central aection obtained trom the microwave 

interter<lllMlter. It. increalle atter 500 1.I_c ill due to the 

. increa.e of neutral particle.· which i. consilltent_with the 

charge 'exchange 10BII. Ti.L is the :Lon perpendicular temper· 

ature derived from the diamagnetic .ignal and the den.ity, 

whic~ agrees with the charge exchange neutral particle 

oeaeurement, The closed· circles show the decay time ot the 

di8lllagnetic signal when the ICRH is turned oft at that 

time, which is the overall confinement t!.e TE of the 

device. Tt corresponds to the p~rticle end lo.s which ia 

-t rel~ted to Ti~ aa Tt - aTi.L • This ls obtained in the 

aeries of experimentll where Ti.L is varied. Tie reflecta 

the energy tranater rate from ions to electrona c~lculated 

from nc and Te (Te ill ~lmost conetant during the IClUI). Tx 

_an. the charge exchange loss deduced from the rel.ative 

change of the pyroel.ectric detector 8ignal and its absolute 

value is determjned at the lateat data in Fig . 3, Cro •• es 

tor lE are the calculated ~alues for overall confin~t 

ti_ fran these three energy lo.s channels and they show 

good agr_ment with the measured values (cloaed circle.) of 

'EO 

Fi!!. 1. Enerqy dhqftOuics of uc-xx. It show ala.o pudlel 
dft9 plate. for line cusp plu.qgirlg. l14lJoy. 'l'J'pI-IJI 
coils for point CII.p plugging an4 Type-Ill coU. for 
lOUt in centrel lectiol>. 

Fig_ 3. 
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LONGITUDINAL CODIBEIWiT AND PUSMA STABILITY 

III ,l OEJITRIPUG.lL TR.lP 

A • .l.Bekhtanev, M.8.Pekker, V.I.Volosov 

Institute ct Nuclear PhYsics, Novoe1birak b)0090, USSR 

A oentrifugal trap (0'1) is the modified trap with a 

rotating plasma wherein, unlike a conventional rotating 

plasma trap (RPT) w1 th croned E and H fields, magnetio 
mirrors oan b"e absent, while the plasma is oont1n.ed sole­

ly by a oentritu~a;.l: potential. UJ1/. 
In thia system the mmmum eleotrio and magnetio 

tield intenaitiea are in the region (in the centre ot tbe 

trap) in which the plasma density is maximum , toc. The 

eleotric field intensity on the eleotrodes ot this trap 
E" CM b . much lower than that in a oonventional aPT. 

In addition to the engineering advantages, we shall 

show that the Olein physical oharaoteristios of th1. trap. 

i.e. 'he longitudinal continement and stabJ,lity ot the 
plasma , may be better than thos8 in a conventional RPT. 

The plasma confinement boundary 1.n tbe phase space 

tor a aim11ar "trap ie detel'lllined by two dimensionleae pa-

rameterSI the magnetic R" = H" / H. and centritugal 
R ... "" -r..'/7.! mirror ratios, where the sUbsoripts I< and 
~ denote the edge and"the centre ot the trap. respeotive-

1,; and 't is the plasma radius I 

v;;'. v;:'(R. - t) + v,'U - fi R, ) -2e'f/I't. 
Bere \/i is the dritt velooity ot the plaama in the cen­
tre ot the trap, 'f 18 the ambipolar potential between the 

end electrodes and the plasma. Pigure 1 tllustrates the 
plaana oonfinement boun4ar:1ea in the phas·e ~paca tor a 

oonYentional rotating plasma trap (RH:: R ~ ) and tor a 

oentrifugal trap (R".1ii 1,R"t>i). 5 is the point ot in­
jeotion ([ - R~. 1. 0.J.[- R.- O.S;!ff-R,,- R't;- 2.0). The 
basio distinotion bewean ths plaSlla confinement time. 
tor theee two traps is due that the oonfinement"" boundary 

ie olose to ths inJeotion region in the CT . That leads to 
a relative increase ot the losses ot taet ion~ in a oent­

rifUgal trap and, oorrespondingly. to a deorease in the 
equilibrium ion temperature. as well as to an inorease ot 
the magnitude ot U .. j r:. at a given energy ot the ion in­
jection. 

The magn1tudes ot n1; tor thue two traps ere compa­

red in Pig. 2 (here R =R'l.' 11;,.2.47. i.e_ DT plaSDa. 
the dottsd line indicates the RPT. the so11d line - the 
CTI I at R. H • 1.0; "1I at RII .. 0.9; III atRII _ O. Ss) • 

.At U~/r:. -< 1 (i.e. at A\.- 2-3. RH ... 1) the confinement 
in the C'l is worae than in the RH, a1noe, in prsotioe, 

the centritugal barr1~r does not aftect the plasma oonfi­
nement and the latter ,is determined only by Coulomb acat­

tering . Tbe pl&8ma oonfinement in the eT beoomea better 
oompared to the RP'l' it the magnitude ot il.;jT.. beoomes 

larger than unity with increasingR't. (R~. 4+6) and decre­
asing RH ( R

H
"",0.1+O.S). 

These ettects can ,improve alao tbe tso"tor a. "ln the 

CT ~t tairly high inJeotion energiee, WEN>- 100-150 keV. 
P1gure 3 demonstrata. the ftependenoe ot" Q on the 1nj ecti­
on anergy tor a oentritugal trap (solid ourve) and a rota­

ting pla~a trap (dotted 11ne), the oharge exohange pro­

oesses inside the plasma and the energy ~rooesses st the 
end electrodee being t~en into acoount (the tactor 

flies; . 0.5 IV. DT plalDa. the injel?tion energy tor 

deuterium 18 WE.ll - 2 WEN f the ~nJ !tOtion energy tor tri­

tium iD :3 WEll)' 

The etabil1sation ot tlute plasma osoillation. in 

BD7 "RPT 0187 be realised b1 two etteotsl the inhomog~eous 
radial p:totile ot the velooi ty ot rotation ot the plalDa 
(electrio shear) and the stabilizing action ot the elect­

ron longitudinal ourrent to the oonduoting end eleotrodes. 

The latter oondi tion can be wr1 tten as 13/1 

_{_ >5 (:1';'-" If, . _1_ (1) 
7:"7;, a7 'L 7Z 

Here 'L ie the mean radiua and a.. is the radial dimena10n 

ot the plallllla l~a.r. j ; ,T: are the Larmor rad1ua and the 

temperature ot iODa, 't: ia the longitudinal continement 

time ot the puticles, 1"., 18 the mean lcngi tudinal ener­
gy ot eleotrona at the end electrodes. Below we shall 

compare the etabilisation conditiona tor the CT and aPT 
in • oase wben the geometrical dimens ions 't and a. and 

the inJeoticn anergies WEH and (3 are t1xed, and the . 
m.u:1mum values ot H. and n. are determined by pel'llliaaib­

l e values ot E" • 
In the CT the magnitude ot E. ( and ot H" also) can 

be higher than in the RH e1nceF .. -E. VRr../R. ,R.. ~ 1, 
R\.> 3-5, and the mu:imWD t i eld Eft in the 'mirrors is 

limited severely by the breakdown voltage on the elsctro­

des. 

It the plalDa danaitJ n. and the field H. (st f3 -
- aonst) are restrioted b1 Eo , then the oondition (1) 

tor the CT ia improved proportionall,. (HuT / HUfr)' = 
• (Eatr / E._,r}3 in oomparison with a oaple RPT. 

Thus, with the parametero close to the reactor ones 
the longitudinal continement and stability ot the plasma 

in the C'l oan be b.tter than those in a oonventional trap 

with a rotating plasma. 
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PLASIU COll fIN EMENT OPTIMI ZATION IN A 

r.fULTIPLE-:fiRROR f4AGIIETIC TRAP 
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V.V . Mirnov. G.E.Veketein 

Institute of UuClear Phymes, UovoelblrBk:, USSR 

Herein we consider linear thermonuclear devices with 
dense plasma , 80 that tbe ions mean free path A Is small 
compared to the plasmoid length L. The long!.. tudinal plBB~ 
fla confin ement in B.uch B system me;y be realized by a cor­

rugated- magnetic fie ld [1.2]. ODd tbe transverse by the 

rigid reactor wall [3]. One of the most important charac­
teristic of the pulsed thermonuclear reactor Is tbe total 
plasma energy needed for break even. Using the well- known 
estimations for the longitudinal confinement time [1J 

"r,,""" ll. 11fT;, Jt and the racl1al cool1ng time "r.LO~ 9..~/x J.. 
( t~ - classical temperature conductivity) it fol1ow8 trom 
the Low BD!], cri teria ( "tK '" lJ.. l.I? n--1 ) t hat LV') ri: ~2.", 1-j2. 

and the plaama energy W= 3,fr· LTi R2. if.) ~.t doesn't depend 
on the density (the plaSllla temperature ie fixedl T ... 10ke\? 

Go it is advantageous to use a high density plaSma, beca­

uee it reduces the length of the system (the upperl1m1t 
f"l1'!\U::: 1018cm- J, is determined by the tensile strength of 

device). That iD why !1 - 101acm-J (the magnetic fi eld 

~ _ lOT, j\ _10 2) l'taa choeen in the first reactor stu­

dy [4]. In Bubsequ~nt papers [5] it was shown that in the 
higb- ~ pll1Brl1a tho energy confinement tilDe is much l eeD 

than the clsesicel one , eo it needs to use rather modera­
te plsSIIIa density 11 "- 1011cm-J ( jI ... -5.10), In th1s case 

the length Cof the system increases up to 200 m, and we 

examine in details reduction of the plasma length by a 

flnal l amount of heavy ions rith Z* 1 [61. 
Unlike [oJ where the impurities space distribution 

was considered to be constant during the relativly faet 
expa.tlsion of the hydrogen component , in thie paper we ta­
ke into sccount t he diffusion flow ot 011 the components. 

Their motion ie determined by pressure gradienta, elect­

ric field and friction forces between the particles and 
the multiple-mirror magnetic field. The belance of the 

forces t~~es the form: 

1... )u,- n,m,,,, r (U,-U.) + 
)1111 /ll-li!. 

+ e.E",- ''''In ~ 0 

nltmIlYTHr(U~_LLk)_~' u'1 + 

A" e (8~,: fr) 

Here UII, UtI nil, ~r , P~I Pi- are the bulk velocity/ density 

and pressure of the ccmponente, Md VrK , VT?,AH H,A II~ , All­
are the corresponding thermal velocities and ~een free 

paths, which "e define as follows : 

;l"" ~ -r</n,e'lI, ;\",,.1HHn,ln,t', A,,~ ,jHHn'/n.l: 

VTH ,(TlmS', Vn ~ VTH (m./m, t 
The nUlteri cal factors .1., jI, y~ S depend on the mirror 

l'stio k' and are equal to [2J' 1 1/.z • 
J.. (2ITj/'K'/6, J~~Yo,,,; t(2;) /6, S'(Vil~iI). 

From eq . (1 , 2) we can find h,ydroge..'l end impurity veloci­

ties u.". U~ end, taking into acCOWlt that nt.'" nM+llli! 
VIe e E -= _ ~P""lu: , we get the clclled eystem of equations 

f or nl1(X,io) Md III (r1i.) , The bOWldary conditions at the 

end of the tube is that the diffusion velocities ot the 

s peci es a.re equel tc the t hermal onee. The procedure of 
the longitudinal confinement optimization is described 1n 

[1] . The variabl e parametere are the plaBIDs temperature 
T, its energy ~ , the total number ot impurities end 
their initial distribution 1'\~ ( .r,O). The effec t is that 
in th~ prcscnce of impurities the tbermonuclear energy 

output incresses considerebly. The maximum values of 

Q ~ W~ /W are attained at the in! tiel impuritiee 
distribution t'lc(IIO) with the sharp maximum. "in the region 

Of the plasma density slope (see Pig. 1). In this case we 

have effioient510wing- down of the hydrogen plasma and ra­

ther moderate bremsstrehlung looses. Por the heavy ione 

located near the point :x: - 1,4 L with l::.X .. 0.06 L the 
tusi on energy output may be increased by a factor af 2 

for l • 1 and by a tactor of 5 for l - 1) (eee Pig. 2). 
The energy W;::: 4 MJ/cm2 is required tor breekeven 
(Q _ 1). 

The improved traneverse confinement m83' be attained. 
by the profiling of the plasma density radial distributi_ 

on [aJ. In this caee we get numerically the following 
2 -'If" 

formula for the radial cooling time! L1. "" 1,2'10- jl1;.o. 
So at the plasma density n~ '011cm-J end magne tic field 

H == 10 T it n eeds that R.;::; 4.2 cm for Q • ,. The total 

plasma energy for breekeven ie of the order of JOO.500 MJ. 

It i8 necessary to solve the complex two-dimensional 

problem to calculate selt-consistently the radial and 
longitudinal lossee. So we use the simplified approach in 

which the lcngitudinal plasma expansion is taken into BC­

count as the particle and energy sink in the radial plas­

ma transport equations . The corresponding power is obtai_ 
ned trom the computer calculations of the plasma f l ow in 

the multlple-mirror magnetic field [7]. 
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Pig. 1. The long! tudinal distribution of the hydrogen 
component nil = nw l X, 0) / flw (0,0) Md the optimum 

one for the impurities n;!= Ylr(l',O)/nfl(O,O) • 
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Fig. 2. The energy gain Q ot the multiple-mirror 

reactor 8S a function of the impuritiea den­
sity end t: for the homogeneoua and the op­

timum one longitudjnel distributions 

(T,~6K1.V, W·SM3/c.rn', K~2). 



DIRECT SIMULA'l'ION or PLASMA 1'lWfSPORTS 
IN AMBIPOLAR TRAP ItAMBALIt 

P.B.Ly~anaky, M.~.Tiunov, B.M.Pomel' 

Institute at Nuclear Pb¥sios, Uovoaibirak 6)0090, USSR 

Ambipolar plasma traps [1 J allow the plasma end los­

s e s to b e reduced es compared with usual open traps. In 

this case the intluenoe of the radial losses on the plas­

ma lifetime inoreases, the theory is given in [2] • Tbe 
estimates ot the radial transport [ 2-5] indioate a possi­

bility ot the unacceptable plasma losees and its close 

depsndenoe on the trap's device. 

A method ot the direct plasma simulation by the 

ense~ble of test partic les is proposed to study and calou­
late the plallllla trBnllport in the r"al traps. Eech psrtio­

le is characterhed by the co-ord:\.nate s (X, Y ) and the 
velooity V in the trap's midplane, whioh change due to 

the drit t motion and collisions. The col11&1ons are simu­

lated by the chance changes ot the t,8t particles' veloci­

ties. in accordance witb their ecsttering on the backgro­
und plasma. The test partioles, reaching the plasna radius 

or scattering into the lose cone, are cona1dered se lost 
ones end replaced by particles whose co-ordinstes and 
velocities correspond to the neutral i njections. An itera­

tion process is applied in computations for selt-consis­

tency between the background plasma and the ensemble ot 
test particlee . A method of mapping W4S developed to cal­

culate the drift motion in the real magnetio field [5 J. 
This method deacribes the transverse motion ot a charged 

parti cle without calculating its longitudinal motion. If a 
porticle , wbile moving through the trap, is insignificant­

ly deviated from a magnetio foree 11ne, the displacement 
at the point where the trap ' s midplane ie crossed by the 

guiding center ot the parti cle can be found from the map­
ping ( 6)1 

where p is the Lannor radiue, and )( ,':J are the co­
- ordinates of thll particle in the midplane; the function 

I ( X , id , G ) is determined by i ntegration along the 
foree line from the point ( X , Y ) in the midplane to 

the point of reflection of a particle with t he pitCh-ang­
le e [5JI I(x,Y,9) = JVf- f!,{t)/8 ,o). i4 .... ~ilde. where 

S(t) is the magnetic field on the fcree 11ne, 6(0) is 

the magnetic field on the midplane. 

The neoclassical rsdial traneport of ione arises 
due to the distortion of the drift surfaces' fOnD [ 2]. 

Fig. 1 sh~va the intersec tions of tbe drift surfaces by 

the midplane in the central cell ot the AMBAL trap ac:Or­

ding t o the tall of the particles' pitch-angle . The scat­
tering of the test particle of the kind 01. on tho bsck­

ground partiol.es of the kind p characterized by the 
Maxwellian distribution is described by the tWlctions[1]1 

<"v,,)/':-2(~)(~)(1+~;)Grx,) ~';/, 
f " «"N,/),': 2(~)'/'(T.)'I'~ ~ 

1"1'\.. Tp XI'> r;:-o</p 

« '" v")'5/P = 2 ( r!!.»'/'( T. )'1' ."j(X,) - "0 Ix ,,) 
1"1'\.. r(1 Xi\ 

Xro = VoI./VTp, 

Here Vol is the velocity of the teat particle, VTr>'= 
= (21p/m,)1/.iie the thermal velocity of the beckground 

p~~iClesj~.t ~ .. Md:? ~rn~ are the mantles of the partioleo, 
~ 1'= mol 1. i'{rV2~')'lJ\)ia the chtU'(loteristic time of col­

li6ione and G(X) is the Chandraaekhar function. 

The changes of the test particl e velocity during the 
:ime .o.t « '7:

0
#1' in the local co-ordinate eyotem (le, ~ , L l, 

the axlo of which iD directed along the particle vel ocit;,' 
before Gc attaring , are described bYI 

t:.V;lfl::=<6VH5/~ot + ~1·V«(f:.v,,)J.>",;~ot 

"V::C = 1;2.' ·Y«(AV,.)'!". ",<12' 

where ~ 1,2,) are tbe random nUlllbers wi th t:e mean 

value, <~.) • 0, and the diepera10n <. "t > • 1. 
Using the scattering add1tiv1ty, one may determine the 

cbange over time of the test particle velocity in tbe 

mul tispecies plasma. 

In our modelling of the central cell plasma ot the 

AMBAL trap the test porticleo are the ~ ions. The back­

ground plasma coneists from the ~ ions and electrons. 

Computations were carried out at several values of the 

eleotrons'temperaturel 0.) ~ Te ( , KeV. The plasma 
density, aversged over radiue, was taken \,i thin the in­

terval "1012, (11.) ')',0' Jcm- '. 

The outcomes of computations are the values of the 

ions'temperature. values and energy characteristios of 
the radial !lux and end losses, radial protiles ot the 
plasma density. Fig. 2 showe the dependencee ot the plas­

ma confinement parameters from Te and (n.) • The radial 

losses are everywhere less but comparable with the end 

losses. The ions' temperature Tt does not almost depend 
on < 11.) and depends linearly on Te in the exa:nined 

area ot psrameters. 

The developed method Dnd code allow the variants of 

the plasna traps' magnet devices to be evaluated freo the 
point of view ot the radial transport. Besides, the diffe­

rent ohoracteristics ot the plasma end tluxea may be de­
terminld with the help ot the model, that is necelsery 

when the experimental results are interpreted. 

The euthors are very grateful to G.I.D1mov tor the 
initiation, support and the interest to the work and to 

D.D.R,yutov and G.V.Stupakov for very useful discus"sions 

and tru! tful notes. 
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C-8 
TRANSVERSE ION LOSSES PROM PLUGS 01' AN 

AMBlPOLAR TRAP 

L~S.Pekker. G.y. stupakov 

Institute o~ Nuelear Physios, Novoelblrsk 6)0090 , USSR 

In the preeen.t paper we, are conoerned with central 
cell ion 10ss8e from the plugs of an amblpolar trap [1. 2). 

This effect was P?inted out in Ret.[3] tor the first time. 
It consists in that the oentral call iODe having .s magne­
tic moment a 11 ttle le88 tban 8 cri tieal value ,...0 

fo= E./B-.. (~1B the partiole kinetic .energy. 
B,....,. Is the maximum magnetic t1eld strength on a gi-

ven .field i1ne) , can be trapped "into the plug wbile tr.a­
veraing the letter. The dr~tt surface of a trappe d 10n 
08c111at1ng between the amblpo~ar potential pe~ and the 
inner mirror of the plug can stick the wall (li~ter) of 
the vacuum chamber, 80 that the trapped ion drifts out 
onto the .wall for the drift t1me ~L • As an 111ustrati­

o~ , Pig. 1 shows possible positions of a drift surface 
and a line where B ... _ • Co ... ~ ,which are caloulated 

in th& paraxial approximation "tor di"t"terent magnetic 
'field con"tigurations . ("tor detai le see(4]}. Pig. 18 corres­

ponds to ,the situation when an ion trapped in point 1 

'does not s·trike the wall and comes back to the central. 

cell in point 2. It the picture in Pig. 2 oocurs then · the 
trapped ion leaves ' immediately the plug. We assume that 

the last 'case takes place and calculate the loss rate due 
to the loss mechwp.EmI considered. 

As a ·· result ot nonaxisymmetry o"t the trap, the marl­
mum magnetic 'field strengtJ;l B_ on a given dritt sur­

tace depends on the asimuthel angle \Il (see Pig. 2). 

This means that an untrapped ion*) , when dri"tting in the 

plug, can arrive at s field line where B........ is larger, 
than at initial tield line and eo this ion is trapped. 

Such a meohanism of trapping we call colliaionless in 
contrast to colliaional t rspping , due to Coulomb scatte­

ring in the pl ug . To tind a oond! tiOD whsn collie!on­

les8 trappill8 is predominant, let ua conaider untrapped 
ions in t he plug having magnetic moment ~ within an in­

terval .L/B". <..r.( ~/Blo ,where B1 and Blo are defi­
ned in Pig. 2. The dritt motion converts these particl es 
into tpe trapped ones during the time scale 't'd,.. • wbereae 

collie1onel trapping requires scattering by the angle 

"" Ar / ro , where 4r = (t./B.) - lL/ ~,,) . I"t the fol­
lowing unequalitr . holds 

\/'l:d..-( (~\2. (1) 
1-'0 ) I 

where ~ i s the collision frequency of "oentral" ions, 
collls1onal trapping can be neglected . We assume below 
tbat the unequality (1) does hold; the opposite oa8e is 
stUdied in[4]. 

To make the e s timate of the loss rate we suppose that 
every trapped ion lesvss the trap. Condi tion (1) allows us 

to neglect the ohange of magnetic moment during the time 
't' ... .. To f ind the trapped particlee denBi ty "'-u-";e note that 

at a given point of the plug different drift surfaces PUll 

which oorrespond to the trapp ed ions with magnetic moment 

from the intervallJ.~, so that h..h "' ":- 4/,/",,, , h::e 11... 

stands for the plasma deneity in the central cell ). The 
number of the "central" ions trapped in the plugs ie of 

the order o"t h.-b- Vp , where Vp is the p188llla volume in 
the plug, and the flux of these ions ·to the wall oan be 
estimated ee fol lows: 

hob- Ve 
'Y - 'Co. 

(2) 

Let us nOIll" define the con1'inement time 't:t. of the plafllls 
in an ambipolar trap due to the considered loss mechanisml 

..... '"t ... 'i t.!. I 
() 

Vp l>r 
where V~ is the pla6llla volU!De in the oentral. cell. In the 

fonnula ()) we have". taken into acoount that V",,» Vr • This 
fonnula .cBn. be used for estimations of the continament timo 
it it gives values ot 'Lt. whioh are much highar than )l-~ • 

w 

If the opposite unequality holds, the oonfinement: t1l!1e be­
oomes comparabl e with the ion-ion collision time. 

The . fonnula ()) oan be transformed inlO a more prac­
tioal fom 

Lsl-t. 
't:c.",'t'olR ~ ~~/~t.) 

if one uns expreae10ns V",, =- L""I""1.R and Vp =. Lr~"' , 
where I""" is the pla_a radius in the plug, R is the !ld.r­
ror ratio in the oentral cell, Ls and Lp are the lengths 

of the oentral cell and the plug, respectively. Tbe origin 
of the last multiplier is conneoted with that in the para­

'z1al ~pprox1matiOn6r'r- ... ~2./~e...(~N)(see detaiIe 1n(4]). 

In oonolusion we emphasise tbat our estimates ere ba­

sed upon the sssumption that every trapped ion comes to 
the wall. In this oallO •• 'the result o~ the paper ehowa, 

oollisionless lossas from tbe plug m~ lead to a deorease 

of the oonfinement time to the values comparabl e w1 tb th'e 
ion-ion oolllaion time. To e::lclude these loases one must 

design the magnetio field so that the drift aurtaces of 
trapped ions would not leave plasma volume . 

The authors thank Prof. D.D.Ryutov "tor usefUl discus- ' 
sions. 

e) By untrspped we call the ions with E."> rB-. 
*~) Here we have taken into acoount that the mirror -ratiO . 

for the plugs is not large. 
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'tflSRiiPTiilti OP'MIRROR PLASMA INDUCW iiY 
RESISTIVB DRlPT tNSTABILIT! 

Shlnjl Hiro., To.hijll Kunibl and Hideo.ori Ally .... 

Inatitutl of P1 ..... Phyaica, 

Hlloya Unheulty . 

Hagoya 464, J a p.n 

ABSTRACT We obalrY. th. dilt\lpUon wheo. hilh dlnaity p1u_ (n
l 

... 

1014 ea-3• 8'" 10 %) la Injecud into .Y-tric airror . Tbh dilt\lp­

d on hea buo. ob.l:le"ed only Wh8ll reaia tive inatabUity Irowa near tba 

.dga of pia... . Tbe ut..l thal 8IOd.e o. ... hl ... ar .... 0 10. the c .. a of 

dlaruption .nd 11" 1,2,),4 in thl cue of reai.tiv. inatabllity. Tb. 

plrallal VeY l langth of ra8i.tiY. andl la lIIuch "uller than .. <:h io.e 

l.qtb. 

Raailltlv. inetabllity p1ly' .0 11Iportao.t eff.ct on the ' conf!_nt 

of TO~, UP and Mirror. It 11 thl purpo ... of thia allper 1leo.t to 

ahow that the ,ro .. th ot the ·ra.lath .. drift inacabil!ty roeu.1.ta :I. .. the 

dlaruption of pla ..... Th. expariJDeo.tal . It lip la ehown in fil' 1. The 

fiald I tr..,nlth in thl clo.tral .Iction i. alIIIolt conarant .a ehown with 

thl dotted line. To IIOdH,. the COll8rao.t field It .... ngth. _ iroo. rlo.ge are 

eet baide the VI<:IIU11. Aa a r uult, thl _Inedc field atranlth la 

defo .... d ea lbovn in Pil. I vith .olid line. At t .. 131 (:11 , thar. ara 

ao.oth . r 1 .. 11 h",:"pl due to thl Ilparatioll. of iron rill.ga Where doubla 

probl'" a:t<:rovave horn ud .0 OD Ire placid. Thl high d.l1aity p1 ..... 

la iQjaeced alo.,. the "petic fi.ld lil!.8l of fore:. •• vith KPD arc 

jlt.1 ) 

Thl dln. ity flllctuatlol1. la picked up nth c urrent probl connected 

to the double prob" Wbi<:h a r. lot. t ed.t 'I - ' -70 tll. -31 0:-,0 ea, 31 

CIII Md 164 c.. To .. nur. the uhnlth.1 phase, three probel .r. l it 

It 'I .. -)1 ell. In order to .... ure th l paralld ... vdell.lth, two probea 

are p1.cld aloo.l tJ:l. u-.t la ..... snatit li .... of forc .. Ind thl 

.eparation la 2.ts CII. 

Thl typlca1 pI ..... p.r_cl ra ara lht..,d I. follO .. I: lie<:tton 

dluity (n.) it! 10
14 

ca-). the ele<:troo. IDd ion t~peratur .. (T. and 

Ti) .r. S .V reepactively, fuel laa la heUIIII II1d 8 .. alue 1a 0.1 . 

Tbl photolr.pha of d.lI.aity fluct .... tioo ara . hown in fil ' 2 . At 

thl pla ... clntlr the dluity iIIcrea,"1 Irad .... 1ly. then abruptl,. 

. decreales (VI call thia .a" dilruption). The 1Dporta~t .phenOllll!lI.a h it 

that j .... t bafore d1aruption thl hilb fr.qu.n<:,. old11atlon cao. bl 

obll"ad to Irgw rapid,ly (PiS. 2b) . At r _ 4.0 CII vh .... the probs 11 

far lVay frOll p1 •• _, only a burat la ob.llVed (Pil. 2c). A8 ahovo in 

Pta . 2d anothar intaral ting rllult i . tha pl .. _ d"DILIIlic. alonJ thl 

field 11ne . Tbl denaity 10<:tI .... at thl ao.d of the VI<:uUII ve .. al 

aft.r th. plal ... iDid. the .. irror abruptly dhrupta. 

A8 ah",", in Pil ' 3 , the av.rege dlnaity profUe ju. t bdore th" 

d1aruptioD la drawn vith aolid 11ne . "I1!.1 denaity gradient la dltal"' 

IIilMId fro.. th1l plota .Dd tbe .ca1. l eqth of gradient 11 l.S c • . 

(The .. snetic U&1d <:u ..... tura raq •• fr_ S to 20 ca.) lb. delUlity 

proUI. JURt Ifur the d1lruption 11 plotted .. lth dotted line. 

Coaoplri.n.& tblu. two profUea, t h" deDity profila just aft.r ch. 

d:ianlptiOD blco.a. fl.t . 

In ord.r to ... au r e the fluctuatioD l e .. e1 . the <:urrent probe a r e 

ConDICted to dlt. ptocule r aDd daU .. _ry. Thl fluct .... tlon l . vll of , ' , 
d1lnlption (~) and hip fr.qusncy co.ponlnt ('\I) are plot ted ~th 

open ud <:lolld circll. reaplctivl1y. Thl fluctuation level ("D) 11 

lar,1 It th~ clnter aDd outdde t he p1..... Tbl peek olltaide th l 

pI ..... corrupoad.a to tha burat IIcapad .<:crDBI the "Inati<: field 

111!.U of forCI (Pil . 2e). The hlgh frlqlllncy cOllpoll.ent (~) is larle 

nur the ed,1 of the p1al ... 

Tha aDOthlr lntareat1n& re.ult 11 tha ph ... relation of the 

dlaruption whicb 11 pielted up vith thl tvo prob .. (4::O"-prDbe and 0 ' ­

probl). Hen 4S"-prDb. 11 find .Dd O·-pr ob •• na rad1.aUy. "I1!.1 

pol1tiYa pha.a _"na that thl ph .. e of O· -probl 1a f li t ... then ~hat of 

U·_pro.n.e. WI find th.t Deer th" eell.ur of tba pla .... It is allloat 

the "_ ph .. I, but tb. pbul thenl" a bruptly to tbe inYeree ph .. e 

whin U"-prob • ..,.,. .. beyOl!.d 2 c- . Th1l Undeo<:y i l a_ wh.n ... 

... ur. the ph •• 1 dlff.rao.<:e b.t~.en O--prob.., a nd 180"-probe .o.d .0 on. 

Tb1l .unelu tha t tha ad_tbal ande DUIlber of tha dhruptioo 1a . .. 

0, that is, thl d1lruptlon do .. DOt 10 round. 

Hov .... r tb. bip fraquency lut.bilit,. 8;01'.. rouDd azi_th.i.lly aDd 

we ha ... obllrvld the lnatabi11ty of ... 1,2,3 Ind~ . It la on. of the 

diniDctiv. pbl_D.e th.t the paralll1 ..... e 1e ogth (A~) of the bl,1I 

fnfluency _d. 11 Ibout 26 .,. aDd _ch ._11er than the _c:hina 1.Dl th. 

w. ha"l .urvey.d tbl .:rplrt-nu1 ralute.. Th. char.tterlati.c. 

of thl hilh fraqu.n<:y olci1latlona are itaaiud .. followa. 

1) Tb. ru.! frequlQ.cy 11 in tha rIDS. of tb l drUt fr.quency due to 

the deoaity gradient .nd .l,Qg8t 100 k.Hz. (PIg. 2) 

2) The growth rate (y) t o r.d fraqllency rati o i8 Dea r 0. ). ( Fil· 2) 

3) The n1lllllthKl IDOd. 18 111 " 1, 2, ) and 4. 

4) Tbe iouabllity loes arollod io the dire<:tion of the e lec"ron 

di ...... IO. ti<: drift. 

S) The par a lld .. ave lenlth 11 :1.11 ~ 26 cm and 11 lIu<:h . horte r than 

tbe machi.ne lenlth . 

6) The inatability i l l'.I<citad at the edge of the pl..... . (Fig.) 

Wa ide ntify thi. hilh frequency ionability . 1 the r u i8tive drift 

inltability. Poll_inl Itikha Uoveldi
2

) . the r.al freque ncy of .thl8 

in8tabUity 1. the aame all the electron drift fra quen<:y Cl.u8ed by the 

dendty gradie nt (IoI
ne

). We cao calculate the gro .. th rata. t o ru1 

fr equeocy r a tio .. ith exper blent a l par_tera. The .. a lu. of y/'- 11 

11)/26. At 11" 2, y/Re", • 0.) and 1 a t .. .. 3. Theae vl 1ue a are the 

aaM order .. the experi .... otal .. alue. At higher IIIOde, y/~ h ' larger 

tha .. 1 but in thh cAae the t r a naverae colll8iooal .. iacoa1ty of the 

ion be colIlI8 .ff1<:lent aod decreaaea the Iraw"h r a t • . 

The ch.racte r iaticI of the dhruption 'au itea.1zed a a follow. ; 

1 ) Wheo the diarupcl oo occura . the plaSJIIa eac.pe •• brupt1y a loog a od 

. <:to" the 118gnetic field. (Fig. 2c and d) 

2) The .. :!.autha1 moda o\llllbar 1 .... O. (Pig.) 

) Wh.n .. a atabiliu the red. tha drift lIIOde !.,. the line tyinl. 

diarllption c .n ' t be ob.e .... ed. 

4) Th . .. c.pa apelld .1oug the Jllagoad<: lioea of forcell 111 10
7 

<:. /aec 

(PlI. 2d) . od ie alllOll t equal t o the Alfy.n .peed of ne ... 2 -. 

1014 c .. -) and B '" 2kG. 

For ..,lIplU n1D& thh dllrUption vith the airror instability. the 

perpandicul.r to tha p . ... llel 10n t e.para ture r a tlo ehould be larl.r 

than 6 . Su<:h. large anllntrnpy 18 u.pn .. ible in co11l1iona1 pI ...... 

Th. I rovth rat. of th l r eahtive f1ut. lIOde i . fell t.,U IIkro.acond 

vhich i e 10 tiMII larl .... than the till8 of tha diaruptioo.. Haraovar tbe 

.. a1ul of kij vI.. h larler thin the srowth rate whare vI. h the A.1fyen 

lpe.d . Moreover vhen .. e ""p1aine ehh nronl 1o.I tlbllity a. t hl n ute 

IDOdl, th l! rUu1t of .... O ·h i .. po .. lble to bl uplained. 

PrOIl th l " bo,," dhcussion, thla dlaruption cl n't bl ellp1ained with 

the in.tebility. We . • ullee t that tba . qull1bri_ la poll l b1e to b. 

d.atroYl!d dUI to till Irowth of the reai l the drift ina t abU1ti ... 

Pig. 1. S<:helllltlc .. ie .. of ASKI C- l 

dl"!c. , 

" :::: : ;::::::~':. 01 ~:~::~:'::::~~: 
!oO,._.~;, ZO,._/d;' 

Pig. 2 . Th l typlcll photolraphs of 

the i utahilltiea. "nil tracea . how 

tha 100. aaturation <:urre nt. 

REl'EllEHCES 

r 

Pil, 3. Tbl I .. e rage dsnl1-

til l ( ion aacuration 

current) jU8t hefore and 

JU Rt d ter the diaruptlon 

sre drawn .. lth the soUd 

and dotted Unl reapet­

tlYlly . Tba denlity 

flll<:Cu. tioo. lav.la of , 
diaruption ('il) and tha ~igh 

fraqllency ilUltabilit,. ''It) 
era plotte d bi the open 

clrcla end the c 10.ed 

drc la, r",p.ctlY..,l" . The 

trhnlle Ihowe the redid 

phus dUbrellte of the 

dlaruption. 

1) H. IlIuuk. : Annual Review (191S '" 1980). IOl tituta of ptaa .. 

Ph,.licl, N. goYI Univ . 

2) 1..6. Kikba.llo ... kU: "Thaory o f Pla ... In.tabUiti .. " Vol. 2 , p91. 

eoDultantll Buralu. New York - LoDdon. 
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SUPPRE3SION OF DRIFT-CO~E INSTABILITY 

III PLASMA. WITH ;. "li'nUTE PRESSURE 

BY A GitQUP O!~ }tOT ELECTH.ONS 

"' • V. A.reenin 

1. V .Kurchato": IneU tute of Atomic Energy. 

Moscow , USSR 

Abotract. Drift - cone oscillations with a small incre­
ment in a mirror machine with the f'ini i e f3.:( , can be sup­

pr~n8ed when 4 small group of high energy electrons with 
the magnetic drift velocity close to the wave phase velo­
city is present there. 

In a mirror machine with finite ~ , where the magne­

tic field rises from the axis, the directions of a wave 

propagation ae a drift-cone mode and a magnetic drift of 

electrons are the same . Electrone with the magnetic drift 

velocity, close to the wave phase velocity, exohange the 

energy \vi th the wave and the wave damping OD resonance par­

ticles, at the sufficient amount of them, can become stron­

ger than the dr i ve by non-equilibrium ions. If the elec­

tron diotributlon la a ~ellian one the ~ount of re­

sonance electrons will be exponentially small and insuf­

ficient for stabilization in the most intereeting case in 

practice when ~~ =81rn El/ f/ {5 1, ~e <X ~~ (Ei -

average energy of ione). (But at Pi.» 1 atabll1zation by 

the Ma1Well io.n "tail" hi possi ble / t n. In this paper 

we show that stabilizati on of plasma with such parameter/J 

will be pODsibls If electron dintributlon le not It. Nax­

wcllian Oll'i!, i.e . beeideo the population of cold electrone 

there is e group of hot onee with a temperature of t he or­

der of rf'oona.ncc onoergy . see Pig .1 (high energy "tails" 

are obtained, e.8 . , at the elec"tron cyclotron heating). The 

cao~ in considered when the ooc t llation drive by non-equi­

libri um ions i s weak ( kinetic OilS) eo that the increment 

io considerably less than the freque ncy . The very 08ci110-

t lone were obeerved in the cxperilnente at 2XIIB /2/ . The 

non-potentiality effect at the finite p (see. e.g. 

/ 3 /), sena! Uv1ty of the increment to the ion distribution 

shape, I!lagnetic field inhomogeni ty ei'fect /" / can result 

in ~ne increment smallness . 

For the oscillations of intereot with K1, '"O, K'.p(»l. 

I W /WC$/ <'< 1 { Pi. - ion Lannor :radius, Wee - elec­

tron cyclotron frequency) the dispersion equatioll obtain­

ed i n an ordinary procedure with the finite P taken int o 

account (see, e.g . / 3 /) is expressed as: 

tJ,'. f( (J 1.. cJ i f + _ + iilII Y ee. + p.. ".. _ i (Jm. f~ -I- J", EJ, (1) 
W~~ WWe ,.K1" wi/K~C)2 

Here 
• • • F. 

" E - lrW .. W"W(1 tJ.... 11;. )'[" :!!ir F.] 
m e--I(1./x 1.;Ie -~2C2 OIV:'2)+c.J t..) e. } (2) 

:.L Y 8 e. lJ.1 c. lJi1.lJc.J 

Wpe- plamna frequency, :e=~(~<o), .;('ez:" F=~ 
= din 8 F. (~2 )( + V; ) )l electron distribution 
7il I e 2 J Wce 

function. A flat mod el ia ulled I X - axis io directed 

towards the inhomogeneity Z - al ong the magnetic 

:field) the wave travelo alona 'j. 

I!Xpre9S~on for a small value Jfft El. 
We don't need the 

, whi ch describeo 

tlle interact.lolL of the wave wi th ions . 
w:l m C2. 

j,et Ei « m c2 and W~ ",.:.3..:::- f3~ >:> 1 then unity 
c et. 2 E. 

in the left - hand side of eq.(1) can be omitted. Neglecting 

the small ri&ht hand lIide of ( 1) one obtainll 

(..)". ;t..f. K1 p~ c.J ' (J) 

P"of ~~(K.J.fi.)::I. Cc. I 

lIO that (J will reacb the ion oyclotron frequency Wc, 

(at which the drive of s wave by ione ia poasible) 

if IGefd >214;.- st /-;;ef,1 »2.A7~ 
one hae 

';left Ktfi (.J , 
11. Cl. 

Let us take into account the iluginary teme in 

the r i ght-hand Bide of eq.(1). Interaction with ion. ren."J' 

lta in an iaekb1l1ty ( 7me.. <0), and that with the r e -

1I0naJ:lCII 1I1.IIctroDIII (]""Ce >0 ) relRll.t. in a ..... pinf:. 'l'J:ie 

etability criterion i. S8 follows: 

(5) 

D~ping will bo pOBsible if tbe amount of resonancs elec­
m v:;:2. m CJ cJ 

trone with the energy ~ = ~ i. eitfloi-
2 Ky:e,s 

ently large. Using eq.(4) and the equilibrlua equation 

Clea ~ - ~ ~ the value of enorgy can bs written 

ao: 

Take the energy distribution for tbe high enercY 

eleotron oa.ponent a. 

~F. = ~ J.. ."p( • ..£) 
e nEe Ee ' 

(6) 

where Ee ill of the re.onanoe energy order (6). Put (1'), 

1,6) into (2) and exprus J",E" in terIUI of the incre­

ment r in~ the abaence of Btabilization (J",~-O) :]"'{_ 
r We. ' 

,,- - :t ( 1 ,then the share of hot electrons 
w WC,. K.J.C) 

nece.sart for otability is obtained frc. eq.(5): 

f.l! ,'..c n. ~ ,; t:.J (6) 

Attention ahould be paid to the f.ot, that at p~ <' 1 

absorption of the .. ve D8inly depend. on the pI .... lnbo-

[~ K,2 F..] 
mogene1ty: in. IJ\lIlI o~ + "te(.) e in eq.(2) the .e-

cond ten!! is -.Pi. -1 taea greator than the fir.t one 

doscribi ng the d~1nary Landau abaorption. 

If the re.l increment r ia sufficiently ..all in 

co_parison with 0 frequency ~ ao that the necesoary 

amount bf hot electrone ia alao small, the energy den­

eity of these electrone bn· Be can be .uch les. than n,E, 

r 
" , , 

iL'-"----:E:--.. -===~f;=~=4:z:;;E=. =--¥. 
res Ql' 

A 
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Q-ENHANCEMENT IN NON - AXISYMMETRIC 
TANDEM MIRROR PLASMA-
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ANN ARBOR, HI 48109 US .... 

Abatract. The potential of Tandem Mirrors as fusion reactors 
depends to some extent on a satisfactory resolution of two crit ­
ical i ssues . The question of ballooning stability and achiev­
able betas on the one hand, and the attainment of large Q (ratio 
of fusion power to injected power) values in the presence of 
thermal alphas on the other. In this paper we find that a stan­
dard non-axisymmetric tandem (without thermal barriers) mirror 
has a particularly interesting transport properties that could 
lead to enhanced diffusion of thermal alpha particles across 
magnetic fields and a corresponding enhancement i n the Q-value . 
This, of course, is to be reconci led with the ballooning insta­
bi lities that are as sociated with such configurations; but if 
high beta values based on finite Larmor radius stabil i zation can 
indeed be obtained, as indicated by some recent kinetic calcu­
lations, then the non-axisymmetric tandem can be viewed as a 
truly attractiVe fusion reactor. 

The Tandem Mirror Concept(l,2,) has been receiving in­
creasing attention in recent years due to the fact that signif ­
icantly larger Q- val ues can be obtained in this configuration 
than those obtained in the standard mirror . For MHD stability 
the plugs of a tandem device are generally chosen to have a 
minimum-B magnetic configuration. The reSUlting magnetic geom­
etry, however, suffers from lack ofaxisymmetry which has been 
ahown(J,4) to result in a considerab le enhancement of particle 
losses across magnetic surfaces. This effect is attributed to 
thefact that i n a non-axiaymmetric magnetic field the al1lplitude 
of particle excursions with respect to these surfaces can sub­
stantially exceed the particles ' Larll\flo; radii. The collisions 
between particles can then lead to diffusion coefficients much 
inexcess of their classical values as in the case of neoclas­
sical diffusion in toroidal devices . The question immediately 
arises as to what impact will t hese enhanced particles losses 
have on the tandem as a power reactor. More specifically what 
effect will they have on its Q-value. We will show in this 
paper that inspite of the excessive losses of D-T ion&, the 
enhanced cross- field losses of thermalized alpha particles rela­
time to their axial losses is sufficiently large to result in a 
significant enha ncement of the Q-value of the system. 

TO demonstrate this, we consider a nonaxisymmetric tandem 
mirror in Which a mixture of equal amounts of D-T is assumed to 
undergo fusion reactions in the central cell only, and where the 
resulting alpha particle8 are assumed not to interact with the 
electrons and ions of the plugs. Ion losses due to charge ex ­
change with the f uel provided by neutral injection is also in­
c luded . Unlike moat reactor studies of 8uch a 8ys tem we al lOW 
for different e l ectron temperatures in the pl ugs and central 
cell 90 that the confining potential in the central cell can 

be "i~'~;':) 'Pe h [-'2! ( le )"J ; ,) ~ '02 
\'le Tpe 

(1) 

where Tpe and Tce are the electron temperatures in the plug and 
centr al cell respectively, and np and ne are the corresponding 
values of the electron density in these regions~ The particle 
and energy balance equations for the ions, electrons, and 
thermal alpha. are given elsewhere(6) and will not be repeated 
here due to epace l imitations. It should be pointed out, how­
eve r, that among other things these equations allow for phys ical 
,exchange of electrons in the centra l cell and plugs a s well aa 
for energy deposition in the plugs by "transit ing" electrons 
that pass from the central cell to the plug8 and then reflected 
back into the central cell(7). This i s in sharp contrast to the 
usual approaCh i n which no distinction i8 made between Tce and 
Tpe ' Under these circumstances it h8S been shown(8) that for 
reactor qrade plasma in an axisymmetric tandem, a modest value 
of Q ( <.. 4) is obtained due to the accUlllulation of thermal alpha 
particles in the system. Even in the presence of classical 
cross field diffusion a small Q- value is generated due to the 
fac t that about 2. 5 ions are displaced on the average for every 
thermal a lph8 particle that remain8. As a result an enhanced 
Q-value can on l y be obtained if a mechanism for selective re­
moval of ther mal alphas can be fou nd . The neoclassical diffu-
8ion in a non- axi symmetric tandem appears to provide such a 
IIM!Ichanism. 

Aa pointed out in references J and 4, the particles in 
the central cell of a tandem mirror undergo ~ neoclaaaical· 
transport across the magnetic field when their azimuthal drift 
frequency ia much amaller than th.ir bounce frequency. Th~ 
dif fusion becomes "resonantM Whe n the drift and bounce fre ­
quen~ies are nearly equal, and becomes "8tochasticP when the 
drift frequency far exceeda the bounce frequency. We have 
incorporated these diffusion coefficients in the system bal~ 
ance equations and have found that the dOlrlinant mechanism is 
that of the resonant diffusion i n the plateau regime. The 
confinement time fo r such diffusion is given by (4) 

L r l: / e' (21 ,..~S::::: If t... c 
where r ll _ l "l lIj, is the axial bounce time, Lc is the length 
of the central cell, Ltr is the length of the transition region 
and Fe is the Larmor radius in the solenoidal field. 

In addition to the above cross field diffusion the fusion 

'Work supported by U. S . OOE 
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ions and alphas escape axially. This confinement time is gi ven 
by the standard Pastukhov( 9) formula Whifh when extended to 
multispecies system can be written as(lO J 

I _ ~1 pe- W'i'" + ffJ [,_ ~ (~J' ) CJ) 

~ - Vi- cJr4J' V t+ (i'/f,. ' J ., ( ~~~ t I ) , 
where X.i = ( ;~rp) (4) 

and tp is the electrOstetic confining potenti al. i!j is the 
charge number of the confined ions, and ~ is ~eir te~perature. 
The quantity aC lt) is the s tandard error functlOn. R,." 18 the ! . 
plaama mirror ratio aeen by the escaping ions, the coFistant C ... · 
is given in terms of densities and mesaea of all the i on species 
in the system and r .... is the familiar 90\ scattering time. For 
smal l alpha densities the constant C}" t akes on the values I, 
2. and_4 for electrons, ions, and alpha p.:articles respectively . 

In a steady state reactor whose plug plasma is heated by 
neutral injection E.· ... and whose pl ug electrons are addi~iona 1 1~' 
heated by auxiliary meana (reaux) such as rad~ative heatlng. a 
measure ot Q-enh,m<.:tlliU:#u!.. <luo< to nOn .. xi.yrnn-.etL·Y :).s :Jhown ih rig_ 
(1). The Q-value displayed has ' been maxi mized with respect to 
~~ ... the injection energy, Feaux, and Te , the fuel ion temper­

ature in t he central cell . We note that as the transition length 
L~ becomes larger i.e ., a. we move in the direction of axisym­

metry, the o-value drop. and a.ymptatically reaches the value it 
hae when purely ch,nical diffusion (unifor m field) takes plilce. 
The primary reason fo r the Q-enhancement i n the non-axisymmetric 
configuration is the bigge r bite which '"resonant" radial diffusion 
makes in the thermal alpha population than that which it make. in 
the ion population. The results indicate that the radial and 
axial confinements for the ions in the central cell are compara­
ble while for the alphas the axial confinement i s about 40 time s 
longer than that in the radial direction. The~l a l phas are 
very well confined axially becuase of the higher pot ential they 
see due to their double charge . 

Finally it may be argued that the Q-enhancemen t brought 
about by nonaxisymmetry may be offset by the severe bellooning 
instabilities which such geometry gives rise to . Although MHD 
studies(ll) of such modes in tandems have placed serioua l~­
itationa on achievable betas, recent kinetic studies of these 
modea ( l2) have indicated that high betaa are indeed poasib le due 
to finite Larmor radius stabilization which seem to acale qui te 
favorably with t he length ratio ( L, I Lt~ )· 
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Experimental results on heating of an inhomogeneous 

I118snetized plasma ,by an intenae REB (Wb-O,l-1 , 2kJ) are " re ­

ported. The rnax.1mum .heo.tlng effiolency W.J./Wb"O , 2 was :found . 

In the reflexing beam (virtual cathode) mode of operation, 

the energy 9£ tranaverse motion of plasma particles ree.chea 

the value 400 Jrn- 1, the kinetic pressur(! exceedins several 

~1mea that of the external magnetic field <Pi;4-6). A theo­

retical model deacrlblng the dynamica of the overhe~ted 

plasma was developed for correct interpre tation of diamag:" 

netic loop signals. 

Measurements have been performed on the modified REBEX 

machine /1/ operated now at Ub"500kV-, I.b -60kA. tb-lOOns. 

W
b

=l,7kJ. r
b

,,25mm. The beam is injected into e. (vacuum) 

chamber (Lc= 2 ., R- 75 mm) immersed in a mirror magnetic 

field (B
o
.0.5 T, Bm/Bo~1.5) with a time delay td with res­

pect to the firing of a plasma gun. The plasma gun located 

at z~200 mm gener~tes a plasma cluster expanding along the 

maGnetic field with a front velocity 2.104ms-1• The average 

de~ity of the short plasma column (td"40 ps) reaches the 

value of J _4.10'5cm- J • while that of ~he nearly homogeneous 

plasma tilling the whole interaction chamber at t d- 150 ps 

is 1_2.1 0'Jcm-J only . Local measurements of the plasma den-

sHy 

z'!'J5 

and temperat¥re by Thomson scattering were made at 
. 15 - J 

cc. The maximuc density of 1-2.1 0 cm was found at 

td~60 ps. The scattered las~r signal becomes negligible for 

t
d

<40 p.s the plasma being rather hollow in early stages of 

the plasma injection. The initial plasma temperature evalu­

ated . t.rom scattering data lies within the range 1- J eV , in 

a good agreement with ths values deduced from the plasma 

dlanagnetisJII and expansion velocity. 

Since the h.v. diode is placed in a low magnetic field 

nOI·, (B
d

-O .2B
o
« Bt h) ' a beam with a large angular spread is 

generated. The ~mum beam energy injected through the 

p1a.sma gun is Wba' .2 kJ only. Due to the lowered injection 

efficiency also the reflexing beam phenomena are less pro­

nounced if compared with the REBEX 1 experiment 12/. 

The set of diamagnetic loops remaine~ the basic diagno­

stic tool for evaluation of the plasma energy content /2/. 

A broad variety of diamagnetic sienal waveforms reflects to 

0. 1im.ihd CI;z:tClnt the complex nature o~ nonlinear processes 

of beam energy deposition and redistribution within the 

plasma region . Usually, oignala with almost regular damped 

oscillations «("I( W
c1

) are observed. 'mles.e oscillations were 

iden~~fied as magnetoacoustic configurational ones of the 

whole plasma column with the ~requency ~.t\.I{1;;, where 

met) is ~he plasma mao, per unit length and g~l for 

·R/rJ> 1. They e.re effectively excited only if w.,:i::b ~ 1T 

Aperiodic single. p~lseo occur les8 frequently. 

Thore are several p08sib1e channels for deposition of 

a part A Wb of the. beam energy w1 thin the plasma region 

during. the bearil inje~tiOn. In addition . to the ·two-stream 

instability and return current dissipation repres.ent~ 

sources of thermal ener6Y predominantly for (aome of) the 

plasma elec trons, some beam- electrons can be trapped inside 

the plasma. Pinally. 8 part ot energy can be acquired by 

expansion of the ahort-living hot ccmponent (rotating qr 

oacillating beam) . A part of b. Wb is exchanged between the 

thermal and the mechanical energy of the oscillating column 

and the additional energy ~WB of t~c magnetic field · frozen 

into the plasma. Both the energy losses e.g. by a longitu­

dina1 eXpansion l .. l( t) , the enerBY dissipation ~ -or.6W, 
accompanying the magnetic field diffusion into· a · finite­

-conductivity plasma and the· resonant ion heating (W.,; t::.~. ) 

result in damping of the oscillations. 

Thg abovg mgnt ionod proce~oes are included in the ther-

modynamice.l model yielding a fairly general relation for 

the decrease 6.cp{t.) ot the magnetic flux through a dinmag­

netic loop encircling the plaama column (t ~~) 

"'~ml;;- = G -¥rW ['l-; -K elp{- ~I.),os{'f .IW"(\)dt)] 
Fortunately . the efficiency ~ Wb/Wb oan be determined from 

the ' diamagnetic data indep~entlY of the way of the beam 

energy depoe1tion (6W'b=J q.b 47:, G"l for R/rb*, 1 ). 
• 

The model accounts aleo for the possibility of depositi ng 

the beam energy only inside the c~ntral part of the plasma 

column. Measurements of the position of a hot plasma core 

boundary by a miniature movable ma6netic p~obe and preli­

minary results of soft X-ray analysis .support t he relia­

bility of interpretation of the diamagnetic signals. The 

existence ot a short-living hot component is manifested by 

abruptly vanishing single pulses detected by the diamagnet­

ic loope placed at the end of the plasma column. 
Pig.l show·s radial profiles of the magna tic field at 

the inatant of ma%1mum expansion of the plasma column 

(t=l00ns). Tho maximum hot core ra,diUB is then roughly twi­

~e that of the beam (for t d-40 ps), the magnetio field be­

ing almost displaced at the axis. The total energy stored 

in a plasma (Pig.2) reaches 320 J at td~50 ~ and it de­

creases to 160 J ~t t d-'50 pB. The ma.x1mUJn plasma diamag­

netism was found at z-70 cm, t d-30 1lB . t~e · corresponding 

energy deposited per unit length being as high as 420 Jm-1• 

Although the energy transfer effioiency OWb/Wb remains 

almost constant (20 per cent) at varying td' the depOSited 

energy density wb is maximum for short plasma oolumna in 

the preeent experimental setup. FOr a ~ed regime (pro­

pagating or osoillating beam) the deposited energy 8caleo 

linearly with Wb i n the region of Wb- 0, 1 - 1, 2 kJ . 
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/ 1/ Annual Progress Report 1979-80, IPP CZ-2J9 
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and Teohnologr . Novoaib1rak 197'. Vol. I, p. 10J 



PIIOPIoCATION Of A Jt£LAT IVlSTlC ELECTRON aEAK nlROUCH CAS AND PUSHA 

C.C.A.~. Janul!n . P . H. da Haan. H. J. Ho p&!In . 

I::.H-..... CrannelDlln. A. C. ShkvarulMU'* 

FOt-I-iru;ticut" ror At_i c . nd Kolecular Phydc • • 

.uuterd_, The Natherland. 

Aa.ociation Eur:at_-FQo! 

~. Stucli ea h.ve beeu perfo...ed on Che cnu.port of • relat ivi.­

tic dactr on ~~III1_~llEa) chrouah gill ( 190 P. -I.) Torr, H
2

} IInd throqb 

pla.1U (ne",IO 11 ). Sub!e propagation v .. ob .. rved b both c ..... nd 

be .. en. rlY I D .... _unted to "'2 . )% per _ter. tu ca • • t he be _ h in-

ject.d into a ... co ld weakly ionized pt ....... (n . .... b I0 20 .-1) i. for.ed 

"ith. t.-puature kTi, .... 2 eV , lJ.ited by Hue ndiatioD 10 .... . aut 

"hen th. be •• i. inj.ctad .into pt .... th. t..,.nture, 11'.1' ..... 100 .V , h 

ti.itad by .dd ell!ctron heat conduction ID ..... ID both c ••••• • u­
tiouf)' .tat. la r eaeh.d ill which ch. boa ... ""IJJ' tnuf.1" eq .... h tba 

pl •• _ 10 • •• •• E"pl!~i_ Q~al data a r .. cOIlIp. r .. d t .. a "<:.JIut.tioDal .. .sal . 

EXPERIMENT. A REil ( IISO keV , 61r.A, 3. 5 c. fwro. di .... SO-4OO n. puh.-. 

lenath) il injected in t o a d rHe tube, 2.S • 10"1 and 0.12 • di ... A 

0.21 T "sMtie field '0 with . ho rt lIirrou of · O.l T i •• pplie d. Yha 

driftcha!llber il either tilted vith hydrngen g .. of 190 Pa prealUU. or 

vi th pi ..... creatl!d by " dilchoTSe in 0.2 ,. hydrogen an b.tw.en the 

wall . nd tvo r i na .har"d elect rodes , li tuated n.n ·the "Inetic ' fiatd 

1I1Hon. In th. locler cas" t he REil i e i n jected i nto the efuralOll, for 

"hich the pi ..... de n.ity ne < 10 20 
11-

1 . 

AVllihble dial1;nultil" p rovide a ti..., ruolved .... ure_nt of the vidch 

of .p,u : tr. 1 lina~ (Hfl' H
8

) a nd u f the b .... eneray diatribution . Pl __ _ 

den.i ty i. d'ter-ine d f r_ the n t e n .... tion o f .n HO b .... 10 .ddition 

t .... n ne RoIOll~k i coi ls ,,,01 di l ""'lIlM!tie loop .. . 

The bu. enerlY diRtrihution COI'I be .... · .. ured vith t v o d.v ice • . A "1"'­

ti c ene r.,. .ul-yur IC""PCI e lect ronl vith the a ngle b.twae .. pa Ttie h 

"eloc:i ty end 1IIII.netic !ll! l d 6 < 20 
[11. A seeOlld ..... Iyur acc.ptl tt.c­

teo ... vith IOu <8 <bO". rhi , i. a ne .. t ype o f ._I yzer. It eondltl 

of a .Iit, • hol ~ end I co lt.,e t o r phnl 121. lihen ploced i n a ""'I""tic 

f i e ld. the conobiM tion .e lecu thl! hdicd plrti c le o tblu in Iuc:h a 

w"'y tha t ther. i . a o ne t o on" corr~.po"denee b .. tveen poi"t. in the 

eulhctor planlt "nd ( f , O)' where y .. th. e l ec tron e nerlY. Y-I+.\'b / 1lC2 

KEASUUKEIff'S. IH.JECTlON IN'1'O PLA<;IIA. Op ti_ piu ... hut l n! i. obnrvad 

nil ..... 1020 .-l. InidlU,. th. Teturn c urrent fully cOllp. nl at .. th. 

. b .• , . ~un.Dr . /fowe_r. the tiut 60 III the return current dec.y. npid­

Iy 01 .. t o turltulant fri c tion. "eff"6XI09 . -1. Por l .,. r ti_a tha nit 

currant i. al .. 1t eo ... u nt in ti_ . nd "e ff 1 S. 108 .-1 . The fint 150 

to 200 ... tha dialU._tie 1I ilnll ri.e . r ou!hly linelrly i n ti_. Tb. 

... i ... VII"" obuine~ .u" ... c. nk!J.-Z.61<J .-1. Pur ht.r ti.m.e.IlkTJ. 

i. pTopoTtional to t .... be .. paver 'b ' wbieh il decre .. i". ill tt-. 101-

tn thl be .. h .. bun . " iteh,d off. the di .... netic lilnah .sauy pro­

portional to t -2/S, which i . indieldv. of el l ctron heat eooductiOll •• 

the .. i n .ourc. of phI .. en.rlY 10" , The ti .. conatlnt i ..... 200 ", . 

tll.J.cTtON INTO GAS. Pi ...... fOnllltiou ulr. ... plac. duTi", th. 20 DI ri .. 

of the belli c urrent . The. pi ...... denait, .atuT.te. at 2111020 • - ) • • • 

.... und fTOII H8 Une .. i dth,. The 110 lina .. idth yield. In . tOll tlllpen­

tun k1'0 .. 2 . V. e .. "nti.lly conlt l nt in ti •. Initi.lly thin il • full 

eurrant eO..,.. .... l:ion. The ~Iturn currlnt dee.y. _DOtonic.lly .t a 

rata corr'.p.ondinl to •. chan cud.tic collidoD freq ... a:.,y " ff • 

hlO' .-1 "hich i . pr. dolllin' n,ly 1!X1'bined by dectTon-n.utr:1 cnlU: 

.ioll. (p"l90 '.). le .. energy Ion atutl It I htab 121. d.era .. t..,_­

DDtonicdly dudnl th. puhl. Thl ti ... v.nlld 10 •• i. 6% o.,.r th. 

2.5 • l e nlth o f the drift tub •. 

COHPU1"ATIONAL MOllEL. The JUOdel we ute h.. ..uII.canth l ""'te ... ioD of 

~h. wortc. oC IIU lI'er fit I t. [11. I t c"""bi M I four atomie rate eq .... cio .... 

t o c. l cuh te the delllities of the pl n llll ecmponenu (1-. 11°. 11+. 11;. H; 

o~d H~) , : ith l our ene ray eq"ltion' . + to d:ter..i.ne the t ..... ratur .. of 

e • H ,H ,1001 che veiaMed 1l1li of H
Z 

+ 11] . Th. I . ttar .q .... tioaa de l -

c dbe thl! energy tran. fer frOll the. be .. to the pl .. u and the I neflY 

exeh't\8e belveell thl p I ...... cOllpOnenta . The induced pi . ... ntu", eur­

r efit h calc ula t ed .el f con. i .Untly and thUl the IItrona COUPlinl ba­

a.een be .... ond pia .,... cu~rent il included in the .. del . 

a",. eneraY i nput into the plnllol i . c ..... ~d by the declY of thl r . turD 

current and by the db.ip.cion of hiab fre quI .. cy vn .... xcit.ed in tbl 

iDt.reeti on b, a.een b •• 1I "nd ph ... d.CtTOII • . Tha I""ru tT ..... far 

thrOLCh hilh-frequl ncy va ..... . deDOt.d ·b,. p
v 
....... ri •• I . ia calc"lat.ad 

by "I~nl th't all b • •• ellUrona loo .. thl _unt of ..... TI7 nq"il"a. 

io .intaill th • ..,Utu6e of th. v ...... . t thl .. tunclon l.vel •. a, •• -

ti .. t.d by Thod. [Ill in tha hydrodJ'll .. i c liait . Qhaic di .. ipatioll of tha 

return currlnt 1I du. to ch.dc"l eollhion •• 'cl' Ind a_l0111 

r.ll.civity luoci aud "ith i o n .eoultlc turbulence , 'ia ' and .. ith th. 

pr".K e o f thl! hi l h fre quency V .. ve l . 'ee ' Tha n t u,""cion le"el of the 

ion 'eoUlti c turbul~nu is dflt e l"llline d by non-tin",r Llnd.u d.a.pilll' 

Ph ... 10 .... inelud. bre.llll . t rahlung, line radiation, , . • l rid th. 

diaaoeia tion and i onix.tion of tb. neutral cOllfHlnelltl II
ll

::d H .'. • 
2 1011 

Thi. x.ro-di .. nl ional, H. d.p.ndent .... del la v.11 .uitad to .salcribe 

tbl . volution of tha b •• rple.1II .y.u. ilt 1011 dlare .. of ioniution. 

Wi t h decre • •• in al. Oan.i ty, the elec tron ta.plratun rhea .od t ..... -

raut. aradhuu . tart to phy • role. Tha Mrlllt profit. dep' ndlnt 

lOll UrD. i. tha elecnon hlat e onduc tiOIl atolll th •• ppU.d "I_tie 

field . Th. lIOdal i. preaently bli.., .dapt.d to inc:lud. thh u"' • 

.!!!!!!:!!. IN".C'rION tNf'O GAS. Calculacion. ,how th.t thl .yat_ ra.ch ... 

.. ,t.tiout}' Itlte a t t .... 100 Ill. Tb." lr.T .... 2 . V. kT . -kT -I.S .V .Ad. 

DI .... 2'1.10
20 .-l, iD .llree.nt " i th ... IUT:.IIU . Tbel ... ~ &bUlld.lIt illD 

i. M; • At_ denlity la .... 50 n. ' Koreovar the _del pradictl con.etly 

th. tl_ d.pende nt beh-!, Yiour of "e ft ' aT th l pi .... r.tu", curr.lIt. aad 

b .... ner.y lOll. ril.·1 pruentl the cdculat.d power b .• IInc:. of th. 

.lIctron • . a..1II puh. lenath in thi . c .. e la ISO n •. It i, n ' lI t~~ 

tOil acouuic turbuhnc.. 'i. i . tumid off npidl y vta.n pla ... d rif t ve­

lodt,. .ppro.cbe. th. i o n .cou.tic velocity for t ·> 2) Ill. EMI"I' tr_l­

fer la curie d by el.llic.t rnhti"ity P
el 

•• nd bi v,ve di .. ipatlon. 

,.,.... 'lal .. Ion .. . r e due tll radiation (65%) .Dd iODb.doD plUl di.­

IlId.tion (lO%). Fia. 2 preaenc. the I ne raY i""ut E to th. pla._ d.e­

trOll ••• l""ction of pra llure p; E-!Pdt; intllrated over a 500 n. ti. 

int.rval. Eg rapreaent. the ohlllie di llipation 01 ... to chnieal a. 

,,,o_ lou.; reai.civity. Comp"t.d and _alurad "a1UI!" follow the I_ 

trend n functioD of p r.nurl. E
tot 

i. the I".. of Ell . nd E.,.... whl re EVIl 

i. tha electTon ener.,. I,in fro. th. h f 'la ..... d i nip.tilln. eo.paTi.oll of 

.. .... ured b ... . neray Ion (17. 4 k.J .-1 . c · 190 P.) vith tot.1 ea.puud 

eMru input ( 20 . 2 kJ .. -3) indicatea that tha ~f v.VI I xdtatiDQ i, of 

h,.drlldyna.ie t)'lle aM no t kinuic. 
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IM.J.cTtON IN10 PUSIlA . The .pplleation of the .. dll to th ill e ... h r.­

uTicud b eea ... e of th l lad. of lOll U~. CooctUlio·lI. c.n only INo pn­

.. lItad fOT . hurt b.a..,ull ... . . uch ch. t "T. ra_i nl ... lI.r than .... 100 .V. 
The Ion ,coUltie inu'Ibility la turned off IfUT .... 40 n • . Thh .ilht u­

plain the . udd.n ch.;'g. i n "e lf a t t-60 ... . ob •• ned in th. ellp.ri.ellt. 

Yh. d_in."t . ne rgy tra nlfer ""eh ani ... i . the dillipation of the hi 

vav ... le.,.u .. Pline i, ",,!lilib ly SIDOl! . 11 enerl)' reDUl in. in ,h. pl .. -

.. . TMufore the calc ulationl a i ve " line'T i""ra.ne i .. IIkT vith ti_ • 

in 'Iue_nt vith th'; ..... ure_nt. 

Tbi. _rlr. "., pe rfo .,...d .. a part uf l h. rese.rch prulTaIl of the allO­
ci.doll alree_nt be twee" Eureto .. and rOM . with financial a upport (ro. 
zwo .. d. Eurat_. 

~bad.v Pbyaic al Inni tute, Ho. cow. USSR . 
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PRINCIPAL RESULTS OF THEORETICAL AND EXPERIMENTAL STUDIES 

OF ELECTROMAGNETIC TRAPS 

Yu.S . AZQVBkij, V. I. Karpukhin . A.D. Komarov, O. A. Luv­
reot'ev, V.A. Mas).ov, l' . G. Nozdrachev, N.N. Sapps, and 

I.A. Stepanenko 

Kharkov Institute of Physics & Technology, Ukr. Aend. SOL, 
Kbarkov, USSR 

One of the moat important problems in controlled 

the~onuclear fusion is to provide s~ficiently long con­

finement time of high_temperature plasma particles and 

energy. in a certain volume. In electromagnetic traps ~~J 
t his task ia solved using a combination of electric and 

magneti C f~elds. Plaam8 ions are trapped in the potential 

well produced by electron space charge. In this confine­

ment ion losses are only determined by diffusion in velo­

city space and th~ ian lifetime in the potential well 

grows exponentially with the increasing ratio of the po­

tential barrier height to the ion temperature. For ther­

monuclear plasma parameters ne" 1 020m- J , Ti • 10 key , it 

amounts to several tens of seconds slready at ~ i/Ti~8 

(J - 6j . Plasma electrons in the electromagnetic trap sre 

confined by the magnetiC field in the form of a spindle 

cusp and e~ternally applied el~ctric potential plugging 

the cusps . The electron lifetime is determined by two pro­

cesses : electron diffusion across the magnetic field and 

electron escape over the barrier along the magnetic lines 

of force. 

Experimental studies of plasma accumulation and hea­

ting in the "Yupiter- 1A" and "Yupiter-1M" machines [7,8] 

show that the main channel of ion losses is through the 

ring cusp; the ion loases through the point cusps being 

approximately ~ order of magnitude smaller. The time far 

ion escape through the ring cusp is inveraely proportio­

nal to the plaSlllB density in the trap and equals ~ 2 ms 

which i s indicative of collisionsl nature of these loss­

es. The time of ion escape through the point cusp does 

not depend on the plasma density , but is determined by 

the "ge ometriC" time of ion flowing out through tbe po­

int cusp . The main channel of electron losses is repre­

sented by diffusion across tbe magnetic field . The elec­

tron diffusion in velocity space rapidly decreases with 

the i~creasing plugging potential and is negligibly 

small for the operating conditions under study. The elec­

tron l ifetime limited by the transverse diffusion is 

~1 ms with the plasma density being 2"0'2cm-J and elec­

tron temperature 0 .1 keY. 

Computer simulation of plasma accumulation and be­

~ting in _the electrOPagnetic trap in t he approximation 

of classical transfer coefficients yielded a satisfacto­

ry agreement with experiment [9) • The computer simula­

tion was also used to calculate steady-state plasma pa­

rameters for the designed "Yupiter-:-2" trep (10,11]. 

One of the principal prooesses limiting the plasma 

density in the electromagnetic trap is electron accumu_ 

lation in the cusps and the resulting decrease at the 

potential barrier for 10Da. The 8pBCe charge potential 

sag A 11 in the ring cusp and in the point oWlpa of the 

trap wae measured experimentally. The A U -dependence OD. 

tbe plasma accUlllUlation time 111 shown in Pi,., (1:1n the 

ring cusp; 2:in the point OU8p). 1Dit1a.ll,.. betON the 

plasma is generated, the potential aa8 due to elec"tran 

circulation reaches its ma%1mum value of 1.9 kT in the 

point cusp upon injeotion of 4 key electrODs. In the co­

urse of plasma accumulation tbe 6. U TBlues fall off to 

0.4 kv in the ring cusp and to 0.6 kv in tbe point ousp. 

Fig.2 shows the potential . sag in the ring cu.ep (1) end 

iD the point cusp (2) aa a function of the electron in_ 

jection current for different tt.es : a) J.9 ma, b) 4.1 • • 

(a1'ter switching off the be8.lll). With the increaa:l.ng plas­

ma density -dasbed curve- the potential aag increases 

slower than the density. This experimental result is of 

principal importaQce in estimation of the plasma parame_ 

ters expected f or the next generation of electromagnetic 

traps. 
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PLASMA LEAK WIDTH 0' LINE- AND POINT- CUSP LIKE MAGNETIC 

FIELDS 

Hideo KOZIMA. Shinji KAWAMOTO and Keilchiro YAMAGIWA 

Department or Physics. Faculty of Sclence, Shi~uoks 

University, Shl~uoka ~22 . JAPAN 

~ 

Uslng permanent magn~ ts . we f ormed arrays of magnets Which 

generate 11ne- and potnt- cu~p 11ke magne ti c tield,s. Plasma 

parameters around tho"se magnetic cusp fi elds were measured 

with a Langmuir probe in Ar and He pla~mas .. Leak width 

WI.I defined by t he half- value width of electron dens i t y 

peak at the cusp. The leak wid th of the l i ne-cusp f ield 
114 was nearly equal t o the hybrid gyr odiameter 2(memi TeTi ) 

leB. PeriOdic variation of the magnetic field strength 

along the line-cusp induced modulation ot the leak width 

• along the cusp if the period was comparable o~ larger than 

the hybrid gyrodlame t er: It is found for the tirst time 

that the leak width ot t he point-cusp field is qualitative-

" different trorn and is very large compared with that 

of the line - cusp field . 

One of important problems of plasma confinement by cusp-

ed magnetic ti eld s ie the high loss rate of plasma along 

the magnetic fie ld 11nes l •2). Electrostatic pluggings 

were investigated to re~uce the los s by e xternal l y i mpose­

d3) and se1f- consistent'l)potentials . At the ' pr esent time. 

the leak width of t he line- cusp field itself i s in s con tro-

versy and proposed value s f.or ! t spread from the electron 

gyrodiameter . to the i on gyrodiameter through the hybrid gyro­

diameter 2 r ... 2(m m T T )1/4/eB1I · 6-8) . It is surpris ing e 1 e i . 

to know t hat leak widths of the order or 2 rh are consis tent­

ly explained by the concept of Rosenbluth sheath9 , l,2) by a 

simple model. In this work. we pr esent new exper imental 

data ~ith permanent magne t arrays7.10) to generate line-

and point - cusp like fields. Preliminary resu l t was pub­

lished ehcwhe·re 8) . 

Plan~r _array s of permanent magne ts made of f errite with 

hight 15 mm and diameter 20 mm were used. The field stren-

gth on the pole face was about 1500 G at the center. To 

generate line-cusp like fielda , magne~a in an array were 

placed with a separation d and the same polarity. The mag-

net arrays were arranged para-

llel each other with a separa-

tion of 20 mm bet~eQn them a s 

shown in Fig . l(a). Varying d. 

we could modulate the field 

at~ength along the cuap. Por 

point- cusp like fields, magnet, 
101 

Pi g. 

. ~ ~ 0I! 
!":-~ ° 
~~ 

'" 
were placed equidistantly on a ~quare lattice wi th a lattice 

constant D+d alternating polarity as shown in Pig.l(b}. 

Argon and He lium plsmas were produced in the left-hJnd 

part a t the devi ce aa Ihown in Fig.2 using hot cat hode di8-

charge from thorlated tungste n filament 0 with a diameter 

0. 15 mm. Discharge vol-

tagea were 25 V for Ar and 

45 V for He plasmas. The 

aeparation distance' d was 

taken 8S 0 , 10 and 15 mm 

for 11ne- and 20 mm for 

point- cuap like fields. 

Typical plasma parameters ~ 

1---"--10_--· -1 
Fig. 2 

aa f ollowa ; "e- 108cm- 3 • Te 5 e'l and Ti .. 0.5 ev for Ar 

and ne- 108 cm- 3 • Te- 10 eV and Tl-1 aV for He plasmaa. 

Da ta were taken with a cyllndri ca l Langmuir probe (2 ~O . 3 

mm 40 ) parallel to t he magnet' face 1n the xy - plane at z • 

10 mm above the face plane. 

The half- value width 

., ,. ',_h, -""- ,! x. --
tion peak at the C

r
U,.",dfor 

n, !::!la. ... , !!!....,.-. j':1 "'-
a l ine- cusp like 

with d < 5 mm 13 indepen- ~ 

dent of the position and Fig. 3" ::.--' • .:. , •• ,' 

wfth d fr'om 5 to 10 mm 13· 
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given approximately by 2 r
h 

at the position. Plots of den­

s ity di s tributi on and magne ttc field atrength around a 

llne-cusp like field ar e ahown in Fig. ] for a magnet a rray 

with d-lO mm. Half-value width of the d i stribution curves 

for y .. 0, 7.5 and 15 mm are 4.5. 5.0 and 8 . 0 mm, respec­

tively. On the other hand. the hybrid gyrodlametera at 

corresponding points are 4.3 , 11.9 and 6 .1 mm in good agree-

mant with the half-va lue wrdtha. Similar r esults wer c ob­

tained for He plumas. 

I n the csse of d V5 mm 

the half-value width ia very 

lar ge compared with 2f h at the 

correaponding poaition. Simi lar 

behavlor was obtained for point -

cusp like field as s hown in Fig. . . 
f 1\"' cr?~~ ·c 
.~.~~ .. ,. ... ' ...... . __ .,- .... _.-

cal !~I 
Pig • 

ThUS, experimental data given in this report show clear_ 

.ly the drastic change of the leak width of cusps if we go 

to point - cusp like field (and line-cusp like fle ld w1th 

large modulation) from t he line-cusp like field with 3mall 

modulation . 

~n~ 
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XND LOSS LIMITATION IN A LIflEAR THETA-PInCH 

BY MEANS OP IU.GNE'l'I.C JfiRRORB 

Zuka.kiebvilt G:G., SalukTadZa R.G., Tl1thaDov E.K . , 

B:yzhltOY V.N. , Chkuasel1 Z.D. 

Sukhumi Institute of Physics and Technology of the 
State Committee on Utilization ot Atomic Energy, 

SUkhwa.i, USSR 

I. INTRODUCTION. Ssveral ways of end-l088 liaitatlon in 

ga8-dynaa1C~ traps have beeD proposed and partially in­

vestigated during recent years. !song these methods are l 
Mechanical plugs /1/ , Ryutov mult1mlrror systems with sta_ 
tionary f1elds /2/ and aultimirror systems with d1Daaic&l 
r181d~ UGi ng plnsma electrod7namtc s toppering / 3/. A gas­

dynamic flux can be BUCC8ssfull1 limited by meaDS ot me­
chanical plugs , however ,sDsrgy losses due t o longitudinal 
electron beat conduction couldn't be practically suppres_ 
sed. 

As a matter of fact. both channels of losses can be sup­
pressed by means of magnetic" mi rrors. The theoretical con­
clusion has been experimentally verified by us ing Hyut ov 's 
mult1~rror system for alkaline and hydrogen pl asmas with 
n~IOI5cm-3 . Experieental data concerning plasma electrody­
namical. stopping a.re unlwor.n to the authora . In this re­
spect, further e~rimental etudies on end-losa suppres­
sion by means of magnetic mirrors for high density plas­
mes are of great intereat. 
2 . The preeent paper deala with prel1m1Dary expertaental 
r esults on MHO instability studies and maBS and energy 
end- loss limitations using a single quasistationary plug. 
Din8¥tcal and quasi stationary multimlrror systems are sup­
posed to be i nvestigated from now on. 

Fig .I showa the device scbematic . A theta- pincb is 
formed by a single-turn solenoi d 16,5 cm in length and 
11 cm in diameter (I) . Fiel d strengths hava been ~aried 
witbin tbe range of 14 to 30 kG tbeir halfcycle being from 
7 to 9,5fs . Plasma streaming out from the pinch ends 
spreads in a s light l y corrugated quasistationary magnetic 
f ield with a halfcycle of 200fS and the strength Hr= 8 -
- 20 kG; the field ia generated by three_turn solenoids (2 ). 
The t heta-pi nch is switched on close to the Bz field maxi­
mum. A small-power theta-pinch bBB been used to heet the 
plasma preliminarily . The spe figure shows fie l d dis­
~ib~tions along tbe axis for ~ =20 kG , Kz = 30 kG(3) ; 
~ =20 kG, Bz =20 kG(4); BT=20 kG, Bz =14 kG (5) , HT=20kG, 
Bz:O (7) and HT =7kG, ~ = 0(7). The qussista tionary mag­
netic field, Br. which propagates into the tbeta_pinch re­
g\on and exerts a considersbl e influence upon plasaa tor­
mation, i e compens s ted by an init ial reverse quaeistatio­
nary fie l d - Hzo ' D2 serree ae ~ operating gas . Initial 
preesuree are: P : 10- - 10- Torr. Pinch plasma deoei­
t ies amount to n~2 • 1016 _ 1017 cm-3 • 
Ple~ dynamics have been inTeetigated by means of mag­

netic, electrical and diamagnetic probes and streak-caaera 
pictures as well. Electron temperatures haTe been measursd 
by filtering soft x-rays. 
3 . Principal Results. 3.1. Plasma is stable only when the 
ini tial trapped mosoet1c flux ie equal to zero or hae a 
small negative value. A flute-type instability ia dOTeloped 
in the plasma with a trapped positive flux while it (plas­
ma) propagates through the mirror region . Pig.2 shows plas­
ma end pictures for Bz:30kG, PozIO- ITorr and a zero trap­
ped flU%. Pige .2a Bl'"d 2b correspond to H.r=8lcG and 20 kG, 
respectively. Under these condi tions; B mirror field confi­
guration is realized only at the beginnlll6 end at t he end 
ot the Bz halfcycle. The plssma jet propagation veloci~ 
doee not depend upon the HT value and i s equal t o 7.10 em/a. 
( Tbe moment of plaeaa outstreaa from the stopping coil ends 
and ita contact with tbe well are well eeen in the tenth 

tr ... pictures). Bawe,.ar, the total nua~r et the parti I 
oatstreeaing fro. tite onds le threa tie •• deon.aed Oil ~~8 
ereae1ng the Hr f ield from e to 20 kG. according to dlaaag_ 
"netic .easureaenta. !b. Jet decaleration i 8 o~ •• rYed GDl7 
on incr easing the mirror ratio up to the value of HrfBz=1, 5 . 
3.2. Fla_a elecnoD te.perature ia ea.sentiaJ.q incnaaed 
BB "a result of switchi.ng the a1rror f i ald. OQ. Thu.·, e.g., 
for Bz=30 kG~ Po=IO-zrorr 10 pare theta-pinch, r baca.es • 40-60 eV, while for HT = 8-20 kG, Te goae up to 150 eV, 
and has a. s l16ht dltpendence UpOIl I!.r ' Eig ., allows traces 
for Bz ' Dp line, soft X-rarB (I-ray) and the diaaagnatic 
signal (D ' ) .aasurod at the elld of the stopping ColI. Riae 
in aoft I~q radiation dtu'atiOIl 8.11.4 intensity 1a well 
seen witb the ~ field tamed 011. The 80ft I-rq eaission 
begiM to fall down with tbe diamagnetic signal appearins and 
i a connect ed with B longitudinal elactron theraa! cODduc­

tiTit7 •• tabliah~ as a result of a plasas contact With 
the discharge cha.ber wall. 

RDXR:ENCKS 

I . Energy and Part1cle-Contine.ent Properties of an End­
-Plugged Linear !beta Pineh. R.J .Co.is80. R.R . Bartach, 
C. A. Bkdahl, K.F. McKenna ~4 R.B. Biemon. ~e.R.T.Lett., 
1979. T.43. &0 6, p.442-445. 
2. !beor,r and Calculations of RODAagnetic Denae- Pla8~a 

Confinement. C.B. Vekshteint V.V. MiraoT. D.D. ~tOT, 
P .Z ; Che~otar.T. 6th Con!. Proceedinge. B&rchtesgaden,19?6. 
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Fig . 1. Dev1c~ diagram 
and partUia1 I118gDstic 
field distribution 

r . .. ,.. r. r. r. r. r. '. . 

• 
'- '-

• 

Fig.2. Pictures of the 
discharges Po=10- 1Torr . 
Bz=;DkG. a) Ht =8kG, 
b) Ht =20kG. Duration 
of the film exposure 
ie 0 , 5 1'e 

Fig.,. Theta-pinch dis­
charge oacillograms for 
Bz=;DkG, Eo=1o-1Torr. 

Low X-ray radiation 
curve for Bz=~kG. 
Ilt :O is daabeq" 
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J. C. »."i •• I.. P. Dn.l<e , J. H. Foote, A. 11. FlItch . I.. 1: . Coocllaan, 

D. P. Crubb , C. A, H.ll""I<.- I.. S. Hornady, A. L. Hunt, 
C. V. x .... eDdy ,tt A • . W. Kolvik, W. L. PicUn, C. D. port!,. 

P. Poullen, I . C.· Si....,en. 8. W. Sull.rd. O. I. Stnnd 

L . ..... ellCI Livenon If.tion.l Labontory, Live...., .... , CA 

ABSlu.cT . PI . .. confilleMllt in the t . ndl!&I l1i""or E"plri .. eut 
(1Hl[) 11 de.ct"ibe4. AlIi.Uy confilliq potenti. la are .hovn tD elt i lt 
throllabout the central 20-.:. core Df 'nIX. AlIi.1 e l e<:.tron-confine .... nt 
t;.e i. up tD l OO tu..e. that of . in&le-cell lIirror ""'chin"'. Radi.l 
t .. . D.pO>:t Df ion. i .... ller thlD uial tran.port ne.r tbe aai.. It 
b .. two ptrt •• t hrge radiil Ilona-/>ipoltr , iD r o"ah .SreelMDt with 
predictiona fro. re.DIl.Ilt-neocl ... ic. 1 trln.port theDry , lod . i­
pol . r . ob.erved oe.r the pl._ ed&e under cert.in condition. , accOll­
p.oied by • l .... -frequeocy, 11 - I iu.tabilityor I tronl [1I .. bulence. 

INtIODUCTION. the d .. onstrlcion of .lIcce"!1I1 enh.ncea~nt of 
.... i al pi .... conh_ment by lUlbipolu potenti.1s in the no: end 
ce ll . I •2.) hll led tD •• tudy of the tot.1 pi ..... confinement . 
Hear the .... i •• pl.-.. .dd lOll ... frOllll the cent rll cell eltceed the 
r.di.l 100, e 'l ne.r tboo out.r ed,,, ... dial 10 ...... r . comp. r . ble or 
dOlli D. Dt. 

AXIAL ION COIIFIH£HE.Ilf. H .... e VII ci;,..,natrl te that confinina 
pot.nU." .re '.n .... t ed tbrou,hout tbe cro .. ,.,c tion of nu. The 
C.Dt .. al-.:.U- to-arDund potential, ,~ , " .. detera;ined ErDIII the elleraY 
of . econdllIi ... c.u.ed by plllllUl ioruution of • he,vy-ion beam. 4 

T1MI plu,-tD-around potential, .p ..... det.nUDed frOla the .\nu"UIII 
enerU· Df iDn. vhich "'Cllpe through the piu,. to tbe end "alII. The 
difference, 'c, i . in IIpprD .. ;;"at •• s reement on .... it IIltb the 
pot~Dti.1 predict.d frOJll. the BoltzlUnn relation, '1. lll(np/ncl, 
IIhere . ub.cripta p .nd c re fer to thl pl"io .nd centnl-.:ell v.lue l . 
Good ..... e-"t i . 18en, out to • rediua of 15 =, in the .... dial poten­
tial profUe IhoWtl i D Pia. I . Bayoud 15 c. the c""'Plri.on i. poor , 
. lthou,h tbe uDcert.intiu .re l u,e: Cent .... l-cell ion conHnement i . 
found to be euh.nced .bov. th ll t of lII.gnetic IIIir .. on by thi. potenti.l, 
'PPro ... iaatel7 .. predicted by t he P .. tukov £0 ..... 1 ... pplied to the 
umle •• )'1t" •• 5.6 Det.i1.d c.lcullltion yi.ld. good qree_nt .nth 
lIe .. "rellt!llC when the he.till, of ion. by rf a .. DeraUd in the end pIu,. 
It the ion-cyclotron frequency i . taken into .ccount.) 

AXIAL llZGTRDtf CONPUmMENT . the electroo ener&r CODfine:DeDt 
ti ... iD THX " ... a factor of up to lOO .bove that obtained iD 2XIISL_ 
fr ... 60 tD 600 \11 .. comp.red to 3 t o 7 liS . The confinement time 11 .. , 
Cllcllhud 18 rh. ntio of nored el.c tron energy tD input 'power to 
tbe .. le·CUD".; CM input power .. rl s· ... · trOlll colli.iOllII ;irlla .. itb tb. 
.neraetic plug ioo • . 

The body Df the elactroD' in 'IMX " ea i.Dlated Er"", th" end lIalh 
to e",un. thlt ,,,cDIld.ry p roce ..... It thl! "dl WI'" .... 11 . TIIi . 1111, 
.chieved by clec ..... iq t ha aaa .... tic fie l d .t the 01.11 by • factor of 
300 fro. that at the plu8 lIirion , MO th't th<:. ele~trOD denatty 
dro pped f r _ 1 .. 1013 c .. -) ill the plug midpl,ne t o 109 to 1010 cm-3 
<>ear the wdl. lu .ddition, tbe dectron tellljlerllt"u dropped f rom .50 
to 1.50 . V io tbe pIli, and cellcul ull to :; to 10 IIV nUr the lIall. 

A cOIIparilon of the to tal enno .... chine tbl e nd ... 11 
( __ . lIr.d by c.loriOlltera) "ith thl ion enerU (1III! •• .,nd by eCld-ID" 
.nalyun) . h .... ed th.t ion •• ccount.d for .Imo. t . 11 of the "Clergy 
reachiq the and IIl ll (Pia. 2). IOd t hu . t hat tbe energy flovina 
directly iD electron ........ 11. The i.cm eDer &J iDClllded "*'p (" 51e) 
oriaiD.ti", fro. tbe electron. ; nev :!! rchel ... , .econd.ry "llctron proc­
."e. ('econd..-y eal .. ion, ue .) vera of Dealiaible illportlnCI . See­
ODd • ..., e.i .. ioo coefticiell'" .. ere •••• ured by hot .... in probel De.r the 
... 11 ; th. r.tio of tecolld.ry electrnn. to iucid .... t ionl r .",ed f .. _ 
0 . 3 t o 0.9. in ,oDd q ....... nt · .. ith predicted v.lu .... Ho evidellce of 
"Ilipohr .rCI v • • foulld on the end ",,11 • • 

the reflux Df a •• frOll thl 11.11 provid ... l ouree for cold-
pia .... ,eD.ration. The .... ured den.ity of thi l pi .... , ?: 109 c.-3 
it in .aree_lIt with. -.l.18 th.t iDd"d .. cold-aea ... cyctin" .ec : 
DDd • ..., elect r on ellli .. iou • • nd ionh.tion. the cold ion •• re i.olllte d 
f .. Dm the ... ill pla .... by the el .. c t .. o.ta tic potential. Ae the r.t ... of 
, ellention of e1ectroll& by iOD1& l tion i .... ch le .. thIn the 10 .. r.te 
fro. tha tande..-.:onfined pi ..... the addicioaa! power drain 011 tbe 
tOIl fined pl ....... ·by eud .... llll proce ..... i, .t _. t .bout 1 to 2t. 
tiJlle. the e nd- l Oll ·cu rreutl t ypic.Uy ID to lO kW. This c","p.r .. to 
• typic.1 iDput power tD the central cell Df 100 to 400 kW. p .. oce .... 
iD tbl! elX! re&iD'" . nd at the. eod ... Ih of no: " " re thu. reduced to • 
mllO." rol. ill the paver b.laDCe. 
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Fi.g . 2. Hea.ured end-Lon 
p .... er refe .... ed to the cencral 
c.lI . 

'Wor k perfor.ed IUIder thl .u.pic .. of the V.S. Dtpartment of £ner&)' 
by the Lall"rellCe Liv • ....,re N.tional Labor. tory UDder Contract nuiabei" 
1f-140S- ENG-48. 

tUaivenit)' of 1""1 . ttDeceand. 

**lI.eD". laer Polytechnic InlCi tllt •• t.lohll • Hopkinl Univenity. 

IADUL tu,IIIPOI,T. a.dial tran.port in the centra l ce U of tl'Ol: 
i.. pndic ted to h.ft • DD....u.ipol ... c"""Ponent . .. i .in, f .. CIOI "",on.nt­
_otl ... ic.1 trall. po .. t due to the quadrupole field. in the t r.n.i tion 
re~iona.9.ID Cb ... &'! .. ut ... lit)' i" ... i .. tei .... d by • t:..hntin, elec­
~nc = .. n .. t to the (_t.1l end valI.. T1MI net ... dial nonaabipolar 
~OO. tra~.port C.1l then b. rehted to tbe end-Inn electron current by 
...dl.1 1Ilte,r.tioa of CM curnnt-co .. ae"VDtion equ.cion. 

The elld-IOA' electroll c"rr.nt den.ity .... deter-ined lr"", the 
difhr.Ilce bet_D tbe Ilet cu.rr.llt d~11Iit7 to the end .. ell ( .... a.u .. ed 
by co11ecton .t the _Il) and the ion curnll t den.ity ( ..... und by 
r .... d.)' cup') . .uu....thal ')'I!IIIet r), if ........ ed. riaure 3 c'*'Par u 
_e.und ion trall' port vith prediction. b .. ed on theoretica l diffll . ion 
coefficieoc •• 9 Heer the .lti. Che .... u .. ed elect .. on cu ..... 'nt den. ity 
includu · th.t odaiMtin, ill the plUI' hQII radial tnn.po .. t Clllud by 
cba",e exch.n,. vith the .... utul be.lI.S. Tbi. cllrrent .... calcuhted 
.nd . uberated f .. OIII the 1I ... ured value before illte,ution . tu effect 
i. I.r,,, i",ide • 15-.:. radiu •• but negli,ible out.ide tbat radiu •• 

The e .. r on ill the pr.dicted lllll< .rin pdlUrily f .. a. unce .. t.in­
tiu iD the redi.1 lOIectdc fi.ld. the _ .. ured .nd pnd..ictad flu .... 
.re coap..-abh .Ithou&l! hrge uncerUiDtie. exist in both. \le,onant 
trau'port contl"ibo,ate. IlIbltall ti.11y to, ."d ""'y be the whole e.u.e of 
tlM! radhl n ........ ipol .r ;orr tran.port . ' 

Ambipolu proee .... were dIIte"';'ned by COIIIjI.dnS ion end-Io .. 
eurrellt den.ity with ion .ourc • • predicted frO<! su-depDa ition cod .. . 
ror I .... , .. iD""t illto tbe cantnl cell. thl de"lity is ItronKly 
pe.ked on .xi •• Dd the 1I"."ra1e .. t .nd prediction •• ree to .. ithin 
their uncnt.illty , indicatina that ndial Ulbipollt tr.n'pon i . .... 11. 
ca.pared with the noullbipolir trlnlport . . 

A. tbe PI illput i . r.i.ed, howcver, thl c.lcul. t .. d i on .ouree 
.nd _ .. ured .Dd 10 .... differ by • factor of ) or .... r e It larse ndii 
(>20 c_ i n celltnl-cell eoordi"'tu) . Tbi. differlDee li .. ot1uide 
tlM! e.tt..tell uncut.inth.. iD calculation .nd ..... ure .. ent iudiclll­
ina .D Ulbipol'r flux c_p • •• bLe to th" nDnlllllbipoiar flu .... ' The on .. t 
of thia tnD'pDrt i. acc ..... ni.d by • Iov-f .... q"ency in.tlbility . At 
-adenu , •• inPlltl, In _ - I .ode i. ob.", ... ed in the pia ... .. ith .n 
. &u....thal plla,. valocity .pprn ... u.ately the 1a0ll! .1 the I!: >c B velocity. 
The nd'al eis"nfunctiDD, Fia . 4. i. !arg1llt ill the r e gion in w\,i.eh 
the I.r", .oipolar tr.nlpDrt i. oburved. At hizh S" iuput. , tb • . 
pi .... edle beco ... .., ... turbulent. Althoush dinct evide nce i, 
.b.eut, i t tee .. pl.",ibh that the obaerved • .bipol.r tr.n.port i, 
dlle to thil in.Ubit i ty . 

no. UPCltA1ll . Bac.u .. of the .ucce .. ol na., .n improvod t .Dd •• 
• inor, THX Upande. i . bei", tonltructed. THX Upatlde il .... pected to 
yield iaproved ... ial .ud .... di~l centrll-ce U COnfinelllClltI . ......id con­
Cille .. nc will be inc ...... ed by u~ing thet1ll1 b.rri" ... 1I to pe .... it· a 
diffenDce in e l.ctron "'''Peuture between the plug region I nd the 
tentrll ce ll. Iladi.al confine_nt .. ill be iaproved by a nronae r "'g_ 
nuic field (0.3 t in.t.ad of eh. 0.1 t in nIX) 'nd b)' 11 .... 11. .inor 
lIitbill the ... i'r-tric part of eh. central cel l; ea • relult t he null-
b ... Df putiel ... tbat uDderao relOn'nt t un.port .. ill· be redUClld. the 
better cDofi ...... nt i l predicted tD yiald inere ... d cencut-ce ll t ... -

peratur ... (T.e '" 0.6 keV . li = 0.9 keV ) . 

2 

0 

8 

6 

• 
C-

o 

-2 
o 

• Meawred 
D Predicted 

'1 
? 
> 

I 

I! ~ 
~ 

10 20 30 40 8 
Ritdiul (cm) 

1.1 

M 

" > 

~ 
0 

0 

0.10 
Ibl 

0.05 --:- ......... . 
........ - ~ . " 

00 10 20 30 40 
Radius (cml 

, ia. l. uon.oobipoiar radial 
tran.pDrt . 

'it. 4. Aabipol'r r.dial 
t r.a.port! (. ) .ver.se 
(ao tid lille) Ind ... -
o.dllation den-itie., (b) 
ion ead lo .. e·. (dlt. pointa 
lod d .. h~ tine) .nd calcu­
lll t ed Ion IDur c<:.. 

URlWICES 

L ,-
J. 

' .. 
>. 
6. 

I. .. 
10. 
B. 

~: ~: =:::"'e~"'~~;' ,~~~. 8~vin~~: ' ~f. 1~~!.!!9~:;iCI Ind 
Coatroll. d U",ciear 'u.ion \le"' lrth, to be pubU.bed. 
P. D. Dun . t al., "ucl. Vu,ion 21 098t). 
C. Ulllocll, Ph_D. The,ia, .Inlletur Polytechnic I n't., in 
p ... p .... tion . 
V. P. Peatukov , llucl. r"l ion I~, ) ()91~). 
R. H. Cohen . H. E. Ren.ink , T:-" . Cutler, .. nd A. A. Hidn. Muci. 
'u.ion 18, 1229 (978). 
t. C. siam,n , L.o ..... eucc Live....,re N.tion. 1 !.lb. Re.p . UCRL-858)lo, 
(1981). 
C. D. Porte(, La ..... ence Li""rllOre N.tionll Lllb. Rep. UCRL-851147, 
(} 981). 
D. D. I.rut'" IOd C. v. I>t"p.II_, Pi.' .. Zh. Ehk.p. Teo r. l"h • 
26, 186 (1977) ; JETP !.et( . 26, 114 (1977). 
i:' H. Cohln. lIuc1. ,,,,ioo 19-;-'1519 (979 ). 
D. E . Raldllin .nd 11. G. Laidn, Phy'. bv. Lett . ~, 1318 (1919). 

C-18 



C-19 
mTERACTION OF A ROI'A1-INO INTENSE ELECTRON 

BEAM WITH A MIRROR CONFINED PLASMA 

K. K. Jaln. P,-l. JobD. A.Sen Qd A, K.. Sundaram 
Phyait!al Ruearch I..boutory 

Ahmecl.bad 380 009.ladla 

We report here tbe r •• ulta DC an lnveatlptim. of tbe magnetic: 

rupoaa. of. mirror coattnecl hydro,en pl .. ma.to a p.alaed (pulee 

lftlttb • ~ naotltlecond), intB1se (Beam Current· 12 Idloamp) 

rotatlll, (ratio 01 pcrpendil:ular t o panUel velocit, • 1.8) electron 

t..m. 
The npt!'rimental sys tem is shown in flrure 1 which 8180 .heM'1 

the cqullibf'll1m malnetic field configuration. The be.m leoerator iIi 

I field emh;.'I ioa BUn energued tiy a waterllne Marx ,enerator 

comblnatim. The bum i8 injected into the mirror through a 

non lldlab:LUc cusp and entera a magnetic mirror of peak magnetic field 

nr,.., 800 ",U8a and n),irror ratio of 2.6. This region la filled by a 

6 cm diameter column of hydrogen plasma of denstty 3 x l012 /r:. c 

IIroduced by a p.e injected washer (Un. The magnetic response in th ill 

'e,loa la mcut,lred l,Iain, diamagneHc loops. Or.her dlaen08tics 

lncIl,lde Faraday CloIpa and damage plates. 

Tbe major experlJlloental reeultl are el,lmmariled below : 

S) The primary electron beam la n'ot retuded sufficiently to be 

trapped iD the mirror re,lon after Interaction with the plalma. The 

beam duratloD ill about 100 aa~OIIeeond8 and we estimate the beam 

residence time in the mirror, as 15 n'n08econdl. 

UJ Tbe maJlloelic perturbation riles to 11 .. peak in a time of 

100 n&ll0ll8CODU a.nd thea begm. to decay. 

W)The dtamaanetle reapoau of the plaama within the mirror 

I.ats for periods much lonler than the beam dW"ation or the beam 

0~ ...... ~ .. ,,.~ ... G 
~ ....... ,,,,u •• 

........--, .. " •• -----1 

F ig.1 Scbematil:: d.1.a.ir3.ZIl of the experiment. 

reatdencc ~e . ~e axial ut'en.t in wbicb the diamaJl:1etic Signal 

peratst. for perioda IOn,er tbal:I the beam duration ha, a temporal 

vllrl.atloa . Durin, the beam p .... 'e the entire plun.& column ahows 

diamagnetic behaviour (see Fig . 2) . Aner the beam passage the axial 

extent ru: the region begins to contr act and at later times (more than 

about 300 n anoseconds) the region wl:th finite A B is localized to 

about 60 cm within the mb-ror and symmetric about the n::li.-,:,ror centre. 

fv)The d ecay 1ime is not signUicantly alter.ed (or heavier ion 

plUDlaa. However there is a weak dependence on the Inverse of the 

100 mass. 

Tbe physical picture that emerles from tbe aiam-gnetic study 

baud on dtaznalDetic perturbation is the f oll owing' The spiralling 

electron beam, during its exit from the mirror regic.t. pl'oduCW!s a 

persisting electron current In the Game direction ;II.S the initial bea~ 
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[rrOl' bot I 
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FIf.2: Spatial 
variation of diamag 
DeUc response 
wJthin the mirror 
:U dUferent times. 

current. This 

current is dr iven by 

the EXB drift of the 

plasma. electron 

which are magnet! 

'!led, with respect 

to the ions which 

are not. While the 

return current layer 

convects out of the 

region whicb have open ' field lines connccted 10 the Walls . the region 

inside the mirror traps the layer. 

The wsak dependence of the decay time with ion mass suggests 

that the mechanis m proposed by RO!Itoker and Chu (1) . le. the loo 

accel eration acr oss the m a gnetic field to short out the radiioT electric 

field and produce ion heating 1.6 not operative. For the present 

experimeDt, tbia should bave produced kilovolt . nor! thermal ions . 

while experiments using n!!utral particle detectors t ailed to observe 

tbem. It may als o be noted that in the decay phase. the ions would have 

been accelerated r adlally inwards. The decay time I.s also not in 

a(Teement wlth the class ical conductivity of the plasma . if one 

assumes that the magnetic energy ( 7 Joules / meter ) or t hi return 

current Is iH8alpated with:in the plasma and ill shared by the plasma 

particles: indicatine: the n ecessity ot a new theoretical m04el . 
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IOH EMISS IOH CHARACTERISnCS Of PLASMA FOCUS DEVICES 

L. Berhlot, R. Deutsch, H. Kerold , U. J¥ger. A. Hozer . H. Sadowski , 
H. Schmldt -. 

Institut fUr Phslftaforschung, UnlversitU Stuttgart, Federal Republic 
of Gemany 

Abstract : The angular distribution of ion elllission hu been studied 
---- experilllentally with CN films and compared with -ode l calcu· 

lati ons . ThOlM on spectrograms reveal ed deuterons of maximum 
energy E up to 5 HeV and different Impurities with E 

11,8 to'h HeY) being proportional to the Ion charge. "the 
ons are elllttedJlOstly inslngle bursts (FWHM Ei 8 ns) and 

~~tiIlll!S In IIUltlsplke pulses. 

III pre·,lous "xperllnents performed at the plasma focus devices Nessi 

(55 kJ, 19 kV) and OPF 78 (28 kJ , 60 kY) the Ion source locali zation 

and the directi onal ~Isslon characteristics have bten studied /1/. 
Side on Ion plnhoie meuuremen ts revealed that high energy deuterons 
are emitted f rom one IIf .ure :; ... 11 sources ( ~ 0.5 1mI) located in the 
dense focus plasma . Experiments wI.th cellulose nitrate (CN) films 

showed that the Ion en:isslon is ' strongly peaked In axhl direction and 
lIIOcIulated In space . 

Further measurements with these detection met~ods have been pe rfonned at 
the s~ devices. Fig. 1 shows an' example of the angu iar distri bution 

Qf Ions from a single discharge. Such distr ibutions were obtained with 
CN films arranged lri a half circle (see fig. 1) and covered with Al foil 

steps fo r a rough energy resolution. Ions with enArg les 0.1, E E' 5 HeY 
were detected up to angles e of 8So• The distributions are anisotropic, 

exh.ibit I characterlstl"c drop of the i ntensity at 9 between 400 and 800 

and often show an lSynnetry to the z axis. 

NUrlll!rlcal IIIOde l calculations of the Ion trajectories have been performed 
for diffe rent plulla configurations with cylindrica l synnetry and with a 

!I. 0 constri ctlon. Further assumpt~ons were: By (r, z)lspruduced by 
u ial currents only and is constant In time during the Ion er.llss ionj 

point sou rces with either isotropic or fONa rd directed emission havt been 

considered. Fig . 2 shews a calculated angular distribution for a single 
source upstreUl of a 111.0 constriction (fig . 3). The measured and ca l· 

culated anguhr dlstr lbut.ions were compared f6r different mdel source 

positions. The best fits were achieved for sources c lose to the anode 
_tip either in. or upst ream of a constriction (fi g. 3). Obviously the 
angullr lIIOdulatlon and the Isynmetric emisSion can be explained by 

a "focusing" of the deuterons caused by the constriction, and by 

Is.r-tric positions of the source!,!, T'1!spectlvely. 

Fusi on l'II!action pro tons were detected too. In contrast to the deuteron 

emission their angular distribution Is nearly Isotropic . Pinhole pic· 
tures of the protons taken side on shewed that the proton source is 

extended and matches approxilllate ly the pinched plasma region. 

The energy distribution of fast deuterons and of h~urlty Ions has 

been investigated with a Thomson Inalyzer adjusted In axia l direction 

a t the Nessl focus device. The Instrl#lent and Its calibration usi ng 

CH fflllS as detector al'll! described in /2/ . 

The deuteron energy distribu tions observed vary considerably from shot 

to shot, but generally decrease eKponentlally with energy. They range 
fro. 0.35 HeY (lower detection li mit) to ... 1.5 HeY. Particularly at 

lew fill ing pressures -high energy" spectra with 0.3S", E.< 5 HeV 

have been observed too. Impurity I~ns as O. N. C, Cu in different 
Ionization s tages and ll1f1urity protons have been fden t lfied . Their 
distribution functions are slllll llr ' l n character , IS can be seen from 

fi g. 4, which Is taken from a sing~e shot. The most remarkable fact 
Is, that the .llillUII energy E. of the different Ion species Is pro­

portional to th. chal'ge number Z, bu t does not depend on the particle 
lIasS (e .g. for protons : Elllt: 1.8 HeY; for 08+: Elllt: 13 KeY) . The ratio 
of the t otal n~er of impuri ty Ions acceler. ted to deu terons corre· 

sponds roughly to their fraction in the filling glS. 

Fn:. these findings conclus ions can be dr.wn on the accelerat ion pro­

cesses: Obvi ous ly the impurities and possi bly most of the deuterons 

Ire .ccelerated in • cDlmlOn process . The charge proportionality of Em 
points to a linear acclI.ration of the high energy 10115 In electric 

fi e lds. Taking into account the ' small she of the Ion sourceS" rather 

high E·flelds of .bout 50 MY /cm should exist 111 the sources. The fea­
tul'll!S of the deuteron acceleration (OCcurrence of - high energy" 

spectra) make it plausible tJ:Iat either more t1!an one acceleration pro­
cess exhts or that tandem acceleration takes phce . 

In order to study the temporal evolution of the deuteron tmlsslon sty· 

er.' small plasti c sclntlllators (100 pm thick 4 !!Ill and/or 0.5 !!Ill In 
d1l, covered wl th 0.35 ,. AI) were pllCed along the deuteron parabola 

track on _the end plate of the_.analyzer. Deuterons of energies within 
the 1I.lts 0.3 to 2.5 HeY could be detected. Signals IS obta ined fl-'QI!I 

distinct channels are presented in ' fig. 5a,b . The measuT'1!ments h,ve 

been performed with different ion extractor (skinner) systems . With 

the sNIl skl~r aperture (1 nn dia l usually single Ion pulses have 
been detected (fig . Sa). Their mjJ)imum FWHM was ~ 11 ns. The rise 

time of the detection system wu '~ 4 ns. Particularly with a larger 

skimmer aperture (3.5 nri dial ICJtger deuteron pulses with a complex 

structure have been observed.(flg. Sb). They seem to be composed of a 

series of bursts with the Indf';1~ual F\/KH also, 8 ns . The t ill!e delays 

of the deuteron pulses In different channels In relation to the lead· 
lng edges of the hard x ray signals are consistent wi"th appropriate 

times of flight (jitter:; 5 ns) . Hence it can be concluded that the 
deuterons of different ene-rgfts-are generated by a (;ollll\On process, pre· 

sumably In time co.~relatlon wl~ .. the fut electrons or hard x rays. 
The appearance of multistructured- pulses may be explained by the 
existence of seYeral ion sources djstributed along and ' somewhat off 
the axis . Experiments \/Ith dHietj(lt pressures were carried out. No 

distinct difference in the shape of the pulses (ucep~ the amplitude) 
has been observed in the range of 2 • 4 mbar . O2, No precise corre· 

la tlon cou ld be establ ished between the high energy ( 4 0.3S HeV) 

deuteron intensity and the neut?'Ol1 yield . 
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SPACE- RESOLVED I N~-STIOATIONS ON THE PLASMA rocus NEUTRON 

~ 

K. HUbner, J.P. Rager ~. K. Steinmetz 

Insti tut fUr Angewandte Phyeik. Univer8it~t Heide! berg, FRG 

• Associ azi on e EURATOM-CHEN. Centra Frascati (Rome) I Italy 

Abstract: The spectral and s patial properties o f the neu­
t r on emission of the Prascati 1 MJ - plasma f ocus have been 
inve~tigated by means of a ~ -chan~el radial neutron- co lli ­

mator system . Additionally neutron energy 8~ect rQ of the 
primary source 8S well as their dependence on the observa ­

tion angle were measured. 'I'he results demo n5trate the exi­

ste nce of local az i muthal ion st reamings and o f an a xi al 

st r eam-target interaction within t he primary neutron sour ce 
o f bu lk inn "np.rgiell IIrollorl F.d :l00 keY, whil e radial local­
ly depen-dent neutron emission i ntensi tie s were observed. 

Introduction: In the past 11 , 21 s pace and time - resolved in­
vesti g&tions were performed· on the neutron emis8ion of the 

Prasc ati plasma focus by means o f nuclear emulsion plates, 
neutron pinhole imaging , activation counter15 and time-of­

flight spec tromet ry. The experimental results r eported in 
11 , 21 show that the plasma focus neutron source ia composed 

of a primary (bulk) source located c l ose t o th e inner elec ­

trode (z =D t o 5 cm) and emitting up to 80S of the tota l 
lield , while a secondary (corona ) source at z:8 to 10 cm 

delivers the remaining part of the yield. The end - on ener­
gy spectrum of the bulk aource (see Fig. 11 in 11/) is 

clearly d ifferent from the fully space - i nt egrated ones , be­

cause it has two peaks, one at En=2.85 MeV and an additio­
nal maximum at En=2.4 5 MeV , while the side-on spectrum is 

centered around 2 . ~5 MeV. Though the ~nergy s pectra are an­

isotropic , the i ntensity of the neutron emisaion is s pa ­
tially uniform , i.e. A=1. These feature s render d1fficult 
an interpretation based on beam-target produ ction , despite 

t he existence of the 2.B5 MeV line in the end-on neutron 

spec trum. 
I n order to find a consistent e xplanat ion of the spectral 
and spatial properties of the bu lk source emission, radial· 
ly space - resolved and angle - resolved mea surements of neu ­

tron int ensities and energy spectr a no. have been llarried 

out. 

Ex periments and Interpre tation : A ~ - channel neutron colli­

mation system wit h a space-resolution of 2 cm (Fig . 1 ) was 
used to measure space-resolved neutron fluen~ s and energy 

:!Spec tra at single discharges (Ma ther system, 400 kJ, 5 Torr 
02) . The observation fields were r:0 . 1 t o 2. 1 cm (channels 

1 and 3) , r~-2.1 to - 0. 1 cm (c hannel s 2 and ~), z~0 . 8 to 
3.2 CIl1 (al l cha nne l s) . The observati o_n angle-dependent 

energy spectra were detected by a quarte r circle set - up 
with nuclear emulaion platea fixed at 00 , 200 , 400 , 900 

wit h respect to the device axis . 
Fig. 2 g ive~ two examples of spac e-reaolved energy spellt ra 
of the bulk sour ce , taken at a aingl e shot at 900 by chan­
nel 1 and 2 . Compared to space-integrated lside- on spectra 

111 the spect ral atrUlltures a r e changed, because the spec ­

trum of channel 2 (Fig. 2b) shows a line maximum whic h 18 
shifted t o En~2.05 MeV. In the left - hand side spectrum 

(Fig . 2a) no s hift of the ~ain line ia observed , though 
there is a small bump at En:2.85 MeV. Also the local neu­
tron i n t ens ities are s trongly differ ent: the intensity of 

the left half part of the bulk source is higher by a fac ­

t or 1.7 compared t o the right one . The observation of spa­
tiall y dependent neutron apectra and intensltie s can be 
in terpret ed by a l ocal azimuthal str eam- target produc t ion , 

in whic h the ions stream with Ed:100 keY into or through 

a ~eut erium- plasma. Not e that the neutron energy sp~ ct ra 

are time integrated, i .e. suc h streams can exist on a long 
time scale in the order o f the neutron product i on time 

( ... 200 n.s). 'Furthermore , Fig . 2a indicatea that within the 
left half part of the source at l east two local streaming 

ion components with anti ~aralle l d irections were exi s tent , 

which is in agreeme nt with the inc r eased neutron intensity 
obaerved there. Also the fact, that the fluenlle -weighted 

aum- spectrum of both spalle-reso lving channels pract ically 
18 identica l wi t h the full side - on spectrum of the bulk 

source (Fig . ~a in 111) , explains the typical large br oa­

dening of t he spalle- integrated side- on spectra by local 
azimuthal ion streams. 

The angle - resol ved neutron spectra show an energy Shift of 

the main line from 2.85 MeV with increasing observation 
angle (00 to ~Oo) , which can be explained r easonab ly by an 

axial st ream- target interaction of Ed =l oo keY. The most 

interesting feature is the occurence of a s e cond line in 

the ~Oo-spectrum at 2 . ~5 MeV , also observed in the end - on 

spectrum of the bulk sourlle 111 . For a consistent picture 
of these properties a neutron production mechani am has to 
be considered , eventually compoaed of local azimuthal ion 

s treams of Ed:l00 keY and an axial beam- targe t component 

(Ed ~l oo keY) which can even occur in a certain time Seque n-
00. 

Conclusions: The r esults from spac e - resolved neutron energy 

spectra demonstrate local az imuthal ion streams within the 

neutron bulk source , which provoke locally dependent neu­
tron emis s ion intensitiea and energy spectra. The azimuthal 

energy component of the streaming ions r esponsible f or a 
large part of the neutron production has been determined 
to Ed:loo keV. The spect r al featu res of the spectra at 900 

and 400 and a t otal flue nee ani sot ropy value of A:l require 

an additional axially st r eaming ion component of Ed~lOO keY. 
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LIGHT SCATTERINQ IN 11 PI.II!lMA FOCUS. 

M~ASUREMENT OF k- AND w- SPECTRA 

J. Ehrhardt, P. Kirchesch , R. Rtttzner, K. Behler, 

O. BOckle, H. Bruhns, K. HUbner, K. St e inmetz, N. Wenr.el 

Inatitut fUr Angewandte Physik, Universitat Heidelberg. FRG 

Abstract: Thomson scattering measurements have been carried 

out at the Heidelberg plasma focus (12 kJ. 0.5 MA ). The an­
gular distri~uti on of the s pectral integrated (bA=15i) light 

S( k ) was obser ved as well as the spectral resolved Sew} at 

~5° . The re sul t s show the existence of two different regions 
of the plasma, one close to the anode snd the other more far 

away in whic h the plssma parameters ere different. In the 
l owe r part turbulent effe ct a ha.ve been f ound. 

Princ iple of measurement: In t he optical arrangement fo r the 
primary ruby laser light ( 25ns , 8 J) we us ed a pinho l e for 

spat ial filtering and a baffle system in order to reduce 
the s tray light. The diagnost ic system for simultaneous ob­

servation at different scattering angles ( 12. 50 to 1350 , 
k J. to the focus 8xill) .wall mounted in3ide the vacuum chara­

ber, the signals were fed through the vessel by fibre op­
tics. With this set up we achieved good f lexibi lity in the 

alignement withou t influencing the focus discharge. POI' the 
spectral - re solved meaaurement one channe l was mounted out ­

side the veas el at an angle of ~5°. 
We carried out. S(k)'-measurements at seven di rferent points 

of th~ discharge ( f i g. 1). I n order to gb'e an impression 
of tl;le plasmA d i men sions t he dotted line Dhows the plasma 
structures lit. the onset of the m= O instability observlld 

by shadowgraphy. 
We got thre e different types of S(k ) - spectra (fig. 2) . 

Curv~ A shOWS a spec trum Which coincides very well with a 
theoretical one calc ulated f ol lowing the theory of Ssl pet er 
f or which Maxwellian velocit y distribution of the plasma 

par ticles i s allsumed (dashed lines in fig. 2) . Curve B 
shows a strong i ncrease at small angl es but it i s possible 
to f i t it f or lsrger ones , . while curve C cannot be f i tted 

with a ny tllcrmal t;c ;.t terl llg ~p(·ctrum. 'rYI'I! JI and C IT,dhJl t.t! 

light scatte" ed by plasma turbulencl'lI. By compariflg the 
theoreti cal and the experimElntal spectra we are able to de­

duce the electron density and temperature. In ord er to get 
an impression sbout the error in the determination of the 
temperature we made simultaneous measurements of S(k) and 

Sew). ~e found that the difference between the t~o obtsi ned 
values is not more than a factor of two . 

~ In the region neal' the anode we measured a ll three 
types of the spectra but on the axls snd very near to it 

(points 3.11 ) we could not see a ny turbule nce . Type C exis ­
ted only during the imploding phase in r ront o f the l umi ­
nOUII plasma sheet. There the plasma was very thin alld cold , 
consequently we did not obaerve scattered light at .50 in 
thill situation . 'rype B was measured out side the axie 

(points 5.6,1 ) mcstly befol'e the neutron production star­
ted snd also up to 150 ns later. 

Por this type the acattering was enhsnced above the thermal 
leve l by a factor ranging from 3 up t o 10 . The spectra i n­
dicate an onset of the turbulence at 0 ~ 2 snd a frequenc y 

of the order of the ion plasma frequenc~ . Scatter ed light 
with higher frequencies was suppressed by i nterferential 
filtEors . We Observed lifetimes of the turbulence between 

10 And 18 ns. 
The temperature and density value3 depend on observati on 
point IHI '011)) 1 IHI on ob!lervation time. 'rh", mllxinlum tl)mperA­

t ure we found was T! = 1 keV at point 5 and the dens ity 
peaked at 3'1018cm- during maximum compreasion decreasi ng 

down to l 00 •.. ~oo eV and ~ ... 6 '1011 cm- 3 during the neutron 

production. 
The S(w) -mea Dureme nta were carried out at point 3 . Ona 
apec trum ill shown in fig. 3 . Prom thesll IIpe ctra we obtained 

the ion temperature a nd t~e r atio betwllen electron and ion 
temperAture. These values were in the range 100 eV ( Ti ( 

800 eV respectively 0.25 < Te /Ti ( 0.9. 
In the upper part of the f ocus discharge (points 1, 2) we 

never obllerved any. turbu lence. In this rea:ion the olasma 

parameter ranged between 20, •• 400 eV and 1 . •. 10 · 1017 cm- J . 

I t was a quiescent widespread plasma with reproducible time 
development of temperat ure and dens ity (fig. 4). 

Neu tron production: Wc will discuss the res ul ts of l ight 

Rco.tt.er i ng iu ""!I!lection with thl) lIeutroll proclucUon. In 
our l"'lt~u~, t.he :,nurce of neu troll:t rnIl8el". /'1'('111 t.he Ilf1odt! up 

t o <'5 cm il' Z -Ll i .·(,!~ t i(.t ll. 1'loe axial ucpcndCIICI! o r I. he lIumbcr 
o f nllutronn i s gj ven in rig. 5. We can distillguish thr ee 

regions in the neutron aource . The first one near the anode 
approximate ly i s the region where previously the pinch 

compression occured. The second one is dete rmined by .thEl 

quiescent p lasma Observed in point s 1 and 2. The thi rd re­
gion up to 25 cm ia located in the filling ga s . 

Fcir the first two regions wa mea sure a l ine density of 
about 5' 101 neutrons/cm and approximat~ly 1/3 o f the totsl 
neutron produc tion. In t he third region t.he mean line den ­
sity is 101 neutrons/cm . From the plasma pa r amet.er s as de ­

termined by light IIcatt ering for the fir st t~o rl<giona one 
estimates I;i. therma l production in the order o f 10 3 neutrons 
Icm . Together with measurement of the anlaot.r llpy of t.he 

neutron emissi on CA = 1 . 1 for the f irst two r egioIT5 , A ~ 
1. 6 t ot al} and of the neutron energy spect r a we are led to 

the conc luaion that fa s t deuterons (= l OOkcV) a re respon­
aible for the neutron production, while the observed pla~ ­

ma acts aa a t arget . 

The se r ast deuterons must be produced in t he lowest r egion 
of the nl:!utron source and in this conne ction it is inte r­

e sting t o note t hat only in this region :lnd Inatnly dud ng 
the :ltart of the neutron prodUction we ObGIc'I'Ve plasmn tur­
bulenc .... Sut a ll yet we are not able to verify a corrcl.1-

ti on bet ween neut r on production and turbulem:e . 'rhjlO prob ­
lem Suffers essentially froll! the fact that light tlca tter ­

ing is a local mea surement, whereas the neutron productioll 
take s place in an exte nded region. 

Thi s work is supported by the Oeutsche Forsc hu ngsgemein ­

s~ha.rt. 
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STUDY -OF J:JEDIlltI ENERGY IONS IN j, ~ ]'OOUS Dl!lVICE 

A.Bocance8, -T . Ch~r8, N,tiandacho,J..Fante8, V.Zoita 

CENTR!L .DlSTITlI'l'E 'OF PHIBICB 

P~O.Bo:z: - MG-? I B{£RlR!S~, ROW.NU 

Abstract I The ' ions emitted along the plasma toc us devioe 
axis were stuPied in the energy range (lO-6OO)ksV. It was 
found that the energy 8pectr~ was modUlated within this 
energy range. 

1. Eree.ri.msntal setup 
The meaBurB~ants were performed on the IPF-Z/20 ~~as­

me focus de,vice III wocid.ng at 16 kV . 10 kJ with a-hollow 

ceniiral electrode. ·· ... combined tue of flight and. elsotro­
~tatic deflection method WaS uasd for ion energy analysia 
/1/. In order to reduce thsinteraot1oD with the analyaer 
probe , tho, oxte~ eleotrode ~a~ pa~1al7 olosed, leaving 
only a 2 cm diameter aporture, on the W .e (Fig.l). This ' 
modification of the Mather configuration does not affect 
the performance of the device I the neutron production per 
p.u.se (2x10B) remained uncb.a.Dged. 

1 flight base of 135 cm (200 ne time of flight for 
a 230 keV proton) was ensured in e two-stage differentially 
pumped dr.ift tube (lO-4torr for ~ work.i.ng · gas pressure of 
1,3 torr). By analysing the composition of the energetic 
psr~icles (protons and H atoms) entering .the analysing 
system'it was concluded twit the stesdy-state equilibrium 
fraction was ~pro~telly attained. 

2. Expe:rimente.l rdsults 
Using tha anal~er system in the mono energetic mode 

( ~E/E=0.05) the duration and time of em1s.ion (time of 
maximwn amplitude) for ions of various energies in the ran­
ge (1Q-400)keV were dete~inated. The manoenergetic ione 
are emitted in pulses of 15-40 ns (F~). · The times of 
emission are distributed over an interval of 20-30 ns. 

.With the analyzer working in the multi energetic mode 
(large ·aperture id ~ront of the deteotor ) the proton spec­
trum VIS-S detemined. Fig.2 and 3 Bh:oW' two "t1Picsl osciUo­
grams, the energy rang~s of.the e.nalyzer being ~600)keV 
and C;<>-3(0)keV .respectivelly.These. r.aults indicate the 
existanae of a strong mod~atiQn in the energy spectrum. 

In mast of the disoharges one. oan ldent1t7 the &%is­
t.encs. of a group of h18her energy ions (200-250)k:eV ·.iI'1ith 
the rest .of the ions having energies below (lOO-120)keV. 
Still h18her energy ions (400 keV) , of smaller intensity 
were. detected iQ some . discharges (F1.g.2) · • 

. . The modulation in the energy ·speotrum is found also 
at lower energies (Fig.4). . 

From the oscillogram presented in Pig . 3. taking into 
account , among others, the values of the equilibrium frac­
tibns, the snergy distributions of the ener6etio particles 
(protons and H atoms) was dete~1ned (Fig.5). For a deute-

. ron energy distribution similar to that of Fig~5. the pro­
duct No- ,where <r is the cross section for· the d-d reaction, 
was calculated and plotted on the same figure. The broad 
peak around the 230 keY deuteron energy represents a con­
firmation of the results obtained on the same device, in 
experiments using a tritium target /21. It should be notioed 
that the major contribution to the neu~ron production is 
due to lower energy deuterons (40-120)keV. 

3. Conolusions 
The energy spectrum of the ions emitted 8%1ally from 

the ~laama . focus in the energy range (lo:-4OO)keV is strongly 
modulated. Such modulation effect DaS been reported at swen 
hianer ·energiea in 13,'+,5/. 
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ANALYSIS OF KNERGETIC PARTICLES 

IN DENSE PLASMA FOCUS 

H. YOKOYAMA, Y. KITAGAWA, Y. YAMADA and C. YAMANAKA 

Inll titut .. of u" .. r Enain .... ring. ORalea Univ .. rllity. 

Suita. Osak.a , 565, JAPAN 

The plRSm.:l focUII is not only on .. of the co .. plementary fuaioo 

device beN'een lo ...... a Toka..molk and high cO"'l'renion inertial fusion, but 

v .. ry "uit.ble for d .. taUed studies of non-elall&1cs.1 proceS6"~ in th 

ab8orption of intense l . . .. r light. Recently. ther .. has b .. en consider­

able interest in gen .. ration of inte nse hiah en .. rgy ell!ctron aod ion 

bea ... in pIaa .... foeua device8 in r .. lation to tha inattilll confio .. OI .. ot 

f"8ion. 

High .. oergy deuterons IInd protooa io a Mathnr type plasma foc"," 

device .. ere lIII! asured by nuclear activation techniques. Radioactivity 

'induced in graphite . all1111iouOl and cnpper targets provided the deuteron 

inteneity, energy spectrum and anllllar depend .. nce. Aa "'ell high 

energy prntong were .... aaured by ce1luloll8 Elitrat .. particle track 

detectors. 

The experi .... ntal aet-up and tarlet parameteu are IIho ..... in Fil. 1. 

The plas ... focu," devic .. ",a. 

operated lit 30 I<V for a stated 

en .. rgy of 18 U lit 1. 5 Torr Dl 

(low pre88un IIIOde) , aod 5 Torr 

D1 (high pr"'SUII! IDOde), ­

tl!lIp ectiv .. ly.l) A ,(-ray 

spectroacopy .y.~ 'te .. conlllating 

of 11 NaI(Tl) deteetor and 

2048-channel co .. putor pulne 

height ao.l.yzer was uReel. to count 

the ,(-ray from targ~ta after 

focUII disch.rge. Nucle.r 

activation reactiona by 

deuteron are liveD by Table I. 

The evolution of plaSIl4 " . a 

.. e.llured by • ruby 1.ser 

boloaraphy. 
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0.511 

1:I.igh energy 

1euteron produce 3 . 4 x 

101 .tum .. of I IN in an 

8 c .. ' graphite target 

placed 32.5 cm above 

the ... ode aDd 2.2 " 

"AI(d.p)"AI 0 l.24min 1.780 

10· at ..... of U At io .. n 

alutainu. target of the 

Table 1 

..... diameter at the ...... loc.tion. tha yield ratio of llN .and a.u 
provided the .... ao deuteron ~nergy of 1 . $5 K.V under low pr.ssure lIOde 

aad 1. 44 !feV uoder high ptesaur" 11IOde, respectively. the ""ao 

flueDc" of 7" lOll deute(on per a tara dian val .ati ... ted. Stacks · of 

10 alUIIJ.nUlll foi.l!l w .. re ua ed to _aaur .. the dauteron en .. rHY . pectrum. 

Fig. 2 .nd Fig. 3 ah_ deuteron a od proton anerlD' gpactrWIIII. 

rupectiv .. ly. Under low preBllure IOOd", of D •• the _in enerlD' 

component wQ9 up to 2 KeV "nd the high enarlD' taU 'la" fro," 2 KeV ta 

ltea ter than 3 KeV. The ellergy spectrum of proton ..... ured by CN film 

technique h.d .1110 shown to c!lnaist IIf two eXponelltially dec.yina 

compon .. nts .
2

, 3) The ... in cOlllponl!nt ..... uoder 1 KeV and the m&>d.1DIII1I of 

the bigh eoergy tail ... s areater than 2 KeV. Th" eXperimental 

equationa for_proton energy IpectrUIIIII .re alqIrealle d .s fo1Iowa. 4 ) 

... 
~ - lOt exp (-8.B lip) 

• 

The .... n proton energy w.s s1II811er than 1 KeV. 

The angular distributinn of deutron " ... _""ured by pl.sc1n, 1 

suphit" tarle.t. above the. node at vario ... aaal ... tr .... 10· to 90·, 

reapectively. The ·i~te.naity of high _rgy d"utarona · feU by a factor 

of two for a 20· d b pac" .. ent fro .. the u:is. Tb" 8ftll'llar diatribution 

at deuteron belllll (Eel. :> llO keV) vaa ~ 30° und""r low prea .. ura lIIDde. 

Under higb pres"ure mode. distribution ahowed _lti-structur., .nd two 

peaks .. e.re obae rv .. d at ~ 20· and'" 60·, respectively. The re5ulta of 

angular distr 1bution9 of deuteron under low (1.5 Torr Dd and high 

Alm"um T""'kne .. (~"') 

,,'~'~-'I--'!'o--'i"'-\"1-"~' ~"'---~ 

Mu n OeU!elon Energy 

I 

"'L_~-'--7~~~--" 
Oeul.'on Ene.g,W. V) 

Hg. 2. 

.. '~---------~ 

~, 
~ 
• 
; 10' 

Fill. 3. 

(5 Torr 0,) pressure ",odes were. shown in Fig. 4. The angular d istri­

bution of proton was a100 ..... sured by CN films · .. tttt-·'Ai. fo11s. The 

protons above, 770 keV was dir .. cted in the angle of 10· from the axh. 

The total yield of high en"rgy protooa was uti ..... ted as J ~ 10" for 

30 kVat 4.2 Torr lh . The proton peal< current was 4.6 I<A and 0.7 % of 

the tot.l fOC\.H curr"nt. 

The high enerlY electron bea .. "'as aIno obs~r'led by det e.cting the 

hard x-ray due to electron bo .. bard .. ent of inner "le~trod .. of the pla901a 

focun device. By Si FIN detector with 1 .... thickneu of Pb. hi8h 

"nergy {> 300 keY} electron b ...... was obae.rve.d und .. r 30 I<V. 4.0 Torr N, 

" 

9060300306090 

A"",lfl ham uj~(d"\I} 
Fig . 4. 

Fig. 5. 

operation. Th .. puIne ",idth "aB 10 ns. The upper tr.ce of Fi8. 5 ShOW9 

focUII cnrreot and the lover trace showa Si PIN detector signal. 

To see the sp.tial and teeporal location of the generation of 

hi,.;h energy ionn On and offaxia of the inne' electrode of pIasma 

focus device, • 3 channeIa rllby laser holographic interfero",etry ( 2 n~ 

aXposure tille) 'la! used. Fro," th l!. prel.iminary re9ults , it was found 

that high eoergy protoruo genp.rate in .. few na at the .. nd of the 

cylindrically convergent coUapae phase., when a hemispherical p1as .... of 

1 .... dia .... t .. r ",as obaerved at the center of the . nod" tip nudace under 

low pres .. ur .. lOOde operation. Whil .. at th", plasma focll!I d ischarle 

",ithout high energy ion aeneration. eVen. under the low pressure "",d" 

operatioo. the he .. i-sph .. rica l plaS1ll8 could not observe. 

In .:nllc1us ion9, el<peri"enta l r .. . ults show .. d that energy spectrU1ll9 

of deuteron alld proton had N'o compon .. nts and me.n deuteron energy of 

1.55 KeV under 1 ..... pressure 1IIOde "lid 1.44 KeV uoder high prennure 1II0de. 

rellpecively. The angular diBtribut ioo of deuteron benll> .. aa ~ 30· 

under low pren ure mode. Under hi&h pre~sur,. IIIOde. dhtrlbutinn 

eho-ed ... >ltl-Dtru<:ture. and r>lo pe.k5 wer .. "t. .... rve.J lOt; ~ 20· ~".J ... 60· 

rellp .. ctively • 
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conTRACTION OF PLASJ.lA IN A VAC\JUY. SPARK AS A RESULT OF 

RADIATION LOSSES 

V.V.Vikhrev, V.V.lvanov 

I . V.Kurchatov Institute of Atomic Ener~. 
Moscow., USSR 

K. N. Koshelev, Y.V.Sidelnikov 

Institute for SpectroBCOP1 , Academy of Sciences, 
Troitsk, ~OBCOW District, USSR 

Abstract . The .formation of the X-ray 8ourcBa,nbot _ 
spots" in the vacuum spark are eXplained as a result of 
plasma pinching due to radiation 108ses and plasma out~ 
flow. The temperature of the X-ray sources f ound to in­
crease with tbe a tomic number of the anode material. In 

the case of the iron anode the temperatur~ is achieved 
""' 1 keY with the plasma confinement parameter ne't' 
.... 1014cm- J . s. 

The micropinch region in a vacuum spark usually con­
siste of several X-ray sources with the radiUS of about 
2-10jUn and the axial leng~h 20-4~ . The electron tem_ 
perature of the X-ray sources is about 1-10 keV and there 
are observed spectra of the atoma with up to 40 electrons 
~emoved /1,2,3/ . 

The vacuum spark plasma is formed from the anode ma­
terial and has the high radiation cooling rate. Radia­
tion losseo became essential in the energy balanoe 01' 
the · spark if the plasma current exceeds 100 kA/J/. The 
plasma pinching d~e to radiation losses and the plasma 
out1'l0w results in an eSBential increase of neT /4/. 
This determines an increased interest to the plasma pin­
ching due to radiation l osses in the Z-pinch devices. 

The development of the discharge in the vacuum spark 
may be repreeented as f ollows /5/. After the eXpansion 
of the anode plasma to the cathode the arc is formed. The 
number of particles in any cr oss-section of the arc la 

not conotant alona the axis but a quasiequilibrium in 

the radial direction between the plasma pressure and 

the magnetic field ie established. The plasma column 
i~ compressed or expanded due to the disbalanoa bet-
Vleen energy losses and the haating. 

If the arc current is les~ than ~ 100 EA the plas­
ma column is not eubject to n sausage-type inatability 
and ean' t pinch to the radii less than '"'"' 0 . 1 cm. After 
increase of the current higher than ~ 100 kA the plasma 
column becomes unstable and necks with radii ..... 10- 2• 
• 10-4cm can be formed somewhere in the column. The deve­
lopment of the plamna. columrtne~k with. the radius -- lOci 
wae oboerved by means of s laser shadow techniques /6/. 

A computation of the neck evolution for current 
~150 kA was carried out by using non-stationary model 
described in /5/. The neck radiuo R (cm), the electron 
density ne (cm-3 ), tbe current I (kA), the temperature 
T (eV) and the mean ionic charg~re shown in the figure 
as fUnctions of time . The time Bcsle to the right of 
dot-end-dash line ia of 1/200 of that to ·tbe left. The 
el~ctron density io equal ~ 3.1020cm-J in the first 
trlnimum of the neck radius (,..., 2 , 5. 10-2cm), the pla81118 
teiilperature _ 50eV. The neck radius is nearly conotant 
during the next 20 DO but the number .of partioles in 

the neck croos section is decreased due to the pla~ 
ou~flow and the plasma temperature is incraased. The in­
creaae of radiation losses due to ionization of L-shell 
of the iron a toms resu.J. t in the sec·ond· compression 01' 
the plaaon .column and the f ollowing pla81118 parameters 
are reached: n ~ 1024 cm-J , R,.., 1.6),-11f , T.- 1 keV 
and ne-r .... l0l~s.cm-3. After the second compresaion, 
the plaama column neck expands due to an appearance 
of the anomalOus Ohmic beating. The radiation emi.sion 

from tb~ iODS with Z > 23 begins after the Deck expan­
sion to the radiuB 5.10-4cm. The electron density is 
3.1023 then and the t~perature 2 keV. These results 
correspond to eXperimental data for the He -like liDes 

of PeXXV /7,8/. 
The computations show that the plasma tamperature in 

the vacuum spark to the moment of the maximum compres­
sion and the value ofne~may be represented as fol-
Iowa: 

T(eV)= (I+2)Z~ 
<T' ( -') ,,~c.z-n.< j.Cm = fO ~, 1 

where Zn - the atomic number; I is taken in MA. 
As. it follows from Cl) and (2), tbe plasma tempera­

tUre and nf~ are increased with Zn' Por two-compo­
nents plasma with very different atomic numbers the 
plo.sma temperature and neT depend mainly on the ele­
ment with higher Zn' 

This conclusion was checked up in the experiments 
with pure iron and equicomponent Fe-Mo alloy anodes. 
The plasma temperature had been estimated from relative 
intensitles of the dielectronic satellites Fe XlIV and 

the resonance line Pe XXV, as uBUally /7,8/. The experi­
mentally observed 
,..., 3.5 'times redu-

ction of the rela­
tive dielectronic 
satallites inten­
sities in the caee 
01' two component 
plasma corresponds 
to the temperature 
increase from 1300 
eV to 2200 eV. 

The results 
presented in this 
work predict a 

possibility of cre­
ating the plasma 
with ~1'''''1014 and 
with T __ 10 keV 

( in the plasma of 

'IT;::;;~::::+==:r-ln< r (cm"') 

tungsten and deuterium, f or example) in a Z - pinch of 
a small power . The preaenoe 01' an impurity With a high 
atomi c number in the Z - pinch plasma is f avorable be­
caUBe it leads to the plasma pinch due to radiation los­
ses, creating increased value of the plasma confinement 

parameter ne re . 
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Tbe pla~ flow at tbe muzzle of the accelerator ie 

etrongly nonuniform in its velocity and density and ls, 

to a great .xtent. determined by the proces.e. occurring 

in tbe intereleotrode gap. Therefore, the stu~ ot the 

pl •• ma motion in tbe gap represents an actual problem. 

Here .e report tbe experimental results ot C02-laeer 

interferometrio mea8uremente of plaema deneity and tbe 

results of numericsl calculations. Tbe plasma dJnamioa ~a 

inveetigated in tbe coaxial pulsed plasma accelerator 

(PTA) .ith the main parameters: electrode length - 24 cm, 

diameters of central and external electrodee - )cm and 

'4 cm, respectively. The amplitude ot tbe discharge cur­

rent ~e~'05A, the firet haltperiod duration ~e l~eeo, 

the operating gee was hJdrogen. Large gas load and a ra­

ther 10. voltage applied to the electrodes (5kV) determi­

ned a slow working regime of the accelerator. 

A C02-laeer interferometer was assembled by the Mi­

cbeleon echeme (Pig.,), tbe interference signal wes regi­

atered witb tbe Ge:Au pbotor8sistor at 1BoX. Time reeolu­

tion of the intertero.eter (0.2 (" sec ) _s determined by 

tbe frequenoy band of the ~plifier. Plasma probing by 

cborda we8 u8e~in the expertmant in order to obtain ra-

dial deneity dietributione. Por this purpoee, longitudi-

Pig., 

Tbe eetup of the experiment 

nal elote, )mm high. were cut 1n the external electrode , 

ranging from r • 1.Be. to r • 6.0cm with a 0.6cm step. 

Tho probing _s performed in eeven planee starting from 

tbe gas inlet plane (z-o) up to tbe accelerator ~zle 

(z • 24cm) with a 4cm spacing. At eacb position, 5 mea­

eure.ents were taken. The inverse Abel transtormation 

... realized by usinS tbe Pearoe coetficient technique 

[1). Pigs. 2 and) show tbe eleotron density distrlbutioDB 

tor z-o and z. 240lIl planes. 

Pig.2 

Radiel plasma density di­

stributions tor the gas in­

l et plane (ZaO) . 

Por the numerical caloulations, we used a nonstetionary 

two-dimeneional KHD-model ot a coaxial PPA [2J. The set 

ot equations tor the plasma waa eolved together with 

equation. for tbe external electric circuit . Here tbe 

plasma wae considered as a oomplex load. A more detailed 

Pig . ) 

Radial plasma density dio-

trlbution for the PPA D.UZ-

zle plane (Z • 24cm). 

information about tbe typical quantitiee of tbe problem 

i& given in [)J. The equations contain aiX dimensionless 

parameters. Among them the most important parametere are 

~= P./~.H.L, 9= 1/1""<;'l, , f. ~"!e"- (i"n.)!4 . Hm e, 
ls the acoelerator lengtb, I;, is tbe typicsl plaema ve­

locity and Ho ie the magnetio rield etrength. The PR­

rameters ? and f tor tbe present acoel erator system 

were estimated to be ? .10-2 and ~ .. 5'10-2 , however 

in calculat ions theee parameters varied in a wide range . 

The characteristio property of tbe obtained radial den­

eity distributions that were measured by the CO2- laser 

interferometer lies in the essential nonuniformity in 

tbe gap cross section. In the region of the central ele­

c t rode within a distance ot 1.5-2.0 cm the plasma densi­

ty decraasee typically by ) - 5 times in comparison with 

the maximum density value. The cal culations also show 

a nonunitorm character or radial plaems density distri­

butione. When tbe central electrode has a positive po­

tential ( ~ > 0), tbe plaBfIIa 18 pressed to th'e external 

eleotrode, wbereas at $ ~ 0 the contrary situation ls 

observed. This plasma oompression is caueed by longitu­

dinal Hall currents . 

Pig.4 sbows the results ot numerical calculations. 

Pig·4 

1 Equal plasma denei ty lines. 

• I 

j ,"'.08 , 

t" .. O.)( a) 

?0.1 f ' . t or 

and ~. 0.4 (b) 

Unfortunately, in tbe calculations we failed. to obtain 

auoh a strong displacement ot tbe plasma rrom the region 

adjacent to the anode that was observed in the experiment 

This disagreement ot data can be explained by eome ditfe­

rencee existing between the calculation parameters and 

experimental conditione . To approach the experimental 

conditiona, the value of p ebould be taken to be several 

timee smaller; bowever in thie caee, when the contri.buti­

on of the Hall currents is essontial, it ie impoesible 

to perform the calculatione with sucb values or, 'f. Ne­

vertbeless, the results of the numerical calculations 

correctly sbow the tendenoy in the plasma beheviour. It 

means tbat tba PFA-model used permits one to estimate U8 

etfeot ot different plssma parameters on plasma accele­

ration proc~ase. and tba plasma fornstion behind tbe ac­

celerator muzzle. 

1. W.D.Pearoe. In col.: Production and studies or higb 

temperature plaem&.'!'r.rrom. Eng.,ed V.A .Pabrikant.~. 

IlL publ.'962, p. 221. 

2. K.V.Bruebl~ekij. A.I.Yorozov . In :Voproay teori i pl ae­

~,M., Ato~zd.t,1974, R B, p.68-16). 

J. A.G.Bellkov et al.V4RT,Kharkov,1917.Ia.l(6),P.l1-i 8. 
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A SHORT Z-PInCn 

A.I.~emqkov , V.V.hlatveev, V. V • .Prut, A.M.Udalov 

I . V. Kurchotov Institute of Atomic Energy , 
J.loscOl1 , USSR 

'i'hc purpODe of a given work wos an experimental che­

ckinC of the optimal matching conditione described previ­
ouoly by mCQsurinc the discharge characteristics and the 
parUr.lcters of hard X- ray radiation , The study was perf or­
med at the experimental facility with a short Z- pinch dis­
charge chamber into which a ring-shaped plasma sheath 
VIas injected . 

The cxperinental facility includes a capacitor bank 
C .. 6 0~ F, Ut>. 20kV) , diGcharge chamber, plaSlllD. 

injector , control and diagnostic equipment ; The discharge 
chamber conoiate of two Dtoinless steel electrodes sepa­
rat ed by t~e pl exlg1sss insulator with an inner diameter 
50 cm and 8 cm high/Pig.1/. 

To protect the insulator from .the ultraviolet radia­
tion and . to ~event the Decondo.ry breakdown , the anode ia 
profiled and addi tional steel screen ie instnlled ineide 
the chamber. The distance between the electrodes in the 
flnt central . part ls 4 cm. 

Plasma. from the injector enters t he dischare;e chamber 
through ~he ring-like channel fonned \'Iith two cones; an 
average radiUS of the puffed- in pla3m/l sheath is 10 cm. 
Inside the injector chamber, n plasma ie generuted ns a 
rcaul.; of the chamber wall a.blation. Therefore , the pls51!le. 
chemical composition corre sponds to the material of thJ 
chamber wallll. l'lIe injector chambor io 0 cm long with 
the diameter 2 cm , Injector is connected with the capa-
citor bank C .. 280~ F, Uti. 4kV, The arnoWlt of injected 
particlea is regulated by the applied voltage and time 
:1elllY (~0 .. 100 ~5 ) betl'leen the Ilignals initiatin8 the in­
jector and the mnin bank . In addition, the maso of acce­
leratl;!d plasma depends on average atomic weight of plasma 
componentll . To obtain proper matching of the accelerat ed 
pls _amtl, shenth and electrical circuit pllrruJleters (in the 
18 .. 20 kV main bank vo ltace range), a I:J\Ilphur Was used as the 
injector ciuunber wall material/l /. 

'i'1I(:' quality of the eilcath hne been studied with the 
trigsering probes which ha ve showed that the sheath is 
relatively thick. The parametera measured are: current, 
inductive and resist ive components of the voltage (thelat­
- ter 1'/as measured with the cabl e connected to the cen­
ters of the electrodes) , The main discho.rge ( J tI ~ 1 M.\) 

ctar ta s~etricQ.lly alon6 the inlet holes. An analysis 
hus shovm thnt the mass of the accelerated Plasma sheath 
1s 50 micrograJl\s fUld the final velocity -::::. 2.7%107 cm/s. 
The accurncy of hitting the centre i s 2. ) mm. At the 
collo.1)ge of the sheath, tht! current falls steeply to the 
~ )orh of its value and a resistive component of the vol­

tage demolllJtrat es 0. ohnrp pealc . The collapse is accom­
panied by an X- ray emission. Some t emporal (with an orga­
nic scientillator and a photomultiplier) and spatial 
(f/ith a pinholc cQmeraj measurementlJ have shown that the 
X-ray l:ndilltion Insts for 't:: 100 ns 4lId it is locali­
zed nt the centre of the anode . 

X- ray rodintion dose has been registered with the do­
simetcrs located inside the insulator. The dose depend s 
on voltage as :tl cv U/' in the range of 10. 20 IcV. 
Use of the dosimeters wi th foils (Cu , Ag, Pb) has allowed 
to esti mat e the energy spectrum. Por this purpose, the 
spectral function has been approximated by an o.nnlyUcal 
dependence with indefinite coefficients. A set of Pred­
holm equat ion3 of the first kind have be en reduced to 
a minimization of 0. net square fUnctional by these coef­
ficiente . The control meaaurements have been carried out 
by a relative blackening of the X-r ay films with filters, 

12 films have been displaced in one cassette of lead , The 
spectrum ls cloae to the bremsstrahlung one of an X-ray 
tube with the Upper energy E",":>{' l oo lceV. 

Measurements of the total X-rays energy Q carried out 
with a lead calorimeter have shown that the value of Q ls 
equal to: Q~2 J when the energy of a capacitor bank i s 
equal to 10 kJ. These aeasurements allow to calcula t e 
M effective electr on current J e as Q .. 1O-9~:Te E! 't 
J~ ~ 50 leA. Though J is strongly dependent on E 

det ermined wi th low a~curacy, it is evident that :t a 
final otsge a conoiderable fraction of the discharge cur_ 
rent i3 transferred by fast electrons. An inorease in the 
electric field, in which these electrons are accelerated 
occurs due to a sharp decrease in the cross-sect ion (fOC~_ 
ssing) of the plasma aheath near the axis, so that the 
ohmic vo~ta8" u'R:: €]/Ji't.t.G" wi~l reach - 100 kV 
at "(, - 1 mm,if one assumes thnt fj. 30 '1'),2 (Cou­
lomb conductivity), t '" lcm, J --)00 leA. S~me estima_ 
tions show that (.( > Ct. ( u.. is the electron current 

velocity , Cs is the sOWld velocity). In this 
case, some instnbilities arise,the nonlinear effects 
prevent their development 11m1tiAg the direoted veloci-
ty of electrons and , thuB , decrflaeing (]" . Then, the 
measured U( and, corroapondingly , the regime of run­
away electrons is reached near the axis. 

In conclusion,one should particularly emphasize a 
fairly good reproducibility of the current waveforms 

and the X-ray doses. This fact will a ll:ow 
to hope on a stable fUeion yield if a corresponding 
working medium in the inj ectcr is used . 

References 

1~, I.Zemskov, V.V.Prut, V.A . Khrabrov _ J . Tech.Phyaics, 
1972, v.42 , N 2, p.)58. 

Pig.' Diagram of the experimental facility 

PiS.2 Currant 08cillogram 



BliU'IBG or LOOAL BIGB~1'1JD PLAaU. l"OJUU.'fIQB 

Ill' i fOIDUUL PllIOBUG DISOlWlGB 
U.i.lI,.lr:OT&q aDd V.B.:r.godll 

Iioacn BDg1.Deerillg Bqsics Institute, )(08COW, USSR 

BlIec1.tlc properUeB ot hip-tNlpllrature plaBll8 t01"U­
tion.a (n) obaernd iD powerf111 piDch diachugell 111 .re 
the higbe.t (tor preaent-d.,. pll ... iD8t~aDta) .... 1".8 ot 
.1eotroD . ta~ture aDd alactreD d8Dai~. i Pr obaer...wti­
OIl iD iDnatlgatioD. cerri.d out b1 var::l.o'Qa dni.c88 te.ti­
tia' to the OO..aD ~eaturea iD the ~a1c81 processe. ta_ 
lr::ilIS plac. iD pia ... at Che 1Jdt1a1 (1DqladiDs p1Dch) 411-
oharse .tap • . Bare ar1au aD easential. qae.UOD it 110 ill 
p •• db1a to cCme1d.r . the p1l1cb. cur.t'"8l1t-carrier pla8118 to. 
b • . l.C8l.l7 .luraogaDeeua er cOD.ieti.Dg .e~ . Bepareta current 
obaIUIal..a _oh o:t .-blob ,haa it. OWD •• U-oODplct a;p"lIt_. 
ot up.dc :t1elda 121. n.. lattar proridell the cOllducti­
rit7 ot high CurreJlt_ nthou; d ... 1op1Dg ~ iDstabll1l;J 
800b as "sauesge" aDd "ldnlr:". fhe paper present. the re­
a111tll fd the 1.nveStigatiOll of Pr ~01'll8d · ~.a lU.gh-c~t 
d1.acharp with the electrod. geo .. tr'1 . (fig.2) 0.1088 to 
that tor the_llathar coa:::lal accelerator (](Oi) end with. 
1JdttatlO11 b,. pla ... gaDarated at the butt.Dd ot the iDD.r 
alectrod. COO b,. ... _ et a focoes.d mdiatiOD ef the 1m-
pulaa laaar. '1'he low-1Dduotive discharge s1lll11ar to. the 
OIIe reported iD ;'1 had the total capacitl" .... itoregi .1I,r­
gr a. h16h as 2 LT 'IIh11e ~ aaxiaUll CUrHllt na 200 U. 
!el.e diagnoaUc apparatus 1zu~luded t1'8J:lBlllittere et X-ra,. 
radiatiOD 8lId et micron'9'8 radistiOD, SlI image converter 

~ 
dt 

Jig.1. typlcal .. Ta­
ton. or dI/dt. 

- 2<-

...J:: './ . ., 
~. 1C. 7. z ll!iO 

>OJ 

,.' 

cem.ra, X-ra,. pinhole camer_, a time 
-ot-.tllght IIo8SB-8peetroa.ter cOl1IIao­
t.d nth ;he magn.tic OIle aDd a la­
re4&,. cup. 'le Tala. w!.a .e .. ured b,. ~a 
filt.r •• thed. tim. reael ution et 
the .qW:pII8l1t nll . abeut 7 lIa. Dillt·· 
ributlO11 ct the Carrellt d8Dsit7 a 
Che iDt.r-e1.ctrod. gap na reatcr-

Jig.2. SohelI8tio ~ss-aeotiOll ot oc83:1a1 eoc.lerator. 
OOQCllr::l.aon ot di ... trioal d1m1lIle1olul o~ · atri.tion. 

nth those ot p1 ..... t01'll8.tiona. 

.d accerd1Dg . to .. th.e patte:r:rr. . ot the track.a. aria1Dg after 
th • . 41I10h8rge .on the . • leotrode .urrac. wheD apeolal ooat-
1.Dga .. ~ deposited onto it 141. 

III .6OI"1oo_Da etter. the breakdcnm 1nit1at1on b7 tha . 
laser pla _ _ th • .. ~1r8t pbob-eftaot .. was .. eba.rved Ci.tig.1).' 

Th. to~g .. p1a8ID.e oc1U1111 decQ" g.T. ri88 to the .• econ- . 
dar,r OUrrellt aheath (CB) whiob 111 1;a turn .aooel.rated to~ 
ward. the axis and coUapsed (B,tig. 1). 8uoh a proc .. s ta­
llawed .bl . the heating ot the eleotrodes laated .up .to the 
flamiDg cf arc at the raise ef plasma column voltaga at 
the . JaOmant of. th. lIaltt .. piDohiDg 111 turD. H1p.spatiel "­
lIolution ot the traa.k mathod /41 ~20J'IIl) . eUo .. d to d ... . 
teot ~. ett.ot ot OB brealr:iDs iDte .aalt-oontaiD.4 stria­
tieIl8.' the latt.r .w.re g::rouped. 1D paira .aDd aaiDtaiD.d up 
to. the stage . o~ collaplle . As the OB adTaDc.d t o the . a:z:1a 
the d1..etI!1cel .d1aensicn at aD iDdiT1dud traolr: decr ...... 
"~ .!h • . ooapariaon ot the . traolr:a .. at the \llta.te .~.a of 
CB IIOtion nth- tlw. Y1I ilIage recerd.d b,. the pillhole-oaaera 
(fig.;2) ..ua .. poadU • . 100 tad the prca::lJa1.t;y ot their dia­
*.t.r1oal. d1aenUona .. . Inllertioll to .IB .ot the llharply aDgU­

lar oon'NZit;y 1Ih1oh .produoed a regien e~ . aD iDore8s.4 ele­

ctriesl field IItreJ:lgloh aDabled ua to. regulate . tha proo .. s 

et .08 ahaP1Dg~ i hollow .OD the D butted provi.d.d the 08 
"ra11 ott" reg1Jia at the .lIlo.eDt ot p1Doh b,. enalog nth 
b.a C81!18 ot ..,i nth a hcllow 8II04e. Locetion ot the OS 

Jig.3. al %-1'8" pinhole (10J'm di8JD.ter) photo. (3D-shcta 
ttae integrated). bJol soheme ct Boatiok's vortelt ·ti1a­

mente coUepsa ~lett-haDded aDd right-handad). 

primar,r ~lmct1on rellulh4 in the IIpaoe stabillzetiOIl ot 
the Pr formation (f1g.3a). Te ct Pr waa as high as 7 KeV. 

Let'a cODaider (tlg.3b) the CB ocllapae acheme essUID.-
1IIC that · the obta1.D.d atrietiona hev. the atructure aDslo­
goua to the w.U etudi.d Boal;1olr:'e vortelt ti1aments 12/. 
Let~s .. .,.e that the OB eODaiats ot two tUemallts oODtai­
DiDg ilIaid. a:1al mapetic fielda Bz .qual iD values SlId 
cppeaite iD d1r.Ct10DS~ aDd moviDg towards tha diacharge 
a:z:ill t.roa the eppoal~. sid.s with the v.lccity Vk • ~e 

prellaura bdence at tha aurface ct BD iDdivi.dual t1.1a.m.eDt 
betcre th.

2
j UDOtiOD ~ll ~orreapolldto the equatloDI (Ni T1 

+BeTe)+r2s;t2 • ~/2C (1), where Ti ,N1 ,Be ,r,J,c are the 
1aD te~areture, iOll and electroD linaer dells1tiea, radius 
end ourret ot tilameDt, apeed ot light oCrrllepondiDg.l.y. 
fhe jUDOtioa o~ tilaaeDtll (t1g.3c) will lead to the rear­
rangea6llt et Bc-liDea and their r.oediDg at the rate ot ·Vz 
dOllS tha dillcharga a:da. !l'b1a will be tollowed b,. ranlsh­
ing et tha lest eddend iD the left part (1) b,. a break ot 
the prev1ou!.T a::lated presSllra ba1ence and by e oompree­
aia et the current oh.aDD.l • .lccordiDg to the equa tlCD I 

J • ~e0.t1/, Where Z.~,e,cs- m.an Talua ot the 10D 
charge, raUe et CurrllDt ohanDel radius to iOD Lamor ra­

diua in the a&1authal aagn.tic fi.ld Be' an electron ehe:.:-­
ge, scuad apeed 111 plalmB corr.spolld1Dgly. As the Ta1ue et 

2Z/fA qproa0h8a UDit,., the el.otron 4ri.tt velocit,. rill 
draw Dear the 0a and a tranllition to the 10D-aceulltic lour­
b1l1.DC. cOllditla will tu. place. 'l'hat oOllditlOD will be 
aoooapaD1.d b7 a rapid e.rgy iDput to the plasma. BUllemaII 
inlltab1l1t,. 1. l1ka17 to baoo •• at an interma41ate atage 
laac11Dg to 'f.» Ti;o DuriDg the up.r1lIODt at the atege ot 
OOJIU)reall1ol1 we record.d sbout ten ~ire ot striatiODe. 
Thia raasODing OaD b. eaaily tr8Dllterr~d to this cese 1! 
w. assUIII.a ~t th • . au. of Bc taJcen at ell oollepsiDg tile­
acts 1. equal to aero ." !h. a::latenoe ot turbulBDt procea­
ea. in tha 1lI reg10D waa :Rr'Oved · b,. the preeeDce ct mlaro­
waY. radiatiOD at the friqu8Dq ... 101~z .. '!'he sipal had a 
fora ot pol.ae tra1n with the SU!lllD.8.t"7 duretion 2a.ao Da GIld 
nth perlodicit;y ben.c s.parata spik.s .... 2Q D8 (tig.4). 
~e traiD -.pUtude aDd dlU'atiOD cerr.lated with the velue 
o:t discharge eurre:at at the 1R0llumt cf ool1apae. 

'!he iOD flu:z: r.corded after the P7 deoay iD the axial 
directiOll through a hole ot the cut.r eleotrode consisted 
ot a earise et olota.' Th. majer par; ot the tlu:z: was COD­

oantreted iD the ap.rture angla 10- . The ccllectcr measur­
aenta allowd to. estimata the tct"al Dumber ot ~lcri.ug iODS 
with the .... l u. 01-1017• la registared lCll8 ot 'e+15,ou·19 , 
uo+20 , r25, Pb+26 .. The energy ot tlcw1Jlg ions was aB b1gb 

as 1 MeV. !be tllot that the reaults ot measuremants prcved 
tic be lodapendct et the e1.o!;rode polarity was rather as~ 
S6lltial . '!ha recorded pattern ma,. arise from the accelera­
tion of iOllIl . app.ariDg .duriOg the turbulence heating by 
•• CII ct iOl1 .. aooustic waves.' 

'!h. authors lire gratetul t~ E.U.~asilevek8,.a for tha 

illi.ii. .... 
~ 

'0'''' 

mOUllting tha re8ulta obtained. 
11/ • . U.i.B,-kovalq .10 al -JBTP 
Letto', .21, B5, p.265, 1980· 

"/2/. '.B~·B9st~~ . et al':'inDals 

ot ~e .B.~ • .lc.Sc.,251,2,1975. 
13/. U.i.B,-koTSlQ" et el -.1ETP 
Let!;., .jQ, BB, p.4B9, -:1979. 
14/ • . G.~.rz1ger e!; a1 - P.bya. 
Lett., lli, 6"4, p.27', 1978. 
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THE REX IM PLO SPHERICAL PINCH: IMPROVED NEUTRON 

PAODUCTION AND 3·0 COMPUTATIONAL ANAL VSIS 

~. Panarell ... d R.P. Gupta 

National Rasearch Coune;l. Onawa, Caneda, K1A ORG 

Ab.l,flld: Work on the RE XIMPLO ru:perimcnt to ... progresRd a10nll two line.: 

1) uper iment.R\ly , a factor or "'10 lru::rease in '.lcutron prod uction hili been obtained 

by 11 Prollet l)'nchrooii.ttion o f I.he spark channel geMration relative to the 

J .. unchinll of Ihe implo!ive ahocl<l and by ltepping up the energy of the cond .. naer 

b:mk by "'60 percent; 

2) ,,:l.O comput.ational WlalyW hlUi offered 11 ciear inlight into the rnlliJletic pre-. 

SUN! (01) distribution inside the Ipherical aJTanJItment, whicll a1loWl redeolgn 

of Ihe pinch [n order to achieve better plu mp confinement. 

AI a cunUnu~liul1 o f the work reported 1I1"the 9th Euro(lt!an CUll f ... en';" on 

Conlrol1ed FUfiion and Plasmll PhYl ics in Odord Ill. we have . ecently increased the neulron 

production in our .phericnl pinch device hy prop"rly timing the Initiation of the 'pIllk 

channel formlllion relativl' la the ~mplolion phase. and by Increasing the implol;on bank 

enfTIJY by "\,50 llCr«nt. 

The experimental IImIngemMt iI eacntially th.t described In 121 (Fill. I). A 

lin~ar .park In deuterium at 1 To .. initial preAure iI created by diacJUl,rginR ' . mall con­

den_ bank (2pF.2IKV441J) between hrO eleclrodeo all",ed DIone. diameter of • 

• phcricaJ ycuel ("\,8 ~m rndlw) ""d the r.rlllk chlUlncl iI conoequently compre~ by 

impl~ q~lIi-sphcrical 0110(,"\<$ crelted b)' d ischlLTlPnl. much La.rrer ronderuer bank 

(67pF·21KV.14.8KJl in the Iphericnl pinch. When the IplLTk chlLTlnel iI created clolle la 

thl' t.iIllO! of collllJ)5C of the implodlnl shock. the neutron output incre_ by about.n 

order of magnit"cI~. goin from 4.41 X 10' la .9.42 X Ht nl'utron. pcr allot, on .~ .. ge. 

To let! more delLTly the time hi5tory of thl' neutl"on emission and 1.0 relate it to 

the romp"""ion o f the _park channel, let tU re fer to ~·iK. 2 Which , how. 8 . treak. re<X1f(1 of 

the pla.ma luminolity within the channel and a oimultaneou. oacilloscope record of the 

neu!.run Jignab. One notice. Lh.t the imploding shocu ,enented at the p"riphery of the 

dj.charge _I are Urong 10 the utent that no radiation in the villble range "emitted. 

Only when the ~ock. coUide with the spark chlLTlncl. the roncomltant phenomena of 

ch."' .... 1 compre .. ion and refraction of the shocb with in thl! channel increllMl the channel 

IUminoli1:y in the visible range . Neutron. appelllu bllrit of "\,1 j.loec duration ot decreDlinl 

intenl ity. oc;currin, roushly RI the tim" when the refracted . hoCQ collapse at tha cenler 

of the YCSII!I and when mu..imum channel compreuion takes plae<!. 

In orde r to unde .. tllnd the det.a.ils o f plasma confinement. wC have reeenUy 

II.Pted 1.0 work on. 3·0 computational analysis of the magnetic preuure (B1) contour linl'I 

Inside th~ 'pheriCllI pinch (~'i~. 3·4). Becaulll'! of the .p-ea1ly varyinl m"ll"etie field diatribu· 

tion and other plasm. PllOUDl'teri in thc domain ot intcrell. the finite element method, 

rnl her than the finite dlftcrenl'l: .clu:me, WIllI used. The problem ill irreducible 1.0 lower 

Ip;ltial dimcnlion5, although It doCl have refi ec:tioOl and inveraion symmetric •• Beellllle of 

\h~ I)'mmetrin. only an octlln t of the sphere is n~ed 1.0 be coniidered in all the compu· 

tation. Therefore, the portion of shell in the fi .. t ocloutt is divided'on each l id. into 36 

triangles!)y joining 26 nod"", as .hown in Fie • .9. Th~ nodes Ille the intene<:tiOJll of Hnl!.l 

rllClintlnil from the centre. The . eclion. of th ellc lines between t.he two , urfmc" of the ahell 

~"d the triWlKl1'<f ro'15titute trianKUlar prism elcmenta which are split into three tetrahedra 
such that the lIdjo ining prisms have matching edges. The CUlTent den.ity Itl"eIl1n function 

is then calculated on the 5Ufhce and the Laplace equat ion fOf the m.li!'ctic ICaIIl1 potential 

11..,1..".1 in order to deduce the magnetic field inside the sphere. The plota dlown in FiI;." 

lire contollri of the m'lPletic prClSure 8 1 In three p"l'])ffidiculll1 plane. of the . phe", (_ 

ri!:. 1). lISIIumlng tbat the pluma ill a pcrfecUy cOnductinl rigid ball. The molt unluourable 

l itulIlion uisl.li in the x·y pialle, where the magnetic preu ur.e decre8le1 aloni an y dil"O<:tion 

rndiatin, from the pl:uma Imll. which meanl that the pl ... ma iI not contained in th.t plane. 

'The . itu"t;on ImproYes in the y·z plane, where the mllglleUc prestlU"e increlllCll in the 

z-dim:tion ILTId therefore the plaama ill confined in !.hat direction. Finally, the most fnour. 

able .ilutation cxist.a in the x·z plane. where the I!'agnetic pr_ure increase. In all directions 

1$ ooc moves awlI)' from the I.hwna ban , and therefore Ihe plu ma ill perfecUy confined io 

Ih;' pllLTle. 

Work ill underway in order 1.0: . ) Pl"0¥l' experimentally Ihat the Ilf!Ulwlll emitted 

Ire of thlllmon udcar origin. To this cnd. w!' life &eltinll up ILTOU/ld the pllWDI a 6-chnnnel 

Ilf!uimn detection sy"tem capable of useuinl the symmetry o f neutron emlMion. and 

b) rooellgn the rinch to approach the ideal .ituation whereby the .maKllctic pl"f!l&Ule SI 

increNes in e~ry direction radiating from the pliWIll hall . 

Il] E. Panarella and Rl'. Gupi.ll. Proc. 9th EuropelO Conference on Controlled FUllon 

and Plasma PhY$il:l , Odonl. Ellgllll,d. September 1979. p. 52. , 
12J E. Panarella, Canad. Joum. Phy a.~, 98.9 (1980). )-, 
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.illCHU.LOU3 THIR1W. L03BB8 ;rr J. BIGH- ~ PLA5IIJ. 

G.B.Vuste1n 

Inst1 tl1te ot Nuclear Physica. Dovomblrllk. U5SB 

An interest to bigh- J plaSMa properti •• was initi­
ated by a tew suggestions to use euch a pla ... In • cont­

rolled tl1s1~ reaeerch [1 .2.3). In this case tbe role ot 
magnatic field la only to suppress thermal conductiYity. 

so the magnetic field strength may be rather moderat •• 

l'urthemore a lot ot microinstabil1 tiu pecuJ.1ar to a low 

pressure plalllla are abaent when !} -...";> 1. 

However. the prooess of bigh-!f plasma cooling poa­

sees.a aODle 41etinotive featureo • . reeul ting in enhanced 
the~ 10s8es and a oonsidersble decrease ot the energy 

oonfinement time (4]. The r e ason is that in noninertial 
systems (plasma cotd'inement time is greater then sound 

propagation time) bigh- ~ pl aana must be in oontact w1 th 

the cold wall s of en installation. !bis report considers 
the cooling ot a hot, strongly magnetizod bigh- ~ plllllllla 

whioh is brought into sudden contact with a ool d wall. 

IDlUa1l;r a homogeneous hot plaBDIs with temperature 
To and density no is located at a haJ.t-spaoe X. > 0 

and et :c. _ 0 is bounded by a rigid wall with zero tempe­

rature. The magnetio field ie parallel to the wall plane, 

and i tit strength 1-10 ia so that the plasma ie strongl;r 
mBgnetizedl (Wllv'ti)o ~ do'h 1 but Jo S 811'YloTo/l-I! '>"> 1 • 
Prom tbe meohanical equilibrium oondi tlon 

nTo con<t=n.T. (1) 
it tollowa that in the near-wall layer w1 tb l ow temperatu-

re plaama densi t;r inoreases in time, so the plasma 
flow to the wall appears. !he beat oonductivity equation 

1. ~~ _ 'l.. ( .. 1I , L.TV) 
2. ')i -?:c r)X :2. (2) 

. hOWs that the total heat flux la conatant in spacel 

~ '6T + i..nTtJ .. Ln;r;,1fo 
<;IX 2,:2. 0) 

where 1Jo (t) is tbe hot plasma velocity st X--+O<;). In 
the near-wall layer the plasma velocity decreases rapidly 

(1f'" 'U;,T/To), eo the conveotive heat nux is illportant 
only in a hot plssma w1 th T", T6 , and at T« To the 

thermal condUC"tivity . plays the main rolel ,T ,; 
"£ ')X " ynoTD 1(, (4) 

Sinoe <t dependa on. the magnetic tiel d, eq. (4) must be 
solved together with the magnetic field evolution . equati­

on, because in high- J plasma the magnetio field may be 
strongly destroyed by the plasma motion end thermoeleotric 
etreots (Sernst etfect) [5]. 

'lli '1- (·c1 ')Ji. 1J\-I. Lj 1I) 
')t""')x. ~I):t. e I\~x (5) 

It ia aeen :from (5) that .ernst etreo t results in an addi- · 
tion81 drift ot the magnetic tield to the wall. The corree­

ponding velooity .v.,(" iH jI ... rn/~;e is oonnected vrith tbe 
heat diftuaion velocity V"'!" .. ~ 'aT /'a x r5)1 

{

l'Il.lmdl<VT "",t,> 1 

V
Ii

- VrI(WHt.1t.),' \..rt1r./mi1I..fWII1li.<1 (6) 

VT , t..heTt <1 

Beoause VT-1J"o (see eq . (4), it me;r be concluded, that 
in a hot region the magnetic tield is carried to the wall 

by plasma motion, and In a cold near-wall layer the midn 
role ia played by the H.nst term. The magnetio tield pro­
tile depends strongly on the wall boundary condi tion tor 
sq. (5) . We consider two extreme oasesl nonconducting and 

perteotlr conduoting walla. At tirst we note, that there 
ia no any length eoale in our problem. so the solution is 
ot the aelf-eimilar nature. The corresponding variable is 

conneoted with temperature oonductivity ·ot a hot plasma 

Xol ~ 

\" "/(x.tf" T(x,t)" T. T(I), n· rI, "(f), H· H,H(ll, 1f'(~ I\,rOm 

where T(n, nl~), I-HO, 'If(O are dime.nsionless funotions • 
In these notations the heat l ossea enhanoement ie revea-
led in that V(~-·HoO) "Vo"ll) -1 • Prom (5) we have 

now 

(B) 

A detailed anal;re1s Of eq. (8) will be presented elsewhe­

re, and here we give only the tinal results . If a wall is 
nonconducting, the boundary condition iSl I-\(~=O) =. 1. 
In this o&se the lett-hand part ot (6) m~ be neglected, 

so the magnetic tteld drift is oonstant. Besi.des, if 
~G""1" rn./mt. the m·agnetic viscosity is not important, 

and m.agnetio field meJ be obtained from a very simple con­

ditionl 

(9) 

Using (6) we get now that at T"> (rnr.(fn()'" the magnetic 

fiel d is frozen into ·s plasma, so 1-\" n,. -(1. Then, at 

T«fIlr./rn,)"I/.I.. the Uernst effect is important, end H is 
ot the order ot (mc/lfle )12. up to T~ T1 ""f!!I~/lIIi)"'I~ o~1/~ where 

the ions beooms urunagnetizedl (W~~'t',:.),"" 1 . Then the magne­

tio tield decreases rapidly and 1s ot the order of un1 ty up 
to T= 0 ,1.e. to the wall. The magnetic tield protile 

ln this oase is shown in Pig. 1. After that we oan solve 
eq. (4) and tind the temperature profile T(f) , where 1fo 
is still en unknown paremeter. To find 1fo one · should use 

the continuity equation tor a pl aema, which in the eelf · 
similar variables 1a as followsl 

_l."'-~ "-(nv) 
2"\ "I 

Taking in~p account that n '" T-
1 

, for the plasma flux we 

gett n'\r= ~HT)d.T/2T2. ,so 1.1"0" ~({"t)J.T/.tT.I.. • The main 
contribution comea trom the region with temperature T-T1 , 

and 1J"D- GD'It"""1" '1 . The plasma, which flows tram the hot re­
gion, is accumulated at temperature ,.-1, • So at T..,.T1 

plasma flux ntr "" oonst and tJ"" 1f..T • At T.( T1 the tlux 
decreases rapidlr end vaniehes at the well. Returning now 
to usual notations, the total heat tlux to the wall ie 

( 'It 111 q", W\\~l(1. n.T.(X·It) (111 

and the etfsctive thermal conductivity, 

il'~~1o(W~l--r.).-I'\.e1./eHo ,is of the order of the 
Bohm one. This result proves to be valid up to jlo--1 • 

I n the opposite case of s perfectly oonducting wall 
the total magnetic f l ux r~a1ns constant. 50 in the dear­

-wall l~er the magnetic tield· drift due to Ne~at eftect 
mU8t be balanced by the magnetio diffusion drift in the 
opposite direotion. As a result, the· butter magnetic lay­

er i s tormed with J< 1 end 14'" H.,~~2.. Then the magnetic 
.tield smoothly deoreases up to 1-I:]:tD in a hot plasma 
(eee Pig. 2). The etfeotive thermal conduotivity depends 

now on tb~ relation between large parameters ~o and So • 
It A • ..,. 8. J the bufter tiel d le,yer ls rather th1.n and 

v 8'13.· s'/, ~d' ... ;to 0 • At Ja< • the etfective thermal conducti-
vUy is £.1 ~ ~$(~ 
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STUDY 01 TSE BEA.'tIJ'G O' A D~B PIai.S1U. 

ID LlBEAR TBETA-PIBCB SYSTEMS 

V.A.Burta8v, A.A.Bardinov. A.B.Berez1D, A.P.ZbUkov. 
V.A.KubIlBOT, B.V.Lj"ubl1l1. V.JI.L1tunonkl, • 

V.M.Kozhe~n. V.A.OvBJandikoT. A ••• POpit •• T. 
V.G.Smirnov, V.!.'litoT, Yu.I.SholokboT 

D.V.E!remov Sclenti11c Re.e~ch Inetltute of 
Electropbyaioal Apparaiue, Leningrad. USSR 

~'. The paper prsaente the etatue raJ.lort OD th. 

heating of a dense plaama 1n the ilnear tbeta-p1Rcb UTRO 

with feet-rising magnetic fie ld. The plousible -&18 aiming 

to riae the efficiency of the beating are diocuaa.d the ba­

ale reQuite of numerical simulation and pbJ81cal proc ••••• 

opt1m1sstion in the similar devicse are deecrtbed. 

I. Exper1menta~ conditions. The method of inductance­

capaoity energy s torage (W?O.6 1lJ) haa been uaed tor 

production of lIIagnetic fields up to B20 ..z. 60 kG with the 

rise t1.8le 1:"" ~0.5)le. Tbe opportunit;r to f'01"ll at the., 

conditions tbe dense (ne ~ 2'1017 ca- 3) and aurf'1ciantq 

bot ·( re +T;. '" 0.5 keV) plaama colUlRll with aull radial COla­

pression [1 J ie ebpwn. 

II. Experimental resu1ta. Tbe main attention has b •• n 

dr~WD to tbe elucidation of' tbe euprotb.raa1 partic1ea ge­

neration mechanism (ie 720 keV; i1 ~ 1.5 keV) at hieb 

initial f'i111ng preaeuraa (Po > 0.2 Torr). Brperlaenta1 

atu41 of' magnetic f'ie1d dif'f'usion and the ca.pari.on with 

the resu1te of' nu.erica1 aimulation ebows that the .oat 

'probab1e mecban.1em: of tb. anoaaloUfl pla ... conductiTit,. in 

the ' phase of radia1 compression ie the deTe10~ent of tbe 

low-b,-brid drift instability. The a1crofluctuatioDB of 

plaama deneit,. accompan:ring thia prooess are proposed to 

be .. oilg t he .... ilI reaaODB of experia.ntall,r obsened dr;­

n1f'icant broadering of probing rub,. la8er radiation line 

(fro~ AAa =' 3' 10:--5 DIll up to AA ~ 8.10:-3 DIl). Stroqq 

modulated oec11lation of the ilIterna1 .ugnetlc fi.ldwith 

reTeraal of both of measured coapocen.ta wero obeoned du­

ring comproeeion etase (fig.1). Ba8ing on tbe X-~ emis­

aion analJ'ais data obtained Wling filt.re. tb. radial 

diatribution of mean euprothermal electroDe ener!7 haa 

been plotted (fig.2). ~e prelim1nar;r Talue of el'ctron 

tem~eraturo, correapondiAg to thia tt.. intena1 do •• 'nt 

exceed re 'V 100 eV. Th. 1II~1 neutron ,.iold (1I ..... 107per 

chet) and ite dependence on douteriua pre.sure (fiS.3) 

differs aubstantia1q fro. tbe roap.ctiYe data b,. uu..ri­

cal aimulation under asaumption of the thermal origin of 

the neutrons. Tbe aet of t he date obtain.d doea 'nt cont­

radict "with tbe alternatiT. b:rPotheaia that the hard. :I4'q 

emission aDd' the n.~tron ;rield could be attrib~t.d to the 

dec.1.ration of tbo charS.d partio1~., pr1aar1lJ' accele­

rated in tbe rosiODB .of .IIspetic field zero liu. on tb. 

pla81118 tars.t. Tb •• 1A1lar conditioDS could. b. r.ali •• d 

at. noncontrollabl. ·roconnection of aasnetic foreo lin •• 

durinS deDS. p~ co-pr ... ion in tbe co.plu .. potic 

fi.14 atnlctlU"tl. 'l'h. e..,olution of the •• an. .lectron dor-

6Y made witbin .tbo fra.ework of tbe . od..l d'.crib.d in 

r.t~21i8 lA tb. r ... onabl. asro ... nt with ~.ntal 

data .. 

III. ruaerica1 at.ulatioD of tb. lin'ar tb.ta-pinch 

wi~h inductance-capaoity an.rgr .torage. Th ••• It-conai­

sient _od.1 ha. been ua.d b ... d upon ·.n~plow· approxi­

..tion &Dd takina into account both ih. Tariatio .. of t •• 

ontrop;r. caua.d br tb. proc ••••• of the Joul. aad aboct 

b.aiing &Dd the _acnetic fi.ld diftuaioa at the el.ctron 

.oattaring on the .l.ctric fi.ld fluctuation. . ~. work 

of magnetic field as propos.d, could b. inor .... d br •• ~ 

of plasma delay in tbe Dear to the .. 11 rogion. Thi. pro­

poaal oan b. ' r.alhed, par eXBllplo," b,. f'ro.sing of SOlI. 

d.ut.rium OD the c~b'r wall or by tb. spr~ing of tb. 

.... uaing for inatanc" tb. laeor aduc.i tars't uplo­

sion in tb, 8%1al zon.. In tb. c ... of r.constructed 

UTRO-K d.vic. (aolenoid l.ngth ia 3 a) wiib CODcav. ini­

tial plaaaa d.naitr prof1l. t he t.-p.ra tlU"tl ri ••• up to 

factor 2.5. 

The i.-p.ratore grouth and the .nhancem.nt of tb. n.u­

tron ,.iold oould be achi.ved alao by proTicl.1ns tb. ~­

alo tnt.raction of enoount.r ing radial ahock wa..,ea . Pis.4 

.bowa opt1miz.d dependenceD of the t"peratur. and tb. 

n.utron 11.1d on tbe operatiomal paraa.t.re of O~O-• • 

BTaporation oxploaioD energr us.d in calculation is 750J. 

IV. Application of' pule.d CO2-laa.re. Tbe followi.ng 

subJect" h.aT. boon eODlJider.d at tb. at.ulation lIiucl,r of' 

laaor radiation (WII • 1,,'0 Jr:.l. 'Lt ~ 1.3pa) with tb. ih ... 

ta-pinch UTBO-K p~a: beating b,. axial be .. iD tb. qua­

ai.tatioDBr1 aagn.tio fi.ld , atab111t1 of tb. laa.r b ... 

propo~tion in tb. p~ ooluanl co-biDed ' laa,r b.a tin& 

witb adiabaiic p~ coaproeeion.Tbe opt1aa1 oo~iiioD8 

tor tb. raDI' of incid, nc. angle. at laaer radiation. 

p~ denaitr profi1. and b, .. profile ha..,. b.en obtai­

nod. Prel1aiMry laaer boati.ng of a p1aaa would allow 

to incr .... t.n fold tb •• ff1ci.oC1 of the cona.cutlT. 

b.ating br acl.1abatic cOllpr.esion. 'lb.e plaa .. . nerg:r con.­

teni, ... atiaat.d, can roach Wpl. '" 100 kJ (T '" 0.5 t.T; 

n ..... 3·,018 C11-3 ; Bim ...... 3oo kG). 

1. T.A.Bu.rt •• ..,. A •. B.BeroBin, . t a l ., in pa... Pb:ra. ani 

Contr.Bucl. Pta:.B:.a.1978. IAEl , Vi. nna. 1979 , T.II , 

2. S.V.BulanoT, P.T.SOIIoroT, IST.AI S5Sft, Phra • • T. 39, 
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EFfECTS DUE TO VIOUTION OF TIlE SECOND ADlIJIATtC IWJJl.lANT 

B. lAhnlrt 

itQyd Iutituce of Techpo1081. !-lOO44 Sto.:kh0111 70. Swede .. 

Abatnct. When th .. curvatutf- of th 10Plitudioal invariant .urfacu 
vau .. io apace. the con,tancy of the ... cond adiabatic invaria .. t 01 
chatl.d particle "",tion can b .. c"",e violat .. d. Thia non-adiabatic athct 
.ppH .. in the fint plac .. to ion., th. reby producina chat, ..... pantion 
and ehccdc .,urrants in • q ..... i-n.uCrd pl ...... An laample i. liven 
vh.re ch ..... currents hlvl I .tabiHdna effect on phn .. kink di . tur ­
b.nca •• 

1. Introduootio" 

In closed-field line and . itrot type IllAg.lI.e lC le_tri .... iD ... 
and electron. drift fro. field line t o field li"e at the "un. tiM a. 
th .. y perform nearly pe.riodic orbit • .long the field linu at full 
chenllal . pe .. d. For 'lIIAll Larmor radii thi . trlnaverse drift tak .. 
place in .t .. ps which closely f ollow the longitudinal inv.daot .ur­
fac .. determio .. d by the constancy of the first .nd .. cooo .diab.tic 
inv.riant . of .,h.rg .. d particle IDOtton [1..2J . . 

lI .... ever. on account of the ir l.tler .. sa .nd 10wa r theraal .p ... d 
in a pia .... of nurly hotropic tempenture Ti - te iT . iona "ill b. 
subject to "",re li .. it .. d r .. striction. " ith re.. pect to the con.t.ncy of 
tha ... coru! adiabatic invariant th i n eLact r on. [3J. After comphting 
Dna pe riod of lonlitudin. l lIIotion donI the magnetic fidd B, the 
inn. h.ve at the ...... ti .... drifted I certain di.tanca AL..1i ac r oll .!!. 
Thu • • when ALli bec:ome.. comp.rable to the .cale of the sp.tial 
va riation o f the invlrlant surface. , the con.tancy of the • • cond 
adiab.tic inva riant i ... xp .. cted to blcoae viol'Ud, and the ion. to 
".lip" acros. the ••• urfac • • . Th. r •• ulting pla .... dyna .. ical .ff.ct, 
will ba outlined han in the .pede! cua of pbn. kink di,turbanc .. , 
but uc:h eHecu an aho exp .. cted to b,collle i .. porunt to • manifold 
of other .i t .... tioo •. 

2. Non-Adilb.tic Panicle Motion in a Z-pinch 

A. ,n illu. nation we confider a Z-pinch having it •• "i. along z 
in a n unp.rt ... rbed .t.t. wh .. re there it an .xie! curnnt dl!nlity 
j .. j [1 - {r/a)"J det ... :ined by the redid coordina .. r .nd the 
pin~h red ius a. l~. c correspondina axia'! gui.!in, c.ntre drift vdod.­
ti... u

io 
and ... . 0 of iona end .l.ctron. a re liv.n by 

Hen W denote. the velocity of "ration. It .. mw2/2B .. COlllt .• 
Ut' .. (8kT/_i )1/2 i. the particle velocity along !, and particle. 
wnh 2 ... ~ .. w2 .re contidend . being .! ... ivdent to the b ... lk of an 
i.otropic th .. rm.ool dinrib ... tion with W .. 2kT/ .. i . 

A . .. 11 kinlt. p .. rturbnion lOo ((o.inyz.O,O) in the zx-phna of 
Pia.l i. introduced . havinl the " avl length X" lily» to.Th. ma,n.­
tic Held is aSl ..... ed to be Itrong enough for the aVlraa. electron 
drift _tion to be adiabatic and to hav .. the fom ~.l1e.o(toy"osyz,O.l) 
iD the fr_ ""Z. Th. longitudind invariant .... rfecu th .. n become 
n •• rly ""onc .. ntric" with th" p .. rturb.d pl.s ..... urfac. of Fia.1. 

For ion. we d .. fine thl! .Mabatidt), per_t.r 'i when 

.1Id ai" 2K/eW .tand. for the ion La.....:l r rediu •. When 'i« 1 th .. ion 
"",tio" thu. r _io •• di.b.ti".For 'i-val" ... of ordl!r ... nity th .. ion. 
b.come .lightly non-adi.batic. in the ... ns .. that th.re i . a c.ruin 
".lip" b.cve." th .. ion ..,tion .nd th. invari.nt lurfacel. Thi . relillll! 
will b. further di .c:u .... d h .. re . 'Ih ... lterellll! oon-. diabatic c .. e 9.»1 
i. out of th ... "ope of this report. 1 

Accordinl to the Ixa., t equl tion of p.rti"la _tion. the .urfac ... 
traced by the tr.nll/.U. drifts of maln.tic.lly confio .. d ion" and 
et ectrone beco .... conc.otri" in axi'yaHtric g .. """,tri ... of cons tent 
I pa tial curvat ... rl. Conseq"ently, the ion drift i. exp.ct.d to have a 
compon .. nt dir.cted ac rOIl th .. invl riant surface. only when the curva­
t ... rl of the invariant s urfaces v.rh. in I pace • • uch a . in Fil·1-
Fu~Lh"r. t!.i. velocitJ COllJl>on"n~lTonly b .. c_ i~o~t.nt ;n ca.e. 
..... en 'i cannot be n.gl.cted .. compared to ... nity. 

" datail.d dlduction of this non- adiabatic beh.viour cannot be 
linn hIre. Onl y a teotativ ... rguaoentation is prulnt.d which hll to 
be t .. nd by later ~rou. dl!duction • . We "onaid .. r ttM. pa th . 
tr.c.d by the averag. auiding c."tre drifts. in the plan. y" 0 of 
Yil.1 ..... ich pu .... throulh the .xi, of th ... pI ..... col .. n. " .. ..-ing 

Fig.I. Pl.n •• hort-wav. kink 

perturbltion of I pl .. u coluam. 

Th .. non-adi . batic ion motion 

produce, a curr .. nt patt .. rn i" 
outlined by the da.hed contour. 

The 1." x! fore .. t.nd. to 

.tlbili •• the pe.rturbation. 

HuL U"'L !.g~h ion. and al . c t.-olls .n .di"b.ti<: "nd drih •• the. 
a ntipa raUal ave"ae velocities !i and .!!., along the '.1aII! p~th 
" - x{z). a taytor Itxpandon yi .. ld. 

()) 

for arbitrary bu t .... 11 valu ... of lIz. In this CII" the corrnpondinl 
currant den.ity en(!!i-UI!) becolDI!& directed alonl the invariant 
lurfa.,., both at z and z + Az. Ne"t we con.ider • c a.a where the 
drift .urface Curvatun i . con. tint at z + -Az. b ... t ch.ng.1 rapidly 
.. nough for tbe ad i ab. tidty condition of ion, to b. viol .. ed at z (or 
ilLli" IAal. In this clle Ui(z + Aa) - U (z + Az) ot eq. (3) still 
b.comes dir .. cted Ilo"a the Invarilnt .uri'!c .... On the oth.r hend. t t ... 
aver"l~ ion drift tb.n re l ults f~oll • ""'anv.lue fonution Oll'tr " 
relatively large step If-nath ALji which contain. contributions of 
rapidly chanfjing curvature . In a first .pproxilll.tion this ilDplies that 
1 .!4"(z)I«I!!..(z~1 in .q. (3). i . ... the npid sp.ti.l chlng .. of th .. 
d1;~ft orbit ar ... " ..... red out" in I .... nvalue for=tion for ions, hut 
not for el .. ctron •. In ita turn. thi . r •• ult. in .n "unCOlllp.n •• ted" 
re ..... ind.r of the lan ter. in eq. (l). leading to a "dip" of t he ion. 
acro • • the .di.h. tic drift . urfac .... Thu., there a ri.es " correlponding 
c ... rr .. nt d.n.ity 

(4) 

in th . .. "". fr","", of Fig.l, IS obtained f r_ eq •. (t)-{J) wh.n negle"t­
ing .!!i (z). Thi. curnnt d .. n. ity hu ... xilll ...... trength .t th .. infl ... :ion 
point. of th .. kink perturbltion. i .• . wh.r .. the ch.."na. in curv.ture h •• 
it . .. a"i",,,,". 

3. Non-Adi.bltic Ufec:t. on Piu ... IIyna .. ics 

The "u rrent of ell. (4) only for .. a .e .... nt of a patt.rn "hich 
h • • to b. li t up to neutratize the corre.ponding f!lectric . pace charle. 
in a quui-nltutra l pI ...... In a firot .pproxi .... tion thh p.ttern i. 
the r .. fon .ugges ted to be dOIl .. d IS outlined by the d .. h.d. loop ill 
F~g.l. Th. loop includes a component jn ha'(ing the modulus 
I~, I .. Ol2u) lill .nd runninl p.nll.r~to the pinch .urhc.,. 

Th. relultinl ~."! forc .. i . cran.v .. n. to the pla 'ma .,olumn and 
perform. an averag .. work <""~ • <i!xl~I>/2 per unit vol_, af 
ob t ain.d frOll int .. gration over one w.v .. l .ngth _ A ...... ina • currl!nt 
di.ttibution with \I" 2 .nd puttinl 2nkT • j lIa, w. obtdn a Itahi­
Hzin, c:ontribution <w''>· ~0.4j~("/A)2/~ > 8. Th. work of the kink 
force i . dlltlbilizinl end Can be approximated by 
<"lr.> - -J1 • . 2~oj~ .{.JA!2/204i [.:i]. COn.eq .... ntly . th .. ratio between th .. e 
two tn .. rlY contr1butlons be"DmO!' 

Ind incr ... e. linearly with the pI ..... temp .. rature t. ". an exa .. ple 
• hydrolen piu"'" i . chosen with. pinch current of 10~" IInd & tUlp.­
rature T~ 3.t05 K. W.ve langths A<lOa thltn bec""",, non-.diaba tic. In 
this rani • • q. (5) yidd. '''~20.'''COn.ell .... ntly, the plan. kinka . con­
. id.red h.re ar~ expected to b.c ..... tabi1iz~d It wave hn,th. of the 
order of .nd 8IDd hr than th .. pinch radiu •. 

[lJ K.-domtsev. B.8., PlllSlll3 Physici and thlt Problelll of Controlhd 
ThI!T"",nu~lel1r Fualon (!:d. by B.A. l.eontov1c:h). Akad. !lauk LlSSR., 
1958 , VD!. Ill. p. 285. 

[2J Nort~ rop, T. C .• nd T .. ller, E .. Phy •. Rev.!!l(l960)21S. 

[3J Lehnert. B .• Royal IOltitute of t.chnology , Stockhol .. . 
TRITA-PFU-80-11 (1980). 
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DETERI'lINATIOIl Al\O EVALilATIlJ1I OF THE PARAMETERS 

OF' ADP 'F USlIlG AN ALT£IlNATIVE KEnlOD 

S.S INMAN 
I'iiddle East. Technical Unlveraity , Electrical Engineering 
Department, Plasma Engineering Laboratory, Ankara-Turkey 

A. SINI~AN 
Ankara Nuclear Research and Training Center, El ectr on Physics 

Laboratory. Ankara- Tur key 

,l.bstract: In this study. for t he data processing 1n our Bene8 
~OCU8 (DPF) sys telll, a lI1ultiparameter nlullerteal hierarchy 
obtained from the f unde.me ntRl equations based on the sno .... plo ... s 
model and its concl usions have been developed . EValuating. the 
da t ll along t.he transients of the totl!.l pl!'l.sm8 current, the 
anode cu rrent and the focull voltac. r eco rded by on oscilloscope, 
they have been poseiblp. t o deter mine the title domain plasma par­
ame ters such !lS the shock thicknsss, the sheat temperature , ve­
l ocitv and elec tron denSity, ths pressure flt the focus phase 
arld the pl.,sma teaperature. Beeides, the dissipat.ed energy 
tnrough the f ocu s nu tch or 1n otner wor<:ll'l , the pll\3m .. tompo r atu r . 
has alao been cqlculated by means of t.he numerical integration . 
In the tt:'xt , a per(or~ancs chart toget.her wit.h s oce other cor_ 
r elnt i on cu rves for the ortimizntion o f the DPF systems are aub­
~ittea ~nd d i s c ussed. 

::I/s t~m: 7 nc pl!i.8ma focus (J':ather t.ype) iIJ consisting of 1. 5 kJ 
~ae r bank, a cont roll ec spark- Sllp s"'itch , a co- axial ac­
celerator (inte rnal a nd e:c t.ernal electrode radii are 2.0 cm a nd 
4. 0 _ 6. ) c~ reapectively a nd accelerRting tunnel is 1~.0 -
12 . 5 Clll ) anu needed el"ctronic control and meA.SUri n6 systems. 

i'rfi).1mina r 1es: It ia kno ... n . the fllct that the plHsl!la focus devel.­
oJ:llle nt in a dense plRflm .. system depends \lPOn the b reakdo ... n, ac­
celent"1 .:m and coll a ?se phnfleIJ rel>pec tively. For the plasma fo­
c~s discharges which contai n all these three phase~ , a lDodified 
electric;'l circdt mcdel lS see n 1n Fig. 1. 

"'b lOl 'b '. ," 

~" 
~III 

'. UblOl "'<flll 'ot 

~l e . 1. t:.:juivnlent e1tlctriCA.l circuit for OPF. 

In the ; .l gl:re; C,-> i ll ~he brmk CllpA.cits nce. '/b ( o) the uRnk voltage 

( f ully chl'rged.) , U {o) t.he initial storage ene rgy, L.... the ~"QUC­
t A. nce of the capae~tor bAnk, L t.he e:ct.e rnA.l inductaKces, L ~ 
t.hf1 i nrluctance o f the focue ellc.t.rode system, Zorthe charac~er­
istic ilDp~dance of the electrode system ~nd Ld(~J snd Rd(t) 
are the inductance snd the reaist.ance of the Iliseharse respec­
tively; The diuehllrse voltage signsl a which cen bit r ecorded on 
tnlt oscilloscope, may appro:cimatsly be wri t t.en as , 

( 1) ·Vd(t ) • ( d/dt)[Ld(t.)Id(t. )J" Id(t.)Rd(t.) 
On t.he ot.her side en improved t.ime varying discharge resistance 
can be given t.o be, 

Rd(t.) .. (2!l:Cb) - lTdLn[vl (o)/V2(TdHJ (2) 

where T is discharge period, V (0) and V (T ) are t.he onaet and 
the onedperiod after ampU tudel of the dfacgarge , t.he cor rection 

- )/ 71/' coefficien t 1 • V
b

(0)/Vb (Tc!2) , here Vb (Tc!2) • L 2Ub (t. Cb-' 

and U
b

(oJ -U
f
(T/2) .. Ub(t) . Ub(o) • O . 5CbV~(o) nUllericfllly bu~ 

U (T /2) by th /; nUllerical int.esration Ilethod can be found. By 
t.~e PellIJon of tne nUIDp.rical hiera r chy ot.her fundamental equa-
t ion of plf;sma f ocue / 1 / are : _6 3/2 
_ SJ:itzer's r esist.ivity relf;tion; 1" " . 3dO /T ohm- c~ (3) 
_ The vel oc1 ty of cu rr'lnt sheat wi h respect to Bnowpl ows , 

v .. (e2~2/4nl )1/ 4 cm/Mec _1 - 1/2 
,:,Xe shock th 2knClU T .. (21/ . ) ca CID 

-1/2 _3s 1/ 2 pe 
"·fle r i! a .. 2.9:tlO ne /B 

2 - / ' ".&enet i c prcasure B;/Sn. nek(Te • Ti ) dyne cm 

]l;lnl lfiul!I c OClp n'!le ion r .. diuo /2/ r· c 2/4ng l V" CID 
~·heT6' tha turhulent electrical c'anductivi ty 6 t • 

fc~ 4 .):cl0-5ne (kT
It

)eV cycle/eec. 

(4) 
(5) 

(6) 

t: \lmeric: .. l Hlernrchy: Th .. fu ndAmental focus pflrA.mltte re CAn be 
e~lculated by the help of the f ollOl/i ng equationlJ: 
_ ':'he eh ock thickl'l9Ss frOlD Eq . (5) ; Ts( t ) .. Conet./ld(t) cm (B) 

_ 'Ihe pla!;ma resi.stivity ueing Eq . (8) ; 

y ( t ) .. Vd ( t ) nT; ( t )/ ~d ( t).cf ohlll-clI 

Th .. elect r on temperatur e by meane o f Rqe. (3) and (9); 

Te(t ) .. [".):cl~-6fl(\)J2/3 keY 

The electron density from Eq . ( 4 ); 

net t ) .. L-V~(t) /d!c-lconotL-lr'tJ -4 

(9) 

(10) 

(11) 

whe re dRcis the gap bet ... een ths anode and CAthode , if ia the 

length · of 'the slectrodee. 

~: As ie aeen 11\ the elect rical equivi'llent circuit of the 
foeu a sys tem (?ig.l), the geometriC i nductances lob' L ' and L ~ 
are being mo re effective on the disch a rge period. AltHough tRe 

plasma 1C1pedance, ~p(t.) • L-L~(t.)w2+ R~(t)J 1/2 has a Don- linear 

propert.y (e.g., in the focue phA.se i t. is IB5 mohns ) depending on 
t.he pressure and ueing gas (H, D or He). the half per i od (T /2 .. 
'.5{usec t.ypically) haa appro~illlet.elJ sho~n a ma~lmum increase 
of 5 0/0 . The inductenclts per conventional po ... er capacitor 
sroup (Cb- 4,UF , Vb (o) • 10 - 15 ItV, Uh(o) .. 200 - 450 J) haVe 
been found a L..... 62.9 nil , L • 70 nil a.dd the induct.ance of tocue 
accelerat.or ae r6 nH . Uaing I versat.ile bank eyetem; at the 0.2, 
0.4 and 0 .6 kJ energy levele, e xperlmenta hltve been done and 
ext.r.1.polat.ing tor the energy thresh olda of t he 1 .1, 1.B, 3 . 5 kJ 
they havs been arrived t.o t.hose expectlns resulte. As i t. hae 
mentioned in the numerical hierarchy, during evaluati on t oo, 
current and volt.age oaci l lograms and the physical par~lttere of 
the OPF system have been accepted to be basic data . Deeides, the 
osel11ogr ams taken from t he studies done by the others /}-4/ . 
have aleo been evaluated by thle method and it. has been noticed 
that. the nUllerical results obtained 18 very cl08e to orginal on8S. 
As it ia koow·n, the first heIr period ccntains of breakdo ... n, 
accelerRtion and collspse phases. The di f ferent input e nergy 
levels being as a parameter, tho f unctional r~lation bet ... een 
the plssma temperat.ure and the efficiency 18 seen 1n Fig. 2. The 
efficiency has been cal culat.ed from t.he value of energy used in 
first hAlf pori od . In Fil( . 3 a perforlDance chart Is preaent.ed. 
In the cha rt, the B?sea t.o be used (H , D ft nd He) ths gap be_ 
h een focus elelct. r odes (1 .25, 1.75 , 2.0 a nd 2.25) and the input. 
energy l evels have been s e lected aa th.! par lllletera and the cor­
r elf>. tion betl/een t.he e l aet.ron tlena ity n Rnd the elect.ron t.eo­
p~rature (for the ~08t. probeble dlst.rib~t.ion) haD bsen ahovn. 
Thua , it haS been possible t.o defi ne a DPP system toget.her 1/1th 
tne physicsl and elec tricsl pareClleters depend ing on t.he apeci­
fieat.io ns ~f disch:.rge medium . 

Conclusion: A ' !'Iet.her' type ver satile OFf systell has been re­
alized . Controlling I n a ... ide operational range o f the inp:Jt. 
energy ... 1 th a COnstMt. bank vol t.age but. ... i th a variable bank 
cape ci tor (T,f!. conotA.nt ) and usi ng va ri ous elect.rode geolllet.­
ries, the properties of the different plaelllR media ( H, D and 
He a t. the preasure range 1 .0 _ 10 . 0 Tort) haa been deteT1lined 
by s simple and alternative lIethod . Tnis can a1ao be converted 
i n t.o f·~ lly automatic digit.al dat.a proce oei ng system. On tne 
othe r hand , it can be posaible t.o invee t.igate end optimize tne 
syatem IIrrar.gement of DPF by means of a simpler ~aJ, fo r tha 
different employme nta. The preliminary comparislon hs ve exhi_ 
bit.ed the aecu r a ry 01; the method. . 

Rfiferencea: /i/ Grim,H . R., and Lovberg,R .H .; PlaamA. Phyaica, 
NOI/_York, Acadellic Press . , pp.rt A, Ch •• 6.; Part B, Che., 11 
and 15, (1971) . /2/ Kaeppeler , H.J. , Pl aalllft Phye. Cont. Nucl. 
ruaion Res . Proc. Conf., 6th , Berchtesgaden, Vol. Ill, p. 437, 
( 977). /3/ nottons,P.J . et aI., Flas"a Phys. Cont . Nucl. 
fuSion Rea . froe . Conf., 3r d , Novosibi rak, Vo1.II, p.67(1968). 
/4/ lIirano , K. , et al., JlI.p . J. App. Phys. il l1o . 19 (197B) 1619. 
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INVESTIGATION OF THE BREAKDOWN AND RUN-DOWN PHASES 

OF THE DPF DISCHARGE 

S . Czekaj, S. Denus, W.Koziarkiewicz, W.NaWTOt, 
W. Skrzeczanowski , R.Socha, K. Tomaszewski , M.Zadrozny 

S .Kali~kl I nstitute of Plasma Physi cs and Laser MicrofUsion 
p . o . box 49 , 00-906 Warsaw 49 , POLAND 

The preliminary experimental investigations of the 
plasma focus initial phases are presented in this paper. 
The fonnation of the current sheath /CS/ and acceleration 
phase were investigated by means of time-reso lved phot o­
graphs and tlme_re~olved maanetic field measurements. 
Spectral measurements were used for invest igations of the 
plasma produced in t he area between electrodes near the 

insulator . 
The electr ical data of the plasma focus deVice were: 

capacitance C-2~}lF , Inductance Lo.100nH, cha r ging voltage 
U.,4kV. The electrodes of Mather type had a length of 
14.5cm and diameters of center and outer electr odas of 5 
and 10cm , respectively. The center electrode ICEI was insu­
lated by alumina tube III with an outer diameter of 6cm . 
The discharge vessel was fi lled with deuterium at pr essure 

of 0 .6 , 1.5 and ,3 Torr. 
Photographs of the discharge were taken by means of 

sn image converter camera lexposure time ZOns/ . Fig . 1 shows 
end-on and side-on pictures of the initial phenomena of the 
breakdOwn phase. At the zero t i me one can observe two types 
of breakdown: the gliding and the radtal one [1] • A.bout 
}COns later CS expands radially and axially . The st ructure 
of t he CS at the end of electrodes is determined by plasma 
layer being created in the limit~d area at the insulator 
end- face. This layer has a filament structure and expands 
axially and rad ially reaching the outer electrode after 1ps . 

Fig . 

Since this time the plasma layer has a parabol";'c shape . The 
in~ultitor thi ckne~s 15 probably the main parameter which de­
termines the creation of thic l ayer. 

The plasma behind t he sheath front in the area between 
electrodes was studied by means of a s pectral method. Measu­
rements were made in the wavelength range of 4100-6700A. The 
I SP51 prism spectrograph and t he SPM2 grat ing monochromator 
wer e used . The optical set- up allowed to Observe the area 
Of ~~ width at 1cm from the insulato r edge . 

Carbon impurity spectral l ines we re f ound in the time 
- inteGrated spectrum . It Is i nterpretated as the result of 
the 011 particle penetration from the diffusion pump into 

the vessel. Th~ absence of the AI, 0 ~nd 3i lines gtves 
evidence for the weak plasma interact ion wi th t he in1!'ul .. tor 

material. 
The time- dependence of DC( , cn and CnI line l.ntens l t y 

i s shown in Fig.2. The pulse maxima are lo .... ·er for smaller 

Fig. 2 

11 4641A 

11 . 4.261A 

Q. 6561A 

pressures . The electron temperature calculated ' from the 
ratiO of CIII and CII lines st the pulse maximum 11.~~ 

a tter breakdownl Bplounted to O.B5eV. Plateau in t he f?q 
trace is caused by selt- absorption . The electron densJty 
amounted to 1016cm-' , s s vaa calculated from the Stark 
broadening of the time-f ntegrated Dr line. 

Magneti c field measurements were performed by means of 
two probes positioned tirst at z1--11mm , z2-- 40mm, then 
shifted to z1-36mm, z2-- 65111m and z1':'-S1mm, z2- -1 11JD111, Iz-o 
corresponds to the end ot the electrodes/. The Tad ial posi­
tion of the probes was 35mm In all eases. 

. dB 
From the time delay b"tween at signals an a Vl!rage 

velocity at the CS near the end ot the CE was calculated. 
Tpe results are shown in Fig.,. 

~ 

, .~ 
f T -r 

Fig . , Fig.4 

The CS velocIty is not constant [2] but slighly incre­
ases in tim8 [ ,] and depends on the initial gas pressure a'c­
carding to the simple snow-pl o'" model [4] . 

By numerical integrating of ~ signals the current car­
ried by the current sheath lIesl has been determined. This 

current was compared with the total current l It/ measured by 
the Rogowski coil. Flg . 4 shows the Iesllt ra~io a s a function 
of f illing preBSu~p- for different axial positions ot the ma­
gnetic probe. It is found that only some fraction ~i the 
total current f lows through the cs [3] and [ 5-e]. Other evi­
dence pointing to t h is conclus ion is obtained il~m image 
converter photographs and spectra l diagnostics. 
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INFLUENCE OF EXTERNAL BZ MAGNETIC FIELD UPON THE PROCESS 

OF CREATION AND DISINTEGRATION OF PLASMA COLUMN 

IN PLASMA-FOCUS DEVICE 

S.Czekaj . s .nenua , A,Kaaperczuk, R.Miklaezewak1, M~P.duch. 
S,Sledzioski , :I.Wol.kt, M.Zadrozny 

S , Ka l!skl Institute of Plasma Phyo.lce and Laser Microfualon 

00-908 WarsBw 49. POLAND 

The experiment wae carried out on the PF-150 8yate~ 

of t he foll~wlng par8!11etara: Eo.50k J~ Uo·30k:J: IlIex·600kA. 
r ce.2 .5C~ . foo-Som. Th e aim of the investigation we8 to 

identify the instabilitiea which are generated 1n the pinch 
end t he P08t~plnch phase . The Call ~y8te. applied ana bled 

to obtain initial Bzo field WitHin 0 + 2kGe fange. A d8ta~_ 

lad de8cr~pt~on of the experimental syerall 88 well 88 wider 

dlecussion Ot the obtained resulte ere present ed in ref. /i/. 
A particular at t ention wos peid to invsatigation of plaama 
dyna~ice in collapse phase snd plasma colu~n creation end 
dieintegrat: on phosea . 

Tha ~r~6 ence of fiald 8z involvee i~portant changes 
in pla sma sheeth behaviour in collspae phase: 

plasma 8~eath velocity de. 
creasea particularly in the 
flnal ltage of the collapae 
Fig.i 
widani~ of plasms sheath 
froll ~. r_0.15cIII for 8zo .0 
up to Llr_0.7cm for 8zo ·2kGs 
appears at tha distance of 
0.7 - O.Scm fro~ tha axia, 
which teetifies to free pene­
tretion of the field Bz ac­
roaa tha shock wave front 
Fig.2 

, 

· ! · : , , · , , , · : , , 
... -.. 

• 
Fig.i. Plasna aheath vslo­

city vs. radiua. 

pl asma sheeth curvature rsdius incree,sa which involves 
reduction of plaama axial outflow. 

Fig.2. Profile' of the plasma eheath concantration 
for Bzo.2kGa, 6t.32na. . 

8y means of s megnetic probe positioned on .the axia of tha 
sys tem it was found that the field Bz hed besn compreeeed 
to the valua 8z _65kGa. Th is testifiae to tha fact that 
the plasma eheath completely ewaepe the field. 

In the phaee ~f plasma column craation the magnetic 
Bz change, plaama characta ris tice ss f ollows: 

lII inimu. radiUS of the column at max i .u. cOlllpreaeion grows 
decompreesion phase duration .s well ae maximum rediue 
of th, colUllln reached at tha end of . thie-phaae incresse 

Fig.3. 
diatributio·n of pl.a eme concentration in the column ie 
Virtually differant. The colullln ie··he ..... e of cheracteristic 
hollow etructu re with deep minimum of concentration et 

the a xie Fig.4. 

The pr,eencs of the compreaeed field Bz in the plesma 
column changea tha ·mechaniem of its disintogration. Without 
tha Bz field, efter 10~30na from tha end of decoeprelaion 
phase there follow, dieintegration of plees. coluan by MHO 
t ype instabilities /~au. lly 2 nackings along the colusn 
length/. For 8 zo-o.5kG8 the mechanis. of diaintegration is 
eiailar but the number of neck1ngs incraaeee up to 5 • 6, 
howevar, for 8t! lkGa the increment ot the i natability 
growth ie too emall to ceuee disintegrati on of the column. 
So diaintegration of the column fo llows through diffusion 
of the field Bz i~to the exis of the ~yatem. 

Si~ultaneouely a slow development of ~_O and m.l types 
instsbilities ia obse r ved. 

QI' 

Fig.3. Oecoop ression time and 
maximu~ redius vs.Bzo ' 

Fig . 4 . Pla s ma column con­
centration profiles. 

Fig.5 . pres~nts a dependance of an ave rage lifa~timo o f the 
column upon the initial Bzo fie ld intensit y . 

/ 
D 

Fig.5. Aversge lif e-time Fig.6. Totel noutron yield 
of the column va.Bzo ' vs . Bzo ' 

This parameters ie defined to be a time interval between 
meximum compresaion end disappea rance of the coluan, inde~ 

pendently of the mechenism of ite diaintegration. 
Th e preeence of the fisld Bz cauaes rsduction of total neu. 
tron yield /Fig.6/ · aa ~ell a. X radiation .eaiaeion. parti­
cularl y from tha near-al.ct~oda region. which ·i. in conai.­
tance with ~e.ults obtainad el •• where /2. 3. 4, 5/. 

Experiments are actually parformad in which tha influ­
ence of Bz extern.l .agnatic fiald on the alactron and ion 
beam intensitiee ere inveatigetad and .acroinat.bilitia. 
ara ldentifield in a mors detail. 
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JII".G. RESHm'BYAK.. R.D. 1IXIoADZE, K.V. BUL.LDZE 
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the Stat6 Oomaitte. on Un1l1sation of l.ta-ic 

FAerQ. Bukhuai. USSll 

~ paper deals .tth- eaper~.ntal ~.8tiBati0D8 of a 
pl .... focue etetea .tth depr8 •• ed s.coDdar,f bre~.lt 
is 8hown that nth •• coD4ar7 lJn~owna remo..-ed. f~ the 

disc.barse gap, J1iIuuon and bard L-r.q r&d1at10na an of re­
luajion t,.pe. In opt1lla.l discharge. total durations of 
the .. r ad1ationa are 1,5 and 5 e. r.apective17· 

!he .a resulta haVe ·been o!tai:U4 ill • device (Hg.I) 
ha"'l'"1.nS the fonari.D6 
paraa.t.rs, ... 0.5 M.l. 

of disc.barge cUrrent, 
20 kY of the conden­
.er bank voltag •• 
,8 kJ of stor.d anar­
t7. 'l!b.e discharge 
was 1n1tiatad betw •• n 
tu~ar electrod.s 2 
, placed , ca apart 
(hollow copper elec­
trode. are I4<:a in 
d1. ... t.r e.nd: . 20ca in 

length). 'l!b.. nect­

rod •• were situated inside the large-voluae vacua chaaber. 
Tbe chaber wae puaped to 10-6 'torr. The diecharge Bap wa.s 
fill.d with d.uteriua b,- .. ana of a ·pule. n.lve (I) vill'. the 

cathode (2). 
~e o~tt.al operation aod. of the 8~.t.. eharaeterized 

b7 the peek output of hard X_rqa haa been found as a :t\mc­

tion of neutral Ba. deneit," ·distribution over the illteHlec­
trod. gap (l'1g.2e) . Th •• ost interest1.D.g t;ype of pleaa d,y­

naaiee i. developed atter the fixst compression stag. of 
"the curent aheath • .An ese.ntia! feature of the plasaa 

[,irA 

.~ 

"'~ .. . . ~. (, a 

, . r""r!l 
l11li ,': ' :-

Fig.' Total disc)llrse cor­
rent traces (a ); (ll) voltage 
at the electrod.sl (D) n.ut­
ron dN,/dt ,Cd X-raJ 
d Nt l dt pul.see. 

shed;h ~ce 18 the cu­
aulat1v. jet .j.ctions 
aloDS the disoharg. an. 
aid.d "b7 the geo.en,- of 
a converg1Dg pl&B&& later. 

Hgs., a.b show t;yp1_ 
cal -current-voltage CurT.S 

evid.nciDg that the cur­
Hnt 1Ih • .,th rad1.al coa­
pressin to the axis is ac­
companisd "b7 a sharp rise 
in Toltage up to 4Or50kV 
and the diecharg. ·current 
drop. ~e first specific 
feature oppears in the 
current aDd Toltag. CurTes. 
~ter on, the epecific 
fea"tares recur; therefore. 
the current and the vol­
tage attain a r e1824t1on 
charact.r at this etes-. 
OUrre.nt drOps and Tol tage 
riseo are each time occoa­
ps.n1ed by qn.cbronous pul­
s.e of neutron and I-rar 
eaiesions (rlg., c,d), 
this beag a character1s­
tie teature for the dis­
charge operation etud1.d . 
[ I ] . ~e total perlod du­
r a tlon for the neutron 
anssion 1e n.e.rl,. ... 1.5 ., 
whils the hard X-rqs 
b .st tor ..... 5 s. 

Ths r.sUlt. of magne­
tic probe and 3pectroeco­
P7 •• asur.mente indicat. 

0-17 
-that t here are no secondary break- downs in t~o system utter 
the peak compression etage for a rew microseconds . Tbe ob­
servation ie confirmed by high-speed pbotoes ot the dis­
charge shonDS "a dark paus~L2)exi stenc e which is evidenced 
by the Dp line behaviour (F1g.4b). Comparing high-speed 

Fig. 4 Traces for:(a)neutron 
pulses; Cb) D}line. 

1'1g.5 Bott;" X-re;r picture or 
the pinch. 

photoes with oscillo­
grapb traces (Fig .4b) 
it is seen t hat D~line 
intensity i s sharply 
decreased at the mo~ent 
of the maximUll1 plasma com­
pression-; This fllct 
witnesses that tile plasma is 
fully ionized tor~2 s . 
.i.t tbis etO{!je of thCt 
discharge there appears 
a neutron emission (PiS;4a) . 

The pinch pboto in 
hard X- ro;ys (Fig . 5) has 
an image of a filament 
stretched along the 
e.xis ,-O,6 cm in diame­
ter and~} cm in length. 
Tbe pl asma electron 
temperature varies over 
the range ot 0,8+1,2 keY . 

Collector measurements showed that ion end electron 
beams are tormed at the moment of a specifi c feature appea­
ring at the discharge current curve in the axial direction . 
The ion beam enerp;y spectrw-.l ".'lalYl:Oed using TholilSon maso­
aDa!yzer indicated tbat the accelerated deuteron energy 
lies within the range of 2~150 keV. 

One of the principal factors indicating the type of pr o­
cesses i n the system investigated io a spatial distribut ion 
ot neutron tluxes . The experi mente showed that for the re­
gillles studisd, neutron fluxes in the 8J[ial directi on (tPo·) 
are 1 .2- 1 ,4 times exceeding the ones in the normal direct10n. 

'lb.e anillOtrOP7 coefficient is K: <1lfSO ' /$90" ..... 0.6 . Ths spa­
tial aD1sotropy grows with the incrsase in neutron output, 
which uounts to . ,109 neutrons per discharge. App.u-sntlJ' , 
a c.rtain part of neutrons is due to the higb-temperature 
plaaaa while another part re sults from accslerated deut-
rons interacting with the gaseous target. 

The azperimental data anslysis e1lpws us to ouggest that 
current and voltage t uncti ons , generation of bsame and hard 

radiations obserTed tor a well-developed discharge stage 
ere due to plasaa oolumn dieruptions f3]. Suoh $ stllte in a 
discharge oceurs several times being epecit1c (charaoteris­
tic. t,pical) for the given plasma· focus s1stem. 
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M»:::lWl'ISl1 FOR GENERATION ,OF NONEQUIL.IBRIm.! 

PARTICLl!S IN DYNAMI CAL Z-l'INCH]Q. 

Yu.V.Matveev, R.G,Salukvadze 

Sukhumi lnatitute of Physics and Technology , 
Sukhumi. USSR. 

A.BSTRAC'I'. Ueutron emission in a Z- pinch has been inve.­

stigated in the region of the se~ond singularity in t he 

discharge current. It is found that' filament formation 
process exerts a positive effect upon deuteron acceleration 

in an electric field generat ed by a switching off breakdown. 

Neutron output is increased 1D-}O times by a reverse trapped 

field HJ'b' 

There is no consistent treatment for radiation generating 
r-ellime's in Z-pi ncbes up to now. The features observed /1/, 

(letermining radiation generation in the first regime, 1. e • • 

in the region of the first "singularity" in the current 
(small neutron outputs , neutron and X-ray pulses of various 

durations) are satisfactorily explained /2/ by the type of 

switch- off breakdown- generated e.m.f. pulses. Crosa-aectio~ 
of D- D reactions versus deuteron energioua and various 

permeabilities of radiations are also taken into consideration. 

It is supposed that for the following "singularities", 
radio.tiOns are predominantly generated with the particles 

accelerated while the pinch is partitioned into current 

filaments /3/. 
\'I e have studied 1:'adiations generated in the second regime, 

i. e . , at the second "singularity" in the discharge current 

(a trained-up porcelain che.mber, i.e., with metallized walls, 

~8cm in ~ameter and 50cm in length; Wc ~ 15kJ, Vo=24kV, 

Io~3 ·10 A/s, Imax ~ 3,5' 105A, T/2 ~ 9~, Po~ 2. 5 ' 1 oFTorr 
D2 ). Such dischar6es show diffuse distributions of the com­
pressed current, gas captured by the second luminous sheath 
and plu::;mB. d'eco,y into filaments a..fter it becomes expanded 

pant the first "singularity" . 
It bas been established that the filament-formation 

process is the property peculiar to the trained-up chamber 

discharges with the initial pumping-out less than 10-5Torr. 

Plaoma decay into current filaments is much reduced by 

auding some heavy gas (e.g. , 0,5% of Argon) to D2 , 
Flg.2 gives the data showing (a) plasma availability at 

the chamber wall, (b) current charac~erlstics in the supply 

circuit, and (c) neutron burst. The figure also shows mag­
netic probe data (the prob.es being placed at various 
distances from the chamber axis) and (d) S - v the probe 
• ~m4 
data concerningYcompression at the axis. The neutron burst 
could not be expl ained by a coaxially laminating /4/ 

equilibrium pinch plasma decay into filaments (H~ sign is 
rcversed) . At the same time filament formation preceding the 

. radiation is an important component the particle acceleration 
mechanism. This is evidenced by the same influence of 
impuritios upon. the filament formation and neutron outputs. 

Neutrons appear when the pinch is turned off by the 

wall - side secondary breakdown (Fig . 2) shifted from the 
halfcycle end towards the second "singularity" re(l;ioD by 

decreasing Po' Thus, turning-off breakdOwns are common to 
the processes providing particle acceleration in various 

1.'ecimes • 
While generating the radiations, the e.m.f. directed 

along the Gentral current amounts to 50 - 70 kV. It is 
1,5 _ 2 times the e.m.f. excited in the first regime /2/ 

and provides an explanation for the energy of majority of 

accelerated particles /5/. Such an c.m.f. is realized by 
the L _ R circuit resistance equal to 0,2 - 0,4 Ohm. 

Additional electrodes nearly 2 skin-layers in thickness 

. 1.ntroduced into the chamber made clear that the length of 
lines with H ~ 0 between the filaments and the diameter of 

the reg:),on with an electric field providing neutrons are 
'" 24cll1 and _10cm , respectively. There is no evidence of 

electrode-side processes positively influencing ~d 
radiatlons (electrodes were made .of materials with various 

melting ·points; the electrode surfaces had been iced by NB}. 

On applying the R~ field opposite to the discharge 
currant fi eld , in front of tbe plasma sbeat~, 10 - }O 

rise in neutron emission has been observed. /6/ . (Pig. }). 

This rise in In is due to increasing the s.m.f. up to 
~ 100 kV and possible elongation of current filaments. 

Neutron outputs increase towards the cathode (i) in a 

chamber witbout plate electrodes, (ii) in the chamber com­

partment 24 cm in leDgth, and (i11) on impolling the H~ 

field. This is due to filaments of various lengthB. 

CONCLUSIONS. ~cceleration of charged particles along the 
Z-pinch in the regime with radiations generated in the 

region of the second "singularity", is realized by the Ez 
field formed at the switching-off breakdown; acceleration 

of particles is promoted by expanding pinch-plasma decay 
into current filamentB prior to the breakdown; a reverQod 

trapped HFo field enhances the neutron output 10 - 30 times; 

there is no necessity in using a m=0 mode instability in order 

to explain accelerated particles in cylindrical Z-pinches. 
I t is a , pleasure to thank I . Ya.Butov, V.I.Baryshev and 

L.P.Stoopnitskaya for their help. 
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1I'1g.1 Filament- formation probability in" (1) tor 
the first ourrent balt-cyclel time intenal Cll) 
from the first "singularity" up to the OIlSe1i 

of filament format i on process, (J11) - time 
i nterval betlreen the first . IUld second "singul. .. -
r itios" . Neutrollll are reoorded e.t Po-a 2,5 '10-

2 

Torr D2 • 

F1g.2 Probe SignalD referring to a Dingle discharge. 

1'1g. } The peak neutron output Tarsus R~ (r--1}am) 
with the rod 0,8c1ll in diameter. Dotted line 
s bows tbe poak emission in rodress experimenta, 



KINETIC S'U,BlLITY OF BENNETT PINCH 

A. S. Sharma, U. Krlahnamurty, A. Sen a~d A. K. Sundaram 

Phys ical Research Laboratory 
Ahmedabad 380 009, India. 

An equil ibrium of a cyHndrlcal plasma iIJ the well known 

Dennett pinch. Tbe plaama in thla c~n.uratlon carries a current 

alonl Ita u:iB, producing a n aslmuthal maJlllltlc field 'tI'blch In turn 

confine. the pluma. At equU lbrlum the plasma la c har,e neut ral 

and hence has no e lectric Held. An exponential distribution function 

for this equIlibrium is constructed from the constant s of motion: 

the e ner.,. 

Ho • fm Va. a nd tbe .. dal momentum 

pz· m Vs + q Az ( T ) I c, where As ( 'Y ) Is the equUlbrlum vector 

pot.DUal. The seU--coneilJtent equIlibrium densily and az lmuthal 

ma,nellc field Be( 1" ) pronIes are obtained from As ( T ) : 

". Bo K'1 

n ( Y ) ., (1 +ll / 4)KfY"2jt and B e ( T ) • n+(iT4")K2"y""'7j 

wher e K la the scale-length. 

To investigate the s tabUtty of the Bennett pinch, the dletrl­

b utlon fun ction In t he presence of the perturbation may be divided 

Into the a diabatic and non- adlabatlc parts1• The adiabatic part main ­

tains the form of the equUlbrlum dlstrlbutlon functln n, wh .... e the 

non-ad iabatic part consists o f the resonant contributions, etc. The 

non-adiabatic part of the d l, trlbutlon function Is obtained by Integrat­

Inf over the unperturbed particl e orbit" For the Benneti e qulllbr lu 

the majorlty of the J:art lc lee .re In the v icinity of the bis and In this 

re,loo B 9 Is Hnear in the radial distance T. Conseq uently t he 

majority o f the particles execute betatron orhlls, which has la r,e 

excursions across t he axlmuthal field lines. This demands. different 

approach to the radial el,enmode a nalysis compared to the case of 

small excursloo Larmor orbits. In t he procedure adopted In t h is 

stu~ the e lgen!unct lon l a r e expressed in terms ,of Belsel functions, 

wblch are Ihe vacuum e'lgenlunct lona of the cylindrical Iyatem under 

con sideration. With Ihla representation a proper deacrlptlon of the 

atabUlly problem when the dominant particle orbits are betatron 

orbUa la achieved. The elgenvalues then are the roots of a matrix 

dls perlllon relatlon2 , In leneral this dispersion relation cannot be 

solved an a!,yt lca lJ,y a od the eige_alues are computed numerically. In 

t he case at electrostatic perturbatlons 3 of the type 

q" ~ "'1' \. i (k~ + \,"a - ",I;-)}. 

tb-e radial eigenmode equation Is a lIecond order ordinary d iffe r ential 

equation. Among rhe elgenvalues computed from the matrix dloper~ 

slon relaUon for thla calle at low Crequeoc ies an unstable elgenvalue 

has nearly zero frequency and another elgenvalue haa finlle fr equency 

but la heavily damped. For t.)_kv, where V, Is the average velo ­

clly of the Ions, an analytic expression for the elgenvalue Is ol.lalned. 

This mode with glveo It and ~ la helical In stJ:ucture and can 

resonate with the particles which al.o have a helical trajectory . The 

resonance drlvee the mode Llnatable3. In the case of el ectromagnetic 

, perturbation!!, four coupled lecond--order ordinary dif!erent~1 equa--tlon' In ( q,1 ,A1) constitute the , adla l elgenmode equation. The 

perturbed current density In the sxu,1 direct ion is found to be doml­

oant a nd the above set of four equations can be reduced to two coupled 

equations In cP I and All· The elgenvaluea of the electromagnetic 

modes are computed numerically fr om the resulting matrix dispersion 

relation. At low frequencies t he magnetohydrodynamlc modes are 

expected t o be significantly modified due to the large eXcursion beta­

tron orbits of the particles. Also other e le ctromagnetic modes such 

a. the Allveo, magnetosonlc and h\,Jh frequency modes are being 

inveot Igated. 

R efer e nces 

1, D. Pflrsch, Z . Naturlorlch. 17A, 861 (1962) 
2. R. C. Davidson, Phy •• Fluids.!!. 1189 (1976) 
3. A. S. Sharm a, Plasma Phy.lcl (communicated). 

• 

• 

0-19 



D-20 

'l'HE ntPRO:1.E:.:bll.i ri OF NEUTRGlf n r-iD ANn DISCHARGE SYMMETRY 
OF TliE. PF n;::VI C: 

/. . Jcrzyk1ewlc~ ..... JOI;ca . J , ;'/olo'l"kO'",o kl , C. Pochrybniak. 
J. ;"'eH nZE"'skt 

lnst! tute of NUl,:lear Research, S1o'1erk. Poland 

AbRtract: The pape r pt'es lm"ts the reflult of investigatlorul 
concernlna: the influence of electrodes systelll gOOQletry 1n PF 
MAT.tler_type device on th .. r"produc;i.bil1ty of ncutrrm yleldlS 
!wd apacial pas! t1onJ.ng of the pinch. The work 'Was done on 
lh'l!: apparatus PF- 20 /21 ,..F. 33 kV/. 

The reproduclh1l1ty of both neutron yields !Y! and the 
tlJ.lsclal post tioning of the pinch are of high importance in 
l'!aama Focus- Laser / 1/ ~X"t1erilDents. The presented in the pa­
" er sYl'lten:atl'c Inveatlgation or the problem was undertaken 
..,iter prel1mln.:lt"Y rQsult~ /21 that proved the spread of 
neutron }'lelds to be much 15reater than the one given In the 
publiclltions I .V . A.t the aar:Je time, it turned out that fre­
quently a pinch W(l a !lhifted in relation to the elect.:-ode sym­
metry axIs. 

The illve lltig;:J'.Jcn wa.s ~d" on t he PF- 20 apparatus l e. 
21/lF", v .. 33'1.'1/ . The inne"f' e lectrode shape. naDJoeIy the 

f:·ont ce:v1ty . simulated. the arrangell>ent of diaphragms snd a 
lens introducing the l&ser beam into the pinch region. 'l'he 
usltd electrode systems are shown in the fig.l. The changes 
comprised th", insulatillB syr,tem and the outer electrode. The 
.for rller on~ consi.'lted .1n pro ..... ing two alurnina insulator ver­
~l ons - pul l~u ove r Ilnd inserted in the electrode Ifi g.la. 
1b/. For ellch verl'lioll the varJatlon of thlt distanclt d bet­
we~n the ring- I Jke outer ~lectrode protrua10n and the eylin­
d:-ical insUlator surface was effectuated . d • 0.5 . 2. 5 , 
£.5 mm being appli~d . The ~~tter consisted. in repla cement of 
A solid electrode by 8 per r ... rated one /flg.1c/. 61 ~ ot the 
s w-fDce relDOved. 1\10 ven;lons , wi t h 'l{a11 thicknells vf 5 or 
::! mm .... e'·e appl.led. 7hat electrode was In tUM'l exchanSed by 
0. rod type /flg . ·' rt! . ·~· .tt.h the electrod.eo 1c. 1d only the 
dI stance d • 0 . 5 mm W~B useJ. 

The neutron ylr. ld Wl:l Intc'asur<!d wl th 8 silver counter. 
The phc.togrephll o r the ptm:h .... e !~ made with,! D 0 . 2 OIQ pin­
hole CIUllera Al filtel' :: . 5 j.lDI. The pure ilZ .... as used . I n one 
cas t! /electrodes 1b, ,J .. 6 • .5nw/ the effec t of ~: Z admixture 
10. 5>;, 2Y>, t.." of LJZ preslIure! Wl!."J Investigated. 

The p~3r.I,tcd 'r el>ultl> oJ neutron yIeld for a siven 
electrode arJ'llngement. and gas condI tions contain t he vltluetl 
;:.l r.. ked up . i n a se '~ U'!n r.e oJ lL few .6e,'1es , usuall}' pe rfor med 
.,.,1 thin a few daYtl Jler-1od . E:ten 3erl es coroprl ~ed 8bou t 10 
d.J Ilch.3rgea made wi th onr. g8S filling. Se r ies done on 11 gi­
ven day ·were preceded with t~r.ln1ng discharges . Seld~ a 
.... hole sequence was done i ll one day. en the ground of lone 
sequences /n;:,:.150/ perforue d w!t.l) e]ectrode arrangemen'l:: 
f 1g .1a we stated that tire .r.aj"riW of ca.:;es gave Poisson 
di.str1buUcu ~o ! · neutl"c." : .... Jejdr. /ng . ':.I . 

Ih~ estilf.tr1.J m, u" repri1duc~1I111t:.· of ." ""as done by 
,. .. 1 .... ·I~ .. ·' ''., the 'fs .... Ja nc!! f 07" a uart tcul.n' !,;e'luence : 

1 Ln 
2 .- ('1-y.) n-1 , I ,-I 

Xi - neutron yield 
y _ the mean value for a sequence poa.sl!lIrsIng D results 

~:n d~~~i~~n b~ 1 ~/~~~o p~~en~tr~n gr~:~d i~a~!bl;e~ , t~o;h6., ~ 
~2 mixture 1n table 2. TIle shtided arears show · P?' .... hich corfe­
spond· to the optilllUPl lIIE'nn neutron yi<!lds. given in the last 
colUllln. The figure 3 shows exelllplary plots. The curves at 
neutron yields verS)l4 pressuff for ",orne calles aNt given .tn 
flg . 4.5. Exemp1ery hlrstograln8 are shOlm in the f1g . 6. The 
notat1on in the dra .... ingrs 1s the same 6S In the tables 1, 2. 
We stated that valuelt of P.' for a given series are substan_ 
tially smaller than tor a .... hole sequence of series. It seems 
that ~ diminishes .,.,ith the increase of Y. The smallest va­
luos • about 2U~ were obtained for e lectrode sYlltem 1b and 
ld. 

...... cOIlll,iUU'IiHl a di!lcharge as symmetrI c .... hen. In the 
Imago, the d111placelllent of 1 tD e.xia In rel~-Jon to electrode 
ayste~ ax1s was smaller than n half of the pinch dla~ter. 
The analysi:! of photog·,.sphs exhibIted a conlliderable di f · 
!erenc~ In the fractI on of sy~tric dischargers for dlverlle 
electrode arrangement _ from a dozen 01' so v.. almost 100% 
/table 3/. The greateat fraction was obta1ned at d • 0.5111111. 
the poorut at 6.5Iqlln. The nl trogen ad.nxture sublStiantiall3' 
elevated the percentage· of ay~etrical dlechargea lteble 3/. 
It may be well to add that. contrary to the pr ev1 ou8 notions 
e.g. 13/, even at quite nonllymmet rlc dischargea the neutr on 
vield~ close to maximum .... ere noted . 
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CONPU~TIONAL OPTIMIZATION OF THE~ONUCLEAR REACTION INTENSITY 

FOR MATHr:R'S TYPE PLASMA-FOCUS DEVICES. 

Z.Jenkoricr., A.Masloweld:l:, ~.Jerzyk: iel'icz , M.Rabi!laki , 
Z. Bartoeiewicz , J . Kala t • 

Inet i t u te of Nuclesr Reeearch, 05- 400 Swterk, Poland. 

:l:Technical University of Bi slys tok , 15-)51 Bialyatok, Poland. 

Abstract: ThlS paper preeents the r esults of t he thermonucleor 
reaction intensity optimlzstlon for the Mather's type pIa5ma- fo .. 
CUB /PF/ davicea. The calculations were caried ou t on the basie 
of'~ dimensional MHD model tor the r adial phose . The optimiza­
tion problem, that ie maximization of the integral volue or the 
thermonuclear neutron y iel d , WBS ool ved using Dsvidon-Fletcher­
PoweU method . 

IntrodUction: The opti~ization ot PF device in / 11 was worked 
out on the 60eie ot 2D snow-pI UN mo~el . Hnw~vp.r, i t was only 
electrical model which did not take into account the plasma 
compresaion and hea ti ng in the rad ial phase. Such on analyoia 
is possible using the t.!HD model. Uni"ortunatel:v. be cauoe the 
2D MHD model i nvolve long time computations, the optimization 
of PF parameters is very difricult . To omit this problem in 11/ 
the autora t ook i n to considera tion fin nhp.n omenol ogicot manner! 
the CI4, Imshennik' s peramster /adopte d to Ma ther's type PF d'1 -
vice/ introduci ng the lim i ts to availablP. ini ti'll g'l~ densi t y q. 
and the inner electrode r adius R • The optimization aim wss th~n 
to r each, at the pinch moment , ~iI!~ym of curr fln t I becau se 
the t otal neutron yillld is NN T' . S imultaneoBsl y the v'llue 
Ip should !'ulfil the conditi ons PtlllPosed on al. , / 1/. 

Optlmizatlon problem: The alm of the presented paper is 0rtim~l , 
fram maximum nsutron prodUctlon po int of view, choice of in~till 
parameter s s 'lch as q; , R , L , T , where t ,R a r e defi ned O!'l 
before and I , Lo aPe c8rreRt aBd i nductoRce it the beginnine of 
t he rad ial pRase , respectively . Simul taneously, we proof the vali­
dity of the concept of introducing the Cil, pR. rame te r i n /1/ . 
We choiae a9 qual ity index of optimizati on the integral value of 
the thermonuclear neutron yield, detined as; 

where: ~(X ) - maximum t ime validity of MHD mod el , 
~7Zl - radius of plasma, 
n ( t,~ ) - plasma concentratlon, 
T. ( t,J: ) - ion temperature, 
Xl - (i.} =- (q; ,R , L , I ) the se t of parameters , 
~, ~ 1: _ p~ai~al ~ons~anta /2/ . 

11) 

Ae it i~know the total neutron yield in PF discharges i s 
caused by not ' ye t explsined in detail phenol!lena , 90 r e1.ation ( 1) 
CSADot describe the real values of N at length . Neverthelees , 
on the s cope at WHO approximation, the thermonuel ~ar ~odel ot . 
neutronJanerstion is the moat raasonab~e to appll~d ln determl­
nation . N. It is ~lso po5sible t o optlmiae the f7ns l values 
of n ( ~, r ) and T

j 
C!k' r ) at the moment of plnch £orm~­

ti on, whftt is the on of the main plasma ana lysis purposes ln 
gener al •. 

Model: The R C t,Z ) , T, et, x l , I}.tt,!., rl,lnctione, occuring i n 
~are obtained by s olT'tng tlie 11"£ D lIathsmatica~ mo~el of 
radial compression /,/ . This mode l UAder consideratlon lS th~ 
syatam of six YHD equations des cribing changss ot concentrstlon n , 
redial vslooity v , wagnetic field H~ , ~on telllperature T!.,elec­
tron. te.peratu~8 f and the averaged s~lsl velocity vf,w th 
ad4itianal eQ~tiOA· of total electri c clrcui~ ~or find ng th~ 
inst&n'-QOua. value of current I l t ) . Con8srnlng the calculs tlons 
o~ I tt ) .val lH8of L(t ) snd R...t ·t 1 , that is the inductance snd. 
obaic r •• istance of plasma a nd ex t ernal circuit, ere known from 
MHD equations. In consid.ersd ~ mOdel , variable length of the 
pinch resulted ~oa . the plasma axial . velocity during the plasm, 
outflow trom the .dense pinch region . The selfconsietent outflow 
calcu1ationa cause ths appl\~ model ~8 not a typical. 10 one , but 
includs the principal effect of phenomenon two- dimenslonality . 
The modal ia sol.ved . usiAg the implicit finite difference !!Ieth od i n 
theLagrangean Mesh. The cslculatlone were i n te~ruPted e t . the mOMent 
t when the YHD approximation r eached the l im1t of physlcal 
a~Ptication . 
6vtilllization method ./t/ : The opt imization probleM, thBt ia mexi­
mlzetlon of run~tlona ( 1) ,WRR aolvsd . usin~ Davidon-Fletc~e r­
Powsll method /;/, bsssd on variable metric technique. TOle a1go-
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r ithm was augmented by projection method / 6t , which ~~lved con­
~~~a~~i:ti~~~lem. The eequent point s era generated according to 

(2) 

ia a search dir ec tion i n k-th i tarati4n, ~ is step 
The dir ec tion ~ ia calcula t ad accor ding ·to the formulR: 

()) 

whsre 8k " DFh k' le gradient at the point xk ' Ho. is possi Hve 
derined matri:l:- - -... 

T T 
~k ~k l!.k !!k Ik ( ~ n ) 141 

Ek+1 • !!k + t t H 
Eh: lk lk - k l k 

~k "8K+l - 8k (51 

s nd the step length is determined as the maximum of the 
~unction t~F{x + t ~). During the gradient evaluation the 
partial der ivatl&es of~, T., R upon the! are approximated 
by f i nite differ ences ea follows : 

n l x+4X~j . t,rl - n(~,t,rl 
Djn l.!.,t , r l • Xj (6) 

and likewi se for T. and R. In order to evaluats (6) it wao neceas ­
nry to calculate t~e model in five point s - the f irs t deri ned ~ 
opti!!lizat ion slgorithm snd. neIt additi onsl tour points obt ained 
by pertur bation of x parametera ( x +4:1:· e

J
. ; j'" 1 , 2 , ),4 -'5' 

The vslue of the optimum perturbatIon w~s- found to be 10 . 

computati onal dirficultiee : The main di f ficulty connected with 
the compu ter progrsm r eslizAtion wa e a long time ot' MHO model 
calculations , as well as the proper choise ot' cri t er ion . parameters 
whi~n end the maximum aeeking in search direction . 

Conclusions : Up to thia t ime some numerical results are ohtained, 
es peclu l1y conserning the choi se of the optimAl accursncy parameters 
which caused the algori thm can bs computationally more efficient. 
The calculati ons were carried out for ~s veral a pri&ri select~ 
pc.i nts . SCire of those appeared almoat stationary onea , with a small 
i nfluence of x on rI . 

- 6 J S tllrting rrolll t h e gueas6Point; 9
8 

• 1.1 35' 10- g/cm, R = 5 em, 
Lo " )0 nH, 10 = ) . 10 A, the b tained r esults a re as t811 0ws: 
A. At the begi nni ng of the optimizstion process ths Ro radius 

decreased up to the J . 9 cm , while the other parallletera were 
practically constant . This fact caused decreasing o~ the depth 
ot' the current singularity at compression moment by reducing the 
inductance i n crelllent AL in the radial phase. 
At the moment of the endRof the pinch the current I rises when 
LloLR"Lo de creases . It leads to the plssma concentrll tion increase. 

B. During next iterations , when the inf1uence of R radius chs~ 
on value of f~ncti onal ( I) fell, ~he inducti !it~ LR .incr eased 
up to its maxlmum value 60 nH, WhlCh wss a chlved 0 1ta upper 
cone train t . Phyeical inte rpretation of thia f Bct is j ust the 
Slllle aa i n A. 

C. When L approeched its upper avsilable vsl ue, then Ro r aJius 
increa~ed t'rom 4 cm up to approximately 1 .5 em with t endency 
to grow up . I and f practlcally did not change. It m~ans 2 

i~a !a!~:d n~~S~s~~r~n B;i:lrr~~~!::e~ow because of n ~ 'toRo . 

During optimi zation procese ' the integral neutron yi eld N increa­
s ed about 20 times in compsrieon with i niti al value . COMputa t ions 
ars carried out . 
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ION BEAN MEASUREfu!NTS III CILnIDRICAL 

ION IMPLOSION FUSION PACILI'IES 

M.Gryzlnakl . J.Baranowakl . E . G6rakl.A .~orodenaki .L. Jakubow8kl. 

J.Langner ,M,Sadowakl,E,Skladnlk- Sadoweka , I . Zdanowakl . 

Institute of Nuclear Research , ~wierk. Poland. 

~. TholllBon analyzer and D20 lee target have been used 

for deuteron beam measurements in the RPl-5,RPI-15 and SOWA­
-150 facllities . Deuteron beams of mean energy of several 
tent h of keY and currents of the order of 100 kA have been 
detected . The total energy of the lon pulse produced by the 
15 kJ RPI-15 facility was found to be of the order ot 1 kJ. 

Introduction 
Generation of powerfull highly convergent lon beam le a 

key point of the ion beam fusion. G~neratlon of low energy 
lon beams of the order of several tenth of keY, in contrary 
to the ion beam-pellet fus ion operating with MeV i on beams . 
is a chara~teristic feature of the ion implosion approachr1]. 
The rod plasma injector /RPI/ operating on the basie of the 
magnetic· insulation concept inventsd in our laboratory[2-J]. 
seems to eolve the problem of the production of high current 
beaMS at a low acceleration voltage. In the last few years 
the efficiency of the ion acceleration in RPI devices haa 
been increased appreciably by proper designing of electrodes 
and proper formation of the gBS cloud (4). We present bere 
the resqlts of the ion beam meaeurements performed with ee­
veral our implosi on facilities /RPI- 5.RPI-15 and SOWA_150/. 

Methods of neaeuremonte of ion beams 
In order t~ determine an ion beam intensity two different 

methods were applied: a direct method based on measurements 
of an ion flux by means of a calibrated Thomson analyzer and 
an indirect method based on d- d nuclear reactions induced on 
an additional diagnostic deuteron target. 

To get additional informations on the ion beams. aome 
measurements with Cd-paraffine collimators have been carried 
out with a scintillator counter . The neutron time measurements 
enabled the ion beam intensity versus tims to be estimated. 
The basic schsme of experimental system ie shown in Pig.1. 

Results of measurements 
Mass-energy analysis enabled energy spectra of emitted 

deuterons to bs detsrmined. The typical spectra for the 
three. differing only in the supplying syetem. facilities 
RPI-5. RPI-15 and SOWA-150 /work1n& ae a RPI deTice/ are 
ehoWD in Pig.2. It ia worthy to note that the mean energy 
of the i on beam increasea with · an inoreaee of energy of 
the aupplying eystem. rbe detailed calibration measurements 
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mads possible the determ~nation or an absolute Talue of the 
ion, flux ~d the total energy of the ion beam pulee. 

Neutron measurements with the D20 target /Flg.3/ enabled 
to determine an ion pulse shape and /a. combinatlon with 
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mass~energy measurements/ 
a180 the absolute Talue of 
the ion flux. Time measu­
rementa of neutron gene -
rated in the D20 target 
haTS shown a etrong cor~ 

rslat ion between the .vol­
t .age generated between tbe 
electrodee of the imploder 
and the neutron yield. 
Under IIpecif1c condi tioWl 
neutron emission exactly 
tallow. the Tal tage chan­
a.'. ~he d~ation time of 

OB , 8 10 r the ion beam pulee has 
Mean Ini tiol Pfes~ - Po [pal I been found to be of the 

order oJ 200 na. Calcula-
Pig"~' tions of neutr9n yi eld, 

ae carrhd out on ths buls of the detected per!y apeotnm 
/'ig . 4/, have shown that the Mean n~ber of ions in the 
pulse is of the order of 1.8111017• 
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The obtained value le in a good agreement with the data 
obtained from analysle of Thomson parabola tracke. !otal 
energy of the ion beam pulse for RPI-15 facility waa found 
to be ... 1 kJ. Par the same facility the lIleen ion beam cur­
rent was of the order of 60 ki /the momentary T&lues e~ceed 

100 kif. 
Neutron measurements performed with a paraffine oollima­

tor, baTe ehown that the ion beEllll is in average inol1ne~ to 
the 8%is of the device at ~ }O degreee. 

ConclusiOn!! 
The estimated values: 1~ energetic efficiency of the 

ion beam generation , 1 kJ./cm2 initial ion beam density. and 
few tenth keV lIlean .ion energy. ehow that one of the tapor­
tant probleme of i on implosion fUSion has been eolTed. The 
other problem Which muat be now properly .olTed ia torma­
tion of an appriopriately oonTergent ion beam. At the mo_ 

a." the b.am ia tocWled in oylindrioal TOIUII: • ....o t tew 11.111-
meters in diameter and 1 - 2 cent~etere in l ength. Thia 
showe that ion b ... denaity r.aehe. the leTl l of 100'kl/oa2 

fa the fooal region. 
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A8S0RPTlON OF MAGNETOACOUSTlC WAVES IN HIGH- B pLASHAS 
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Instltut f ll r Plasmafors chung der llniversitlit Stuttgart 

0- 7000 Stuttgart 80 , Fed. Rep . of Gennany 

Abstract: The os cillations of a radially inhomogeneous high-6 plasma co­

lum are investigated experimentally and theoretically. The high-a plas­

ma is produced by a theh pinch discharge . The waves are hunched during 

the post implos ion phase In the frequency range of about .l I4Iz. The spa­

thl distribution of the ..,a.ve fields is determined and a high absorpti on 

is observed. 

The absorption of magnetoacoustic waves is an efficient mechanism to 

heat a plasma. It was investigated under various conditions In the put 
/1/. In thh paper wc present theoretical and experimental investiga­

tions in the transition region from the collision dominated to the col ­

lision\ess regime. In the theoretica'l treatment the 1inearised MlO-equa­

tions Ire used where viscous and resistive effects are included. In the 

equltion of motion Po'''' .=-- vl +q.,K~)+ (;'.-6.) _ v1( ( 1) 

we use the clanical Braginskli fonn for the stress tensor 7[ 121 . In ild­

dition the generalised Ohll" h w. Hu .... ell's equati ons, the adhbatic pres­

sure equation and the equation of conti nui ty are used. At hi gh tempera­

tures (TI >50 eV ) the stress tensor is dete,....ined by kinetic processes. 

We approximate it by introducing an effective viscosity coefficient In 

the chnical fOI"Jl to Igree with experimental results. At these tempera­

tures viscosity is the da.inant dissipation process . It can be shown that 

in this approximation axial ion Landau damping effects can be included 

/3/ . The investigations are applied to conditions of a high-6 plaSM with 

strong radhl inhocnogeneities as re<llised in the post i!llplosion phase of 

a theta pinch. The measured quas i -stationary profiles of density and mag­

netic field are given in fig. 1 for two different times tl and t2 after 

crowbar of the theta pi nch (tl: no magneti c fie Id on the ui s , t2: small 

magneti c fie ld at r - O). A usual assumption here is that the temperature 

is only weakly dependent on the r~dil,ls r. For oscillations of a cylin­

drical plasma of the fOnA S=S(rJei{If;,Z-flt) a coupled system of 

3 ordinary differential equ~tlons ·of second order for the radial and ax­

ial displacements Jr , It .and the radial component Br of the oscilla­

ting magnetic field is de r ived: 

,t. '/~+a.!!k+t1.-I + (. . .z. ... ) +(-.. 3; .. )=0 (2 ) 1'1,6." Il.Ar 13 r ~ (i_ l, 2,3) 

The coefficients ai k are f unctions of the inhomogeneous plas~ pa rame­

ters. the axial wavelength k
z 

and the frequency ~. Here, i n the post 111-

plosi on phase , the zerO order maglleti c field is relaj1.'1 to the pressure 

distribution by the equillbrllJll condition V{fo+ rJ = 0-
To i nvestigate the spectrUJI of the free oscil'ations~d the radia l de­

pendence of the wave fields (eigenvalues , eigenfunctions ) we solved the 

di fferenti a 1 equlti ons lIi th homogeneous boundary condi tl ons . 
For applications to experiments with defined magnetic field alllPlitudes at 

the boundary the mathematical inhomogeneous problem lIas treated numerical ­

ly. for long wavelengths (k
z

' R«l) the excited fields are only .... elkly 

dependent on k
z

. Theoretical and experimental results of such a case are 

shown In 'fig. 2 . it resembles with the case for kz " 0 investigated ear­

lier /4/. /5/ . Here no magnetic field oscillations are observed on the 

axis . The propagation of the magnetic fie ld to the center (rooO) is pos­

Sible for In equilibrium distribution as in case 2 i n fig. 1. This is 

shown theoretical ly and experimentally in fig. 3. 

In the theoretical investigation of the equations (2) the local reso­

nlnces of the cusp conti nu UII Ire strongly reduced by viscosity (fig. 4). 

Resonante curves are gi'len In fig. 5 for different values of kz• An en­

hancement of the amplitude can be obtained In I broad frequency band. 

Maxillal amplitudes are obtlined for axill wavelengths of the order of 

the plasma dlU11!ter. 
The upe:ri llltn tll set-up is shown in fig . 6; plasllil length 3 JI, phslII 

diameter 0 . 15 . , coil length 2 . , coli diameter 0.4 11 , . agnetlc fi el d 

1 kG, antenne coils dhlded In four segments, hYdrogen filling pressure 

2-5 IIITorr, "adulating . agnetic f ield 0.2 kG. The raagnetic field was meas­

ured by IIIIIltiple lIIagne tlc probes, the density distrib.ution by axial In­

' terferometry (C0
2 

and He-Ne), electron temperature by 900-laser Thomson 

scattering (40 eV). Ion telllPl!rature (100 eV, diamagnetic loop ). These 

melSurellll!nts corres pond to the time of the hunching of the waves (post 

iMplosi on phase, 4 psec after main field cratlbar). The waves were uc1ted 

by a w .... e hunchi ng circuit as pulses In the frequency range of 0.6 to 

1.5 Iflz : The radial .nd axial magnetic .... ave fie l d distribution were meas~ 

0-23 
ured by III.lltiple lIagnetic probes. The probe ·s i gna ls were Fourier analysed 

in time for a ctmparison with the theoretica l Fourler solution (fi gs . 2 

and 3). For a direct comparison of real time signals the equations were 

.lso solved numerically in a real tillle fo ..... 11sll. The lIW!uured and ul­

cuhted time dependent 8z(t) at the radial position r . 7.5 cm i s ghen 

In fig. 7. In both types of resu l ts(figs. 2 , 3 and 7) there is a good 

agreement between theory and experi .ent. 1.e. I4IO-equa tlons are capable 

to describe magnetoacoustic w.ve propagation In the investigated para­

meter range . The necessary choice of the macroscopic viscosity coeffi ­

cient of 0.1 of the classical value indicates however that kinetic ef­

fe c ts are significant. Related to those effects the i nfluence of axial 

lun landau damping was considered by Turner /3/, whereby the introduction 

of an effective viscosit,y is fonnall y justified. In our case this mecha­

nism is of Imporhnce for short wavel engths only (kz · R:»l). We attribute 

the strong damping occuring also for long wavelengthS to the effect of 

radial Ion landau damping . This damping mechanism leads to a .tohl ab­

sorpt1on ra te of 35 /ofoI i n agreement with the experimental results. 

~: 
/ 1/ A.R. Jacobson, C.J. Buchenauer , J.N. Downing and S.K . Thomas, 

Phys. Rev. Lett. ~, 897 (1976) 

III 5. J . Bragi nskii , Review of Phslla Physics. Vo\. 1. 1' . 213, Ilew York, 
1965 

/31 l. Turner, Phys. Fluids Q, 1415 (1980) 

/4/ E. Ho1zh<luer, G. Janzen, r. Moser; G. Mlllle r, E. R~uchle. 
E. Schnei der and p.G. Schill1e r, part of paper IAEA- CtI-37 I Q-3, 
Innsbruck 1978 

/ 5/ f. Hoser , E. R'iiuchle , E. Schnei der und P.G. 5chilller , Z. Natur­
forschung1±!. 1190 (1979) 
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RECENT EXPERIMENTAL RESULTS IN HELIOTRON E 

K. Uo, A. Hyoshi, T. Obiki, S. !-mrimoto, O. Moto j ima 

A. Sallaki, 11:. Kondo, M. Sato, T . Mutoh, H. Zushi 

H. Kaneko, S. Sesshou, F. Ssno , T. Mi zuuchi 
S . Sudo, Y. Nakaahima, N. Nillhino 

Plasma Phya ic s Laborator }' 

Kyoto UniVb raity 
Gokasho, Uji, Ja~an 

The Heliotron E (I) i ll an aeymmetric toroidal aystem with 

l a r ge rotational transform and shear. The major radiue and 

average p lasma minor radius are 2.2 m and 0.2 m respectively . 

The h~lical coil (1 - 2, m _ 19) produces a magnetic field of 

20 kG. The fi rs t phase experiment is to study the confi nement 

proFerties ' of the ohmi cally heated plasma and an Eca plasma. 

The full power operation was started in October, 1980. The 

f ol l owing results have been obta ined . 

I. Ohmic Heating Expe r imenta 

We have got two regimes of plaama parametera. 

~ (low IOH and large Ne1Ee plasma) ~ (high Te and low Ne plaama) 

Ta (01 

Ti (0) 

". 
' 0 • 

100 250 eV 

100 250 eV 

2 _ 8.5 

10 " kA 

30 SO msec 

(0.6 _ 2.0) 

10 _ 20 kG 

Te (0) 

Ti (0) 

", 
' OH 

'E , 
8 

800 

100 

0 . 5 

1000 eV 

200 eV 

1.0 

80 _ 100 kA 

1 . _ 2 . 0 msec 

20 kG 

A t ypical confinement scal i ng of ohmically heated plasma 

is that the energy conf inement time of the e lec tron, tE ia 
• invereely propotional to the drift parameter of the plaema cur-

rent, t VO/VT where Vo ia the drift velocity of the plasma 
• current and VTe is the electron thermal velocity (see Fig. 1). 

A fai r ly long confinement time (20 _ SO malic) haa been obtained 

' in a l ow current regime (CASE A, Fig. 2). To get a high elec-

tron temperature (Te (0) ~ 1 keY), the ohmic i nput power must 

be increased and t increases due to the increa8e of the plae .. 

current. The refore, the confinement time becomes short. and ths 

high temperature plasma is produced on ly in s low dene ity case 

at preeent (CASE SI . On the . other hand, high 4enlity is obtained 

in a low current regime (Fig. 3). This is closely related to 

the di8ruption free property of helio tron by the stabi lizing 

effect of the helical f ield. The disruption of the pl8ema cur-

rent which ia one of the e.vere problems in tok~ks ha e not 

be~n observed in Heliotron E. In low magnetic field (B ~ 10 kG) 

~nd high ohmic current experiments , the centra~ toroidal beta 

ot the electron reaches up to 1 ,. The obtained safety ~actor 

at the boundary (qoa ) is 0.9B wi t hout ma jor disruption. 

11. ECRH (El ectron cyclotron Resonance Heati ng ) Experiment 

A 2B GHz, 200 kW Gyrotron f or the ele~tron cyclotron reso­

nance heating was applied on the neutral gas without using the 

ohmic discharge. The resonance field wae 10 kG. A currentle8s 

pla.ma of Te (0) ~ 500 eV, Ti _ 100 eV and N. _ lOll cm-I 

wa. obtained as shown in Fig. 4. The obaerved elec tron energy 

decay eims i n the afterglow at8ge was 40 ! 8 msec, and the par-

E-I 

tic le confinement time .... al more than 10 maec . Since the e lectron 

. energy decay was dominated by the equipar tition with the ions, 

we solve a transport code to es timate the energy losses of the 

ione and e lectrons considering the neoclassical t heory. The 

results agrees with the Observed ones within t he experimenta l 

errors . 

I ll. NSI Experimentl (Near Future Program) 

The neutral beam injection heating experi ment in the cur­

rentless reg ime is expected to demonatrate the intrin8ic plasma 

cnnfinement charact eriatics of the heliotron i n contra.t with 

tokamaks. The neutra l beam injectors with the total neutral 

beam po .... er of 2 . 5 MW and the pulee duration of 200 msec are 

ready fo r operation . In j ection angle o f one beam line is just 

perpendicular to the toroidal direction and other two at 2B" 

fr om perpendicular direction . we expect good trapping effi-
m 

ciency in these i n j ection angles by Monte CaIro aimulation 

REFERENCES : 

(1) K. Uo e t al., i n the Seventh International Conference on 

Plasma Physics and Controlled Nuclear Fueion aeaearch . 

Srussels (1980) CN-38/H-4 
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RAIJIll'ION lOOSES IN 1.-2 S 'IELLllU1'OR 

IfItiI omac iiEATDiG 

E .D.A.Ildry.tk.hlIUl. , 1J • ..l.Blokh, G.S.Voronav, E.P.G1Wiuo, 

K.S.Djebll1n, v.n.Koleenikov, N.P.Larlonova, H.V. Lunln. 

O.I,Fedy anln, A.V.Paramouov, I.S.Shptgel ' 

Lebedev Physical Institute, Moscow, nsSR 

1. rnTOODUCTIOn 

Iuve6tlg~tloa ef plasma onorg] loss ch~ele p1mrB 

an important r ole in plB.lma energy balance stu:l1Gs.3nargy 

10s9&8 connected with impurities rad1&tio~ are ODS of the 

Jtain 1086 channelD. 

I n this report experilllcDtal results on radial pro­

flIes of rsdiatlvG 10BB pOWnr bLd spectral line I ntanslty 

distributions (iron and oxlgen beeing t he dom1no.ting 

impurltl~) OD L-2 stellarator am p~~3ent8d . 

On lnvestigation of L- 2 

plaslII.a energy bo.1811cfI [tJuo 

ranges of energy cooilnelllent 

time versus pleslIlll current 

dflpendence wore found to take 

place I 1:t I/B<1 . 2-1 . q. (plasm&. 

currant over magnotic field 

Etrtlll8th kl.jkoe) growa , 

if' I/D)1 . 4 1'nlls. 

MeaDuremo~ts ot radiativa 

loases ~d impurities obser­

vet i on have bee~ me~o for 

these r egimes. 

2 .ElPEHIMmITAL CO?IDITIonS 

r ig,! 

L-2 otellarator bas the follolvil18 par~oterl:i: 

magnetic field B.::20kOo , major r adius R::1 00CIIl, pltt.8t1B. 

rad1ue 1b.11. 5 cm , hcl1cal '.findings L.2, r otatonul 'CrOllB­

forro:C(O):. .185.(.(8);,785. Dellteri1.ltl pla.'lllla 1a ganeretad 

wi th ohmical dlocbarge , current 15 - 23 kA lasts 

25-30 InS . The d1scilarg(J tU& histoq for two ve.lu(le of 

plasl!1a current ( "K" , H::16kJ. and "B"t 12=22-2}ll:J.) are 

plottod in Fig. 1. Average electron deD.~ity 

ne"1.1~1013c;n-3 , electron te".peratu.re To (O)::400eV, ion 

tCOIperatul'e Tis70 aV, Zeff::3- 1+, ohw1c power P1:.40-45 kW, 

P2",75- 80 kW, radiation power W1=16-1BkW, W2=30-40 kW. 

3 . IlEStIIII$ 

} .1 KLECTRON 'B~'iPERAi'URK PROFILES werEI lIli)Jl,SurEd by Tbo:JlBon 

scatte.t'ing at r I a 40.6 sPd at r I a) 0.0 frolt pusi tioning 

of maximal 11no intensttie9 of l1g bt: impur1t1 sa (QII,OV, 

CII I, CV ). Electron te~pernturo i h the point of localiza­

tion of i on specimen W~ taken to bo 0 . 5~(1+0 .2) of proper 

ion1~ ntion potontial . Proftles ('18.2) look aB haVing high 

" • " "" 

- - --a, 
Fig.2 

'~' I !~ 
(7./12) {O L ) 

F ' :o.D5 fT/d} {j] 
' 9· .... 

Illope l'e~on at 6 to B cs cnd 101' temperature platoan in 

poritery. Gener4L Vio" ef Te(::') le unaffocted vith p111Baa 

etlrntQ.t VaL'1a'tion, Te(r) ill eoruotr..!lt , h.1&b teJ:lperature 

region .!:!lightly expands. 

3 . 2 iljOIAXIVJt :was P.J!01IIa5 

9.a:i1s.tion jX)wttr was 130e;lIU'od with pyroe l~ctrlc detectoro . 

Both a.bso lute rad.1atlon palllOl' 6lld 1 ts temporal b ehavior 

68SElIl.Ually det'Olld on plaal!1/\ current . It plu\llIl cllrrent 

eQ.\lalli tu 1'1 rell.ltl Ye 1080 power 1& ~ of to tal 

ohlUo POI7fl.r, i n the 12 ce.8& 

1 t cbo:o.geD fl'O~ 20 to 5O%i 

during t.he dioebarso . 

ProfileD evalua~lon wea 

carried out b;r conventional. 

Abell pro.'lodul:'C , ell1p'liicsl 

sbs,pe ot I!IQgIltlUe suri'llCOtl 

being token i~t~ acoount 

." fiQ: 
-;;- --Fil!J 
~ 
" ; 

FigA 

assU!i!1D<'S inteuoi tica ho:c.o­

ga!l!ouel..'1 d!.stributed in a sur!a;:o. 

'l!I::.e prtlfllt!:l (l'ig. 3) iI.eS8ntial~ def'Or.sla wen pla61aA 

cUl'reut ·;ariell. In "A" I'eg1c.o emission 1" lIeaked at 

J:!f:i::O . 7. thia Jl(taJr: nhii'ts t.::I per1!fI~ in "n" .reGime , alao 

to'l;al el:i!asiOll t lU% g!:"Ove. apur1 ty ion concent ration 18 

til0 mont p .t"Obablu eD.I\ElO ot profil e o'lfolution. 

3., LDlS RADHTION !G&5mzma:N~ 

Y&/Ylurod pl:"otU"n of l1eZV CA .. 2/31~!). ?ftXVI (..\=335.1) and 
• 

OVI(}.:o10;2A) l1U9 1IlwMit1e:D are pl otted in :Fig. 4. 

Time dopundsnc1as et i~~u and oxigen lines differ 

(see 11g .1) tOough 10Diz~tioD potuntlals of proper lonM 

eu:08 rattler cloae (iron linos starts 5 IUIJ later). 
In quaoistat1oDc.r".[ phi,Se ot 'the dio()barge O:sygan lines are 

10<:&11800 IU'al' the fldgtt e,.'ld. 40~ out with CUl"r8a.t 

incref:,u. 'Zle CbBiU'Vad iron icn.l:l (Jr6r; and lCi%VI) aI'tI 

concentratou in ctUIt,t'til l"egiOIl, t heir concllntratlollB gOH 

Il.tld orlllt8llCO dow,u expNldB nth plaJ!lIia cur.l'6nt. 

Cotilps.rlson of 0 and Fe linea inteDBi t10e lllJd. their 
profibll i2plifl~ to al:Hlslwt) of coronal Bljuil1briun.. In 

tt-ls cOJ;.d1ttO:l correct cQ.1culatioll of ion eoneentration 

6JlJ! line CuU.t.lSl011 POillG.t' seems to bo 1mpose1b10. 
Oa. ,t b.& 0 t:;ber liend 1'" :ions line ellliauion growth 111 th 

cur.r0:lt dO':lg not contradict with 1008 POWM' increase . 

4. COTIQLlLIOn 

1 . Space t"9s01Vt'l'd 1IL688Ul'OIlIonts ot radio.t:Lve loS8 power 

rwd raXV, FeXtrI !lll,1 O\"l Una i ntallllitie!l were ouried out. 
2 . Rad.1etloIl. 108s"e in the pl aslr:& oore are ahowu to 

lWOunt to 2IY.I 01' oll:tie power . ThO] are higher thon ohm1c 
powor at the Sdg6. 

,. Loan power profiles and tb.elr dep&nde!lce on plauma 
ctl.r rellt qunUtatlvoiy B.grt"1t witb epectroscopio dsta. 

I~. Electron tempe.rature pro.fl1o)a chsnsf18 slightly, 

plasma .l'esist anaa 18 practically constant t or d1.f'faren" 
cl.!!'ront l"!;g1a:es . This behaviour ot p1aslll4 r8s ie t anee 1Ila;:y be 

eO!lDoctl'J(! \\·1tb e i ther cba1l888 in n ~ profilas or light to 
heavy illlpur1t~e8 Bubm1seioU. 

5 . It; :::iatlllUl now~ that falllng ot'enorgy eon:t'1neA6nt 
t1mo lI'i tb t.!la pla&!lIa ClU'r e!l't iuer_aGing cannot b. 

~lntned br radiation 1008e5. 

RElI'ERP.:NC1i: 
E .D.Audryulrhir.n et al. "FI7.IF.:A PLAZMY" 4 , n5. 1022, (1978) 



EQUILIBRIUM " NO STABILITY OF A CUAAENT CARRYING PL.>.SM.'I WITH 

THil,EE-OIHENSION.U. IOt.GN£TIC AXIS · (ASPE.R1.TOR HP- 4 ) 

Y.Funsto, I. SakallOto , T.TsbMShi, S .Kita jiN. Y. Iked •• M.Na.b,.. .... 
H.l4ta""be. S .Nll.gao .. m .... p".( .. tor 9=UP' 

F .. e ulty ot En<)ineuin9. 'tOhoku Univudty. Sen~i.980. JAP.>.H 

JUlSTRACT R ... ult. of ohm.i<;: heaUng in Mp"rstor NP-4. whi<;:h i •• 
toroid&l devi<;: e .. ith .. three-duensional and lII\Ilti-period 111119n .. ti<;: .xis 
• a r .. d .. s<;:ribed. "toroidal pt"SII'lll with a longitlldi""l cllrrent can be 
lIIIIint..li fled in equilibriulII .. ith the . paUIIl .. x h clou. to the vacuW!I 
field .. xh beyand the skin tboe or the <;:ondllctiva .h .. ll. MIfI) stabU !­
t iea of tha ph ..... g.ins t _0 ..... 1 .nd _ 2 lIIOdel .re e_ al ned. It 11 
confinned expuimanbllly that the pta. N cllrrent in this I y . t .... is lim­
itftd by tha onlet of the hdiclll instability .. ith ..-1 polo i dal moda . 

INTRODUCTION It ha. been pointed Ollt by V.D. Shafr.nov that tha l1li9-
n .. t1<:: configuration formed i n a doa..t IOl"n:>id .. ith a spatial ( W aa­
dt.en. ional) a xis .... the .ilropl .. a t . tealsrawr conti911ut.1on .. ith a 
chculsr croG II-aa<: tion ot . enclolled .... gn.Uc slIrfaoel U). Asp .. rator 
NP-4 is tlIa multi-period . y . t .... (8 p.riod) among msny . tellaratou with 
. patial ad • . The r e lNlta of the d eBign a b.ldy on this toroidll l sYlte. 
• nd of th. pn,lal""..,. e><padlMlnt on .. toroidool d..-Le. Aap..,ato" Nl'-3 
"""re " eported previolllly (2) Ill. Ttlooutical probl ..... o f MHO p"oper­
tie. of S pt . II'" .. ith • apatia l INIgnetic ax1l have be .. n inve.tiy.ted 
for ·a long time (4) (5). For the .... k . o f its hiyh rotational tran.ron. 
, ngle lIith .hBllr and IIllll ; the.e· H ald conH9II ra t.ionl .1'8 useful to 
confine ' hi9h beu pta_. .....ger.tor Nl'-4 la .n upg".de of HP-) and 
to", th .. pitch .ngla or about 45 .nd the period munbe" of 8 of theh.U" 
o f the .... 9net1o ads. The imp:>rtttnt diffe r enc:BI between NP~4 .nd NP-) 
. re in luch point that the ... incr ulliua of tlIe toroidal c hambe" 11 13 
<;:01 . "hic h la IllliCh larger than that ot NJ'-3(3.5 CIII) .nd the period numbu 
n-e . tha t of NP-) iil 16. In this rep:>rt, the dia::harge cha ".cted. Uca 
I n the ohloic heating .nd. conditions ot pl.alllll equJ.libdulO and !ltability 
in auch • s ystelll .re s tudied expert_nully . 

DEVICE The d evice pe.n ... t .. u of A.per.tor NP-4 e r e listed in Table­
~e a blinle.a . t..,l vacUII/II challbar ha . a hal1cal .xil and _ s fabd­
cated by oonnecting sill: albo" t ube, par o ne period. '!toe aUn 1'1 .. of 

the chambe " is e l.- verage ... jor ".dill. 

~~~!,.edec~ ~-::t inn" radills of cha.-.be" 
" e r.diu l o f 11.iter 
!al l ength 

eriod nwr.ber 

rv.ture of .. lti . 
'Il:)uion of altia 
lDngitudinal field 
Halt pedod of Ss 

hm1<:: heat1n9 flllx 
pedod of· o hmic haatinq 

") ,.) ,. ) 
(LP) ,., 
,< ) 
,,\ 
,<) 
{Sill 
(Till 

'" (Tj) 

lS2.4 
13.3 
,.S 
lJ .S4 , 
19 . 05 
2 .627 
2.627 , .. .. 
0.2S ,., 

•• •• •• • 
<., 
' -l • 
" .. ~ 
'.­.. ~ 

tvo in l uhtingg.p' 
to .110" for o t-ic 
heaUng. The ba.V 
presslI". of 9><10 
'to"r in thi' cha .... 
ha" 11 Obtained by 
'n'!P .nd Ti- ge tter 
pump. The longi­
tlldinal 111119netic 
field 11 produced 
by 96 circular T.bl e I. Klin devica p/lraOlete"a of Asperato " NF- 4 
.. len:>id . .. 1 th tha 
helical a d s . 

The pi ...... is p"e1onized by 2.45 GHz .. lcro ·W. V. po .. er . nd the dens ity 
i s _s\lred by 6 _ .. icro-wav. into rferotle t er. 

VACUUM Pl£LD CONFIGURATION 
One o f the moat char.cteri.tic 

point in the threil-dimen. i o ns l 
IMgnetic eys t_ is that the nest­
ed _9natic s urface • • r e fo"",d 
o nly by the ao len:>idal field, 
"ithout the longitudinal pl ..... 
current and also .. ithout the 
helic al " i nd ing Ualds. I t h •• 
been sho .... that th. vacu"'" 1118\1_ 
n .. tic .urfaces ware e"ilt e"pe,,-
1 .. entally .. i thout h.Ucal .. ind­
ing i n t h . figun -e19ht . ystelll 
(6). The .... yneUc su"f.ce. 
c .l1c ul ated nu..e.lically ot HP-4 
devie •• "a shown in Fig.l. 
The .... g n.Uc qu.ntities i n this 
. ystem . r a .. ritten by u aing 
Muci.r · . i nUinsic coonUn.te 

Fig . 1· E.thM ted _gneti<;: ""rfacea 
and IOea.ur..t =taUo nal tr . nsform 
angle 9 i n Asperator HP- 4. 

sy.t_lp .... a). Prope"tie_ o f line. o f r o ree of the davi<;:e were __ ur­
ftd w1th • electron ~III •• thod. Tbe ""Iult •• r •• ho .... i n Fi y.l tDgath­
er. In A.perato r HP-L, .. h ich i. a counte "part ot uP-3 . nd NP-4. the 
lOetlod for .. e • • lldng line. of fo"" e w • • testftd previollBly (7). Tha 
quIIntity 9 in Fig . l . ho ... the me.o.n rota tionlll tr.ns fonl .ngle exiltin9 
bet .... n ... 0 .nd s_2.151 . "he r e A i , t he pitch l e ngth of tha a"i.. ,",In 
tha a veril9' rota tlanal tT.n l for. angle of 254· i S· (t "0.106 1: 0.014) 
pe" one period ia obtained. which is guod ag"" ...... nt with the theory. 
'!'he l!H!a l ured INIgne tic .xia ia shifted frolll t.h . geometric I xi . of the 
l ongitudinal field <;:oU, to_r.b tha C\1%v.tll"e center by 16 """ which 
ia confi r lOt!d by Uie """",rlc.l calcula tion. ' 

EQUILIBRIUM AS .nown in r19.1. U ... _ gneUe .. . <!g of ths _"'u .... f t .. ld 
.. ith circlllar . urf.ces is d isphc Old to_nl. the priocipal n:>r1IIiII of the 
ads. 'l'his lIiaplacement ia equivale nt to the existing of • lIIiIyneUc 
hill. The.,.,lora •• pt ...... current i, nece l aary to Pl'oduee the wall (8). 

3~0.35 

~ 
2[cm 't !>. 0.3 
::>~-~ B 0819kG -2 " ~~ .. -,~ 5 = . -. . 

2 

rig.2 Ph .... cllrrant Jp (1 Wdiv.).one rig. ) AS~try l ac!:D r 
tut" voltage Vp( SO V/d1v.) .nd column A_ l lIp(SooOI_Bp(a-"I I/I Bp (9-
.hift A (I clll/div.) v . ,. tila. (0.2 ,,"'div.) O)+Bp(a-. )1 v. s . ap. 

T.Tera ... wa. Y.lllura. X.JCobay.shi . N.S-ask! .nd 
X. Harafuji. 
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In Fig.~. th" tim. v .. "iat1onl o f th" plasma cllrrent JP. the one tu"n 

voltage of thl discharge . nd the h:lriz.ontal shift of the cllrron t column 
• .,., llhown . Tha col .... n ,hitt directed to tlI. principal n:>nruol to the 
.ysteJII were obtained by Mirnov'S .ethod. Withollt the applic.tion of the 
ext."nally controlled f ield • • s table di.charge ...... obtained duriny 
,b)lIt 2 .... c . It is Seen f"o .. t h" figu"l that th. column stale" within 
"ver.l cetltha .. ters . r ound the chal'lOber .xll over the d isctuuge period • 
in "hich o nly t he solenoidal field is .pplied eltternlllly. The ~kin 
tl.loa of thl .ta ln1 ..... t ..... l V.CIl ..... chambar is e.t.t.Bted to ha abou t 0.3 
Nee .nd the vallle h much sh:l r te.r than tha t o.f c1,lrrent dur.tion. Then 
we eonsid"r qu.ntitatively t he lquillbdu .. of • current carryin9 pla""" 
.. hose axil i, • &pBtia l "ith curvatll"e k .nd torsion <: (k- ~ in o ll,,<;:.se) 
(9) (l0). P"19.) ~ t-o .. s the asy,.etry f .. cto" of t h. pol01dal field Bp dlle 
to the pt a""" curre nt venuS poloidal beta 8 . "'e facto r A ia de fined 
by the equation, A-IBP C9-0)~BP Ie-")I/ lap le-o~ +Bp(o-. )). It la .... en 
tro .. Fig.3 th.t the current colll!ll1\ shif ts to_ rd th. weaker fiel d region 
(a. .. ) • • t he poloidal ha ta inc.,. .... es . If the poloidal beta values .te 
n:>t so hrg •• the r Olulta obt.ined ill our d.vice er. confi ..... ed by th .. 
theory t 91 (l0). 

5Tl'.BILITY MIlD fluctllations o f lip dlle to the pl.sm cllrrellt wOre in­
vOltigated uling 24 ... gnetic probOl arran90d arro und the lu.lter and the 
r ea l tiloa Fourie" anllly "r. Fi9.4 .h:I .... the ti .. e history o f ... 0 ..... 1 • 
" "" _ 2 fl uctua t ion. In Bp due to the current . In this fl9llre the pla . 
lOB c urrent Jp.nd tha total rotational t".nlfonl . ngle u- u l <:J +u{Jp) on 
the cur"ent .xia .re al80 shown. wh .. r e ~ (<: ) . nd u (Jp) are the rotational 
trans lom .n'ille per period due to the to"lion and the cllr r ent. "espec­
tively . It is remarq,ble in the f1911r. that a t fixed v.llles t or Jp tlIe 
_ I rode .ppe." s dr."tic.l1y. In the c. sl!! o f Fig.4 . the pili .... c urte n t 
la . nti-parall e l to t he axial .... gnetic field B. and SO the rotational 
tr. n.fo ..... by the current i s .dd itive to that of Vac1,lll .. field by the 
to"Bion of the .xi.. If the c U"tent dl . tribution is . " "II .. ed to b e p .. r. ­
bolic. a _inst!C .. urf.ca with q (O) _1 ·i~ '1enerated near the .xil inex>n~ 
ditJons of the pla.N rad ill . a .. 9.S CII. Jp-). l kA .nd a._l. 5 kG. That 
is. the total rotational tran.rOrlll . ngle i. found to b ... qu.o l 11 " 1. "hich 
c.n reslIlt i n the d evelo1"""nt ~ 
o f the h.l ical instab1l1tie.. JP 
with 10" 11 ..:>de • In ... n~ 3 kA 
. tellar.tor" the _1 lIOde ...... ..., ... "'.,._~~"'I'-_""-::::_-;::: 
ollCillat±on see11L5 to pl.y ths m-Q 
doaoinant rol e in ..... jor current -
disruption. In NP-4 dllvice • 
hoveve". the c ritical plaSJllO. 
<;:u"rent Jc is 9iv .. n by the m = 1 
on.et o f the .,.1 oscill.tion. 

~!II ~s 6 f:~~~O~:f e~~r!::~l ~--"''''' ... ----'''''---m--:::-:2 
OI8gnet1" H.ld as. The growth 
".te of the 110- 1 oscill.tion 

;::s·:~~a~!~."':~~e:~"" 1.0 
in Fig. 1 . In order to ex>nfirm 
thl , hear dll" to the cll rre nt. 

a 

b 

)J a: par.bolic 

b, uniforJO 
CIII,:".!.nt . 

lIDraover. th. poloidal fiel d 0'7----------1.0-----. -\-(m5) 
distr i b\!Uo n " aB ..... "ured di~ t'r-'·~_~_~_~...J::...~_~.'_'''_'-''''_ 
r ec tiy by i nautinll thc .. ..,gne~ 
tic probe. under. l o w c lI"r" nt Fi9.4 
operat ion. The re5111t of .. ea s llre .... nt of Bp distr ibutilln i. shown in 
Fi9.5. It ls seen froll the fi.gu"lI tha t the cII""ent Pl'ofil o i •• lmost 
nGll dy the pa".bolic for... The shea" of the exter"" l rot.Uo""l f o r . 
produced by sol enoids "ltl1 s Pllti. l .xis is ne<]ligible . The"efor .. . the 
r .dial profU e, of the cll rren t dendty IInd the S/l. f ety facto" . r e si .. i1ar 
to rloo •• o f tokaINk. ~nd wl' confirmed expuille ntally the cri tic al 
cur ren t Jc fo" th. _ 1 helic.l .tabil i t y of • cur"ent ca r"ying pl ........ 
i n • sYlt ... .. ith s paU.l "",ynetlc . xis .nd 
"ith the multi fi eld period, 

Jc . 2 •• 
2
BS. (2 . n-~L) 

•• C 
. (1) 

.. here n i . th .. integ.r ( n_l in I\spe" .. tor 
NP-4 expari"",nt). L la the pitch length o f 
thl n .. lix a nd " the toraill n of th" axis . 

In thr .... ~dillen5ional to rlls. th. _jor 
to roidal curv.tur e l / R and the loc.l c ~­

v.tu"e ); of the •• 11 .re exi s t to9ftth" r . 
When the M fllty f. ctor q(k) for the radillS 

of Cllrv.tllU k is . bou t 1, the {.ctor q( R) 
to r the IIIoljo" raMII·. R is o .ll~ 1n 1'11'-4 
device. 

In conclll , 1on. i t "1''1 =ntirllt!d that th. 
. tability i n the .ystelO wi th ,pata l axis 
.nd "",It! ~riod is detenoined mainly by 
th. 10c .. 1 cllrv.tll" e effect. 

~ 10 cm 
..­

. . / U 

Bp 

60 G. 

Fig.5 Ohtdbut!on of po l ol 
-d.l f1cold Bp dll" to pt ......... 
CII"l·"nt. Bs_l.6 kG. J p"2. 5kA 

4 Jc(kA) ",' 15 ~· 1d "6 plY 2Jt 0 
.,0 0 

~. 

2 Jo" 
0 .P'.o~ 

0 
Bs (k G) 5 0 0 B5(kG) 

0 

0.6 1.0 lA 0.6 1.0 lA 
1"19.6 Crit!<;:al pla n .. c urre nt Jc Fig.7 Growth rate or .. _ I mode 

v . • . 10ng1tudi~1 fi d d BI for _1 V.S. B • . 
IIIOde . P._2xI0 'It>rr. 
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OPTIMIZING THE MAXIMUM TRANSFORM FOR " .. 3 STELLARATORS 

BY PI TCH AN~LE WI~DING MODULATION 

L.£.Sharp. J.W.Slamey and S.K.Tin 

Pla,~ Research Laboratory 
The Au stralian Nationa l University 

It has been shown( ! ) that by spatially modulating the 

pitch angle ol the hel i cal conduc~ors of an 1-3 stellarator 

accordi ng to the law 

e .. rn, + asine + O(Bsin2a) 

t h& efHciency. ot the winding'S in producing the rotational 

transform can be improved, PUrther, by uBinq a different 

modulation par&llle ter for the forward and return conductors 

an effective vertical field periodic in phase with the wind­

ing can be i ntroduced to control the position of the 

magnetic s~r faces. 

Usin9 a modified version ot the Culham code MAGB~T(2) we 

have computed the magnetic surfaces and average rotational 

transform t (taken here as the ratio of the number 0( co~-

plete revol~tion & of ! in a for not les& than ten rotations 

in ,) . The he lical conductors are approximated by 3 fila ­

mentar y currents poloida lly spaced 100 apart at .-0, and a 

wide range of aapect ratios (A ; Ro/rwJ and hel ical field 

parameters X- Ih/rWBQ where rw' Ro are the ~inor/major wind­

i ng radi i i~ co~ventional coordinates, and Ih is the wlnd­

Inq c urre nt. The parameters A, x and a dete rmine both the 

shape a nd pos ition of the surfaces. 

Since (1) t f or an outer s urface is very sensitive t o i ts 

distance frc~ the separatrix and (ii) allowance must be made 

f or space to accommodate both finite conductor size and 

vacuum hardware, we have chosen to restrict our cal culations 

t o caaes where the separatrix radius is fixed a t r 5· O.8 rw 

and to present tran s forms calculated for r~0.9 rs - 0 .72 r ... 

the radiue of a aur face r being defined as that of its c ir-

cumacribing c ircle . 

To produce a self -conaistent model for the optimum trans­

forms for different para~tera we have adopted the fo llowing 

iterative procedure: 

1. For a given A, x, a the computation is started f or a 

. field line at t he separatrix at ,-0, r- O,8 rw' 

2, The modulation difference parameter 6; lal+}-a(-») /2 

(where Ol!) a r e the modu l ation coefficients for 

f orward and return helical conductors) ia adjusted to 

cen tre the aurface at r - 0.9 rs on the geometric 

(mino r) ax il . 

J. s ince ~i~ .ffect. ra' Lh~ cu~r~nt Ih i . ddju.t~a to 

r e atore r s - 0 .8 rw' 

4. 6 is again adjuated to centre the surfaces. 

The iteration is continued until a consistent solution is 

obta ined , twice usually being sufficient. 

The required transfo~ t at r~ 0.8 ra is then obtained. 

Fig. 1 shows how the optimized t r ansfor. computed i n thia 

way depends on mean modula tion par~eter a for various 

values of m a nd aspect ratioa of 4 and 9. 

The normalized current required to achieve the condit-

ion ra- O.S rw can be found from Fig. 2. 

The resu l ts show that the maximum transform per field 

period t /m a t large aspect r atios and 11II1II.11 m (m/A < 1) 

occurs when aA .. 1. It 11; interesting to note t hat aA::: 1 

corresponds close l y to the condition that the windings are 

he lically symmetric in truo toroidal coordinates(3) 

f ollowing the law: 

€I .. ID. 

where B> is the appropriate peloidal coordinate . Under 

these conditions the mean rate of poloidal rotation of a 

fie ld line is almost uniform (aa in a s traight ate11arator) 

i . e . the toroidal effects have been ~inimiz.d. 

For large windinq ftng.l .. a (IlIA >. 1) th. IIIOnotonic incre ... e 

in t wi~ a (Pig. I) i s a consequence of our specification 

of a surface only by ita maximUM radius, ignoring its 

ahape, thus allowing for progres aive distortion of the sur­

faces with increasing a. In practice , thi8 apparent 

improvement requires disproportionately large helical 

currents, 
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Fi g.l. Rotational transform t/m for a centred ~agnetic 

surface, r~0.72 rw as a f unct ion of oA for A _ 4, 9 • 
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F~g.2. The helIcal conductor current (Ih/rwB 

correspo~din9 to th~ cases shown in Fig. 1. 



1. Introduction 

EFFECT OF WINDING MODULATIONS 

ON THE DISPLACED AXIS OF TORSATRONS 

\oI.N-C. SY 
aelearch School of Phyaiell Science., 
The AUltnlbn National Univerdty, 

Canberrl , AUltralia 

AIDolIg nOIl-ax1a}'llDl!tric toroidal plaalllll containlroent devices, the 

ultilllllte t orsatron(l) requires thl! least nuaber of I'xternal current 

windingll to produce nesud mognetic s'urfaeea. Modula tiona of the 

helical rindillga eall Compellllte tllroidal effects and centrali:r.e the 

diaplaced axis (2) , whoae otherwise large departure from the geoJQf.tric 

toroidal adl ean lead to the fotmation (3) of interior t.land atructures 

and a ruuItallt deerelll e in uaeful eonfinement vol....... In tht. paper, 

analytic reaul t a ara preaellted on the effect of winding modulationa 011 

the diaplaced uia of a tonltron . 

2. A Distribution of Iobdulated Windin9s 

In q ... d-toroidal coordinates (p,e,4') , cOllaider a modulated 

rinding law defined by 

\1(,-4'0) .. e + r IInainne, 
.-1 

(1) 

where IIn:: 2(_1)n J
n 

(yn)/n ,y i. a numerical eonstant (zero in the 

.bunce of IIOdolation), and '0 is a conetant speeifying a part ic\llar 

podtion of the helix. If an angle X is introduced by 

e :: X + Y dn X, then (1) can be written equivalently as 

where Xo is a poloidal IIIgle and \I is usually a rational nt.llilber. 

A distribution 1 of thin helical current filament, which produef!l an 

ultilllt:a touatron config,uration of polarity t can be defilled by 

where 10 ia the total current through any given .... ridonal plane. 

3. Hlanetlc Field of the Central Region 

The nett toroidal current in the halted Winding., evident fro .. 

(3), givea rise to componenta of the IIIgne tic field which are 

indapendent of the toroidal angle. The.e cODqlonsntl Csn be 

inveaUgatad by the uae of the lIiot-Sa vart law, whicb enaurea the 

boundary condiU ..... are eatiafiad eaplicitly. The diaplaeed allis 

can be defined a. the circle at which the " secular" ter1lll of tbe 

lII",etic field perpendiclllar to ths merldonal plane, vaniah, Sines 

thia uaually happens near tbe geometric ax.h, tha nature of tbe 

diaplaced axil can be examined by a ll e:.;papaion about the geo .... tric 

"xia. 

C:.oneider a vacuUII chamber of IIIjor a nd minor radiua, '"0 and 

reapec:UveIy . 'lben the region of interest ia r - £ in £ , 

w~n r :: pIa and £ - a/R
O

' Calculations {ram the Biot-Severt 

law(4) .h_ that the "..,cular" componellcl of the _gnetic field 

<1Ia> , aceunte to 0(£3) read (SI unite), 

(H~r cOIII) 3/2 

where 

bl. .. 2Ekainll , 

(3) 

(4) 

(5) 

E-4b 

e 1 + r2 - T - 3,;2 (1~-l) + rcose(I-o.) 

h dtn L!+i. (In .Lll)} _ a{l-~ (1nL! ) } 
£28 £4 4 £2 

co, 

Por brevity, the cylindrical cOlDponentR (R,Z,,) of the magneti e field 

have been given. It can be obaerved that "",dulat1on has, no effect on the 

toroidal tOllll'o"ent of the magnetie Ueld. 

4. The Displaced Axis 

FrolO (5), it can be. s een that tbe shift P
A 

of the displaced 

axis frolO the geo .... tric axia 10 given by 

.. here ~::: dta(8/c)-J,). Evidently, the displaced axis IIIOVU 

along the equatorial plane toward the prtncip81 toroidal ads ao the 

IIIIgnitude of III<Idulation (1 increaOf!8. accor ding tn an appro)[imately 

linear relatlonohip (7). 

The aVf!rage rotat ional transfonrt on the dloplaced a Jdn can be 

eatimated by 

(8) 

The r eaulte of (7) and (e) are displayed in Figure 1. The decrease 1n 

avera ge rotational transform on the dhplacf!d a Jda with increase in 

winding "",dulation ariaea fre,. (aJ an iriereaae 1n the toroidsl component 

of the magnetic field due to inward shifts of the displaced s)[h and 

(b) a de.crea.e in thl' pololdsl elmP0nen t also. TheRe reButta Bre 1n 

qualitative agree .... nt with those found from numerical simulation (5), 

where it different helied current dhrribution h uaed. 
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Conflnl!lll!rlt of Stellarator PI aUla i n J:PP T-II Device 

J. Fujita, K. Kawallata, Y. KawasUIIII. O. Kaneko. 1. Kuroda, 

K. Matsuoka. K. Matsuura, K. MlyalllOto~ N. Koda. Y. Oka, 

K. Ohkubo. K. Slkura!. lot. Sato . S. Tanahnlli 

Institute of Plas .... Physics, Nagoya University, Hagoya 464, J ape" 
*Department of Physics , Faculty of Science, 

Univer sity of TokyO . Tokyo Ill, J apan 

Abstract 

The phsma confinement of ol'll'llcally he<loted stel1arator phslllu 

has been studied. Major di sruptions which appear In tokamak configura­

tion are suppressed with the helical field of \lI/ln i1 0.14. and the 

tobl rotational transform angle I t J2l1 at the plasma surface becomes 

larger than 0.5 , th4t is qt(a) (2. The strong MHO oscillations of m · 

2, n • 2 and m • 1, n • I, and the hollow structur es of the electron 

temperature profiles are obser ved in the case of q[(a) < 2. The energy 

confinement time lE as l ong as 14 IllS is obtained with a control of tile 

pJaSIJlo) cu rrent wavefonn. and inversely proportional t o the elec tron 

dri ft parameter. 

Introduction and Expe rilnental Arrangements . 

J IPP T-1I I s a hybrid device of stellara t or and t okalM k. whi ch hilS 

l. 2 helical windlngs with 4 periodS!) Kaln parameters ilre as f ollows: 

major radius R · 91 01 , Jj.,iter radius aL ~ 17 01 . tile ma)(llIJ,Im toroldal 

f ield B
t 

.. 30 kG and the rotational transform angle due to helical field 

Ih/2n • 0.25 a t B
t 

• 25 kG. The results on au:dliary heatlngs by 

I njecti ons of neutral beams and lower hybrid wave Into stellara tor 

pJasmas were previously reported~) Here , we describe the results on 

the confinement of ohmlcally heated stellarator plasmas. The high 

density an~/or low current plaslJlo) s are produced with a control of the 

plasma current waveform (lp control)~) Parilmeters of tile ohmlcally 

heated plasma wltll Bt· 22.4 kG and · l h/2.· 0.14 are fo l10\<lIn·gs: Ip 

~ 130 kA , Te.s 1.2, TI ~ 400 eV . n; ~ 4 J. 1013 cm-3
• l E .s 14 ms and 

the e ffecti ve plasma rad i us aeff • 14 c .. · (geometric means of radII of 

ell i pse). 

E)(periment.l Results 

Ma jor dis rupt ion is one of the most dangerous Instabilities of 

tokamak pJaSNS. which prevents the safety factor q-value at the plasma 

su rface frOlll decreasing less than two. When the helical field of 1t/2lI" 

> 0.14 Is Introduced, tile plasma becOllles free f rom IIajor disruption. 

and the .. Inl_ qt(a) value becomes less than two . 

Figure I shows typi cal experimental results for q1:{ a) < 2. The 

plasma cu rren t I p Is 93 kA at the peak , where tile tota l q-value q1:(a) 

Is 1.9. Wllln tile plasma current rises and q[(a) r eaches tile value of 2 

(the time tl In Fig.l). tile Intensity of electron cyclotron emission 

(ECE) at the second hannonl c decreases rapi dl y , and l oop voltage 

(Vloop ) incr eases sl19htly. No appreciable MHO oscillations ar e seen 

on the magnetiC probe s ignals (Be) at this Ume. In the dhchar!j'e of 

q1: (a) lowe r than 1.9, tile s trong MIlD osclllatlons3) of m • 2. n • 2 I nd 

.. .. 1. n • 1 are obser ved , tllerefore, these phenOlllena iQlly that an 

anOQ l ous ener gy loss occur s In tile region of qr(a) < 2. 

Time evo lutlons of the electron temperature profile In the case of 

qt (a) < 2 are ualllned by tile use of tile rapid scanning Fourl er-trans­

fonn spectr ometer. The e lectron ·telllperature profiles are malntlln!!d In 

bell shape until q[(a) dec reases t o about 2 as is soown In Flg.2. When 

tile plasma current Inc r !!ases and tile safety factor q1:(a) 10000ers than 2. 

the e l ectron temperature profile becc:mes a 1I011ow structure. When qt( a) 

become·s again la rger than 2 at the decreasing phase of lp' tile profile 

returns t o the be ll s hape. Figure 3 s ll()'ols tile dependence of the central 

electron t~erature Te{O) and the Intensity of FeXVI line on \t. Te{O) 

Increases wltll I t for 11:/2. < 0.5, whUe In the case of '1:/2. > 0.5 .Te (0) 

decreases and FeXV I line steeply Increases . The active plasN-wall 

inte raction Is also observed for qt(a) c 2 by a TV cal!lera system wlllcll 

views the p la~ coltm1 tangentially. The strong 1Igllt emiss i on Is 

l ocalized near the apex ies of tile elliptic magnetic su rface. This 

Indicates the occurrence of the arci ng betwe!!n plasma and wall. It Is 

considered that tile hollow electron temperature profile Is due to the 

radiatiOn losses of tile heavy Impurities rewl tlng from the active 

plasma-wall Interaction. 

Next , we describe tile experimental results with the Ip control 

system. With an oper~tlon of the constant plulIIII current Ip " 25 kA 

(q t (a) " 4) tile highest density n; produced stably Is l J. 1013 cm-3 wltll 

Te (O) " 550 eV and Ti{O) '" 250 eV. In th is cne the total energy con­

flnelllent time l E is 14 IllS whi cll Is about 2 ti llll!s larger than that of 

Alcator scaling. The dependences of l E and tEe (. ~nTe>2 a;ffRlJV) on 

the electron dr i ft parameters t; • vd/vth •e ' where Vd • Ip/ella;ff~ and 

vth,e Is el ectron thema l velocity, ar e plotted In Flg .4. Tile lower 

points of t; ar e obtained by applying Ip control syst.elB. The both of t E 

and tEe are Inversely proport ional to t; . of wlllch dependence lIas been 

also observed in other stel1arator experiments~l 
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I. iHTRODUCTJOH 
Nagoya Bumpy Torus (NBT) is a plasma confinement device with l4 l inked 

magnetic mirrors. Plasmas are produced and heated by high power 

microwaves at a frequency of 8.5 GHl and stabllhed by high ~ hot 
electron anul1 formed at the midplane of each mirror section. Typical 
parameters Qf NBT are listed e1sewhe~I). Experiments have been 

performed In two different modes, namely, SR-mode and FR-lIIOde. which 

respectively have second ECH resonance and fund amenta l resonance near 

the anul1. It has been observed in FR-mode that a higher ~-value of 
the hot electron iRuli is obtained and that the core plaslM density is 

approaching cutoff of the input microwaves. Ion cyclotron heating 
has been applied to the plasm In the bumpy torus magnetic field 

configuration and ion heating has been observed, accompanied by a 
change in plasma space potential. 

l. FR-HOOE OPEAATION 
FR-mode operation has two 
advantages cOqlared to 
SR-mode. First, In order 

'~r-----CH>lCCC--,-•• -,-.. -~--, -~-,-,.-,;C.,-.. --' 

to confine high density 

and high temperature 

plumas in future devices, 

higher ~-value of the hot 
electron anult Is reqUlred~) 
which can be achieved 
more effectively in FR-

mode for a fixed IIlcrowave 
frequency. Second, micro­

waves can be used only to 

forra hot electron anuli 
and plasma heating can be 

t~usted to other methodes 
such as ICH, IIBI and etc. 

From exp,erience, we know 

that bumpy torus phsIMs 
are better confined In 

higher magnetic fields, 
and at FR-rmde we can 

considerably ease the 
requirements on high 

power IIII11i meter wave 
sources. The tmperature, 

radial position, and ~ 
of. hot electrons have 

been studied in detail 
and compared in both 
mdes (FR- and SR-modes). 

Figure 1 .shows the energy 
spectrum of hard X-rays 
!IIitted frOll! the hot 

electron anuli. Hot 

.: 
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Fig. Energy spectna of hard X-rays 
emi t ted from hot electron anul1. 
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Fig. 2 Radial position of the anull. 

electron temperature ~h In FR-mode 1s almost twice as high as that at 
SR-mde and reaches 160 keY with input jIO\I4!r of 45 kW. It 15 confirmed 

that tile ~value Is also higher in FR-mode by a flctor of two from the 
measured value of nhTh. Figure 2 shows the radia l pOSition 01' tile 

hot electron anul1 .easured 

with an ionization probe 

as a function of the 
IIlgnetic field strength 
at the midplalle. It -Is 
found that the anulus 
positions are shifted 
outward from the reso­

nance zone in FR-lIIOde, 
and the anulus dta...eter 
at 3.l kG (FR) Is almost 

the SIIJDe as tha tat 

1.8" kG (SRI. 

Fi gure 3 shows the 11 ne 

integral density (nel> 

,.r-__________________ -"N'."'2W~-'~, 
_,"'--"-"'~._. __ 'e'O'""."'.e" ___ ,~ "",de 

Fig . 3 line integral density of electrons 

as a function of the magnetic field. 

of electrons as a function 
of the magnetic field 

strength at different 

Input microwave powers. 

In FR-lIIOde. a remarkable 

increase in (net) at high 
Input power Is obser~ed. ! 6 

In this case , plaSIllilS are .. 
well confined inside of 

the anuli as shown In 
Fig. 4, whi ch shows the 

radial profile of nef(Te) 
reasured with a lfthlMll 
neutral beam probe3) . 
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PH,' 2.)O'Toff 

70· ("'o.-,:;.~ . ~ 
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If "\ 
p /----------------------
, ~. l.8kG 

In C-mode operation, In 

which the ambient neutral 
gas pressure .is high 

O':OC-.C"C--'C'OC--.C,--COC--7--C,=O--C"o--!,O 

enough to prevent fonnatlon 

of the hot electron anuH. 

plasmas are observed to 

Xlcml 

Fig. 4 Ra~ial proftle of neHTe) at 
FR-lIIOde operation. 

spread to the wall. In the case of F.R-mode operati on with only B.5 
GIIz microwaves, no EOi resonance zone exists In the core plasma region 

and the plasma remains cold (10-20 eVI. Electron heating by micro­

waves at 10.5 GIll and 18 Gflz, and ion heating by ICfI are now being 
studied. 

3. ION CYCLOTRON HEATING 
Several conjectures have been discussed associated with the ion 

heating in bumpy torus plaS!IiIS, nalll!ly enhanument of diffusion. 
destruction of amblpolar potential well, cooling of electrons due to 

ejected illlJlurlties, etc. Ion cyclotron heating has been carried out 
on NBT. Taking account of tne plasma density In NBT (ne;!; 1012

011-
3) 

and nonunlfonnity of the toroidal magnetic field, the slow wave mode 

is ellpected to be effective for lIeating ions. The slow wa~e can 
propagate at frequencies below the local ion cyclotron frequency..,nd 

be absorbed a t the magnetic beach where ~he wave frequency equals 
tne loc.al Ion cyclotron freque nc)' . In order to excite the slow wave 
from the high magnetic field side. a half-turn antenna .... as installed. 

The wave is observed to penetrate into the plasma and propagate 

al ong the field line wi th decreasing amplitude. At the sal!ll! time, 
Ion heating of core plasma Is detected from the Doppler broadening of 

Impurity line (Oil) and hydrogen line (H""l radiation. An increase in 
the body temperature of 25 eY is measured when introducing ICH power 

of 11 kW at $.5HHz,and an increase in the temperature of impurity 
oxygen ions proportional to the input RF power is observed (Fig. 5). 
Because of neutral hydrogen atolllic density of the order of 1011 C.,-3 

In the plasma, Ion energy is dominantly determined by the charge 

.exchange. iCH causes not only an increase in ion temperature, but 
also a change in the proftle of the amblpolar potential. In typical 
T-mode operation. it Is observed that the potential is Increased by 

ICH injection , as neasured by both a heavy ion beam probe and a 
Lan~lr probe (Fig. 6). A ~:. ssjble exp1an~tlon for this effect JIlIY 

be based on the reductiQfl of the Ion-Ion ·colllslon frequency as the 
ions are heated. The resulting enhancement of ion confinement with 
respect to the electron confinement then naturally results in an 

increue in the amllipohr core potential. 
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Fig. 5 Increase In Ion terl- -20 
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change accompanied by perature as a function of 

Input RF power . Ion cyclotron heating. 
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ABSTRACT 

Experimental investigations carried out in the R_O stel­
Iarator are given showing the possibility to excite high 
10cn1 quasistationary dragging currents (j :< 40J. cm-2 ) and 

to control the ohmic current profile with W<:Wrw: Altven 

waves s.baorbod. Tbe transport process can be inJ"luenced 

as well :with helical IT.F w~ve propagated in the direction 
of electron diamagnetic drift particle and plasma energy 
transports along the smaller radius are considerably de­
creased. 

Radio- wave of low_frequency iltven range w <UJa, used for 

generating a stationary current in toroidal syst~m6 appear 
to bave a number of physical and technological advantages 
[1 , 2] . In earlier experimonts[4"Jwe have sba.n radially 
l ocalized excitation of Alfven waves and their efficient 
absorption by a plasma. Papers/6, 7Jgavs tho first de~o­
stration of stationary drogging currents generation under 
Alfven beating and the wevo propagation dire~tion influ­
ence upon plasma density .~rofiles !l.a.s been studied. The 
present experiments doal with measuremente of dragging cur­
rent radial structures ISDd studies of HP field propagation 
direction infl uence upon t he plaems energy confinem~nt 
time and diffusion. 

Tha experiments bave been carried out in the t:; R_O 

stellarator with ohmic hoating R::50 cm, b Is the quartz 
chamber radius (5cm), a i6 tbe separstrix radius (3 ,5-4cm), 
~drogeD or heli~ are operating gasss with initial pres­
sures of 10-4 _ 10-3 tOl'r, in mu.in modes Tq ",10-20 eV and 
De :(0,5-2) I OI4cm-3. A helical HP circuit generated he_ 
lical standing or travelling waves in a plasaa whicb pro­

pagated simultaneously in toroidal and poloidal direc!ions 
wi tb the phue veloci t:r of if"", "-i{. ~ v;. ~ ~ ((.la/m iJop/i3y. -4JR/n ·414), 
m=2 and n=2 being poloidal and toroidal wave numbers, res­
pectively • . The signa "plus" and "minus" correspond to a 
"di8Jllagnetic" .ave (.ave rotation in the direction ot elec­
tron diamagnetic drift Md to a. "par8l4agnetic" one, respec­
ti vely. The HP field is 800 kHz in frequency, ita p·.Uso 
length being i!2 , 5 DIll, pl8..SJ!la-. HF inputs varied frOlll 0 , I to 
1, 0 YWin power P, Bo :: I.;. 7 kGs. The high power input in­
to the plnsma allowed to obte.1n high plasma specific ener­
gies (J'l "" 10- 2 ) enabling UB" to operatil without BDJ' ohmic 
heating current and to observe the rf-drlven current in its 

"pure" form. 
Pig.1 shows typioal traces for dragging curronts, pl as­

ma specific enargios, absorbed Hr po,ers and corresponding 
dietributions of current densities over the minor Dadiue. 
The obaiu current transf ormer being turned otf, the dis­
tributions have been moasured by means of magnetic probos. 

The r f driven curront persists BS long o..s the HF power 
input proceeds. ASSym&try in curve I indicates that there 
e:dsts a notable dipolar current componen·.. (Curve 3) wbich 
ma.;r be identified with the toroidal equiU.briU!:J. clU'rent . 
A"!; given (n'.c> and B~.t, this current baa a fairly coinci­
dence with 1ts ca..tcUlated value. Curve 2 ShUtlB libl:: !lllltJ.·1-
bution for rf-driven current itsolf. The current donaity 
maKimum is localized ln the ragion whero an intense Alfvon 
.aye is excited. The poak current deooity has a good coin­
cidence .ith the calculated one accordi.ng to the follo.ing 
relation: j ., (j,,/(jJ. .e/m"Vf! · PIV ~w[ } J. 

The HF ~ield imposed on the obmic discharge lad to in­

creasing or decreasing in the total current (as function 
of the HP .ave direction) and to rebuilding ita profile. 
The profile rebuilding degr6e bad been a function of tho 
ohmic heating power ratio to tho liP ono fed into plaeaa. 
Por a standins '£ll'Te (Curve 1) , the cu.rrent denuity dietr!­
bution is close to j ., j o [ I - ( r,,/a)5 J . For a "pa.rat.lag.neti~ 
wave .hen the r f driven current i~ directed cpponite tne 
obllic one at rp/Q "" 0,7 , the curr-ent prufi1e 1.Uld<3rg088 
sbo.rpen1.ng and narra-ing . '11th the "d18.lilB.gnetic" direction 

of propagation, the ri- driven currant makes a SUII .ith 
the ohmic OD~ , rasulting in increasing for the current den_ 
sity at rp/a ~ O,7 and its distribution fla.ttehning. On in­
crsaeing tbe absorbod llF power-to-obmic heating po.er ra­
tio, more axotic d1ot~ibutions can be obtained with th<3 
current sign changed at the plaflJll8. C01WilO boundaI7 (a "pa­
romagnetic" wave), or there ctJ:f bG some hollow distribu­
tions (8 "diaa.a.c;netic" .ave). 

Etfects of tl'a·/elling .!l:rvon waves on the transport 
havs bGen deteTained according to the change iD plasaa ra­
dial prof iles (measured ~ith a double electrical probe) 
and v8.r18.tione 1..0 the total ener g~ lito tiAe ae a f'tmc_ 
tion of the HP wave rota.tion direction. !be experiments OD 

plaoma density profile ltIoasureltenta abO"l' that during the 
"diamagnetic" rotation, plaBlla particles Ulldergo a decrease 
in their 8ps~d while being transported along the minor ra_ 
dius at the ~l~ column periphery, whereae the "paraaag­
netic" rotation is accompanied b7 tho incresse in this 
speed . Fig.} eho· ... u tho energ;y 11fo time Tarsus the "D&gne_ 

tte ;field for various directiOns ot the HF fteld. It is 
seon tlwt for too "di8lloguetic" cas"" the thermoisolatloD 
is botter; the difference in the energy life times for 
"diamagnetic" and "par!llllognetic" rotations gra.'s with the 
magnetic field decrease. Indeed, the cemparison .ith tho 
·'beory [2.,] reveals that undor experil!lental conditiOll&, 
the rotating UF field 1.n:fluence upon the plaSl!l8 transport 
along the minor radius Hbould be noticeabl~ growing with 
the magnetic field daeroaBo. since the radial velocity va­
lue derived from the relation tf,.," k.,/wellaB..·P/V [3] i8 
compal'able with that of the diffuoion arz ' estimated af­
ter the plo./3lIIa deDl~ity decq time, L," , froll!. the lIoment of 
the HF field fast swi tcb-oft ( T:"ff 0« r-Il ) end. after the 
iDhollogenui t;r CDarllcteristic diJlension..1. ,0;.2 -.6 ITn. 
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CLOSED MAGNETIC TRAP WITH RECTILINEAR SECTIONS 
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I.V .KUrchatov Institute of Ato~c Energy. Moecow, USSR 

~stract: We discuss here the possibility of a long stright 
seehons in a plasma lII8gI:letic trap cloaed into a topologi_ 
cal torus by m.ans of special connectors, the linear seet i ­
ona being unperturbed by charge separation currents. 

Introduction. Studies in the fusion reactor concepts based 

on the ~etic confinement have shown advantage a and die­

advantages of the open {mirror)·and closed (toroidal) mag_ 

netic traps. It is natural to ask whether it ie possible to 

design a system which combine the best features of both , 

i.e. that which includes long stright sections with high j3 

(the main operating eection of the reactor) and curvilinear 
connectors , eliminating the problems a ssosiated with the 
mirror loss cones but having no effect on equilibrium and 

transport in the stright sections . We shall call such sys­

tems "dracon" (Russian abbreviation of the "long equilibri­
um configuration" ). If the magnetic field strengts in the 

connectors is considerably greater than that in the linear 
sections , onB can expect B _ 5 + 6 ~ for the connectors 

and B _ 20 . ' 25 ~ for the linear sections at the same time. 

Equilibrium connector. Peaeibility of the "dracon" is asso­

siated with an idea of a special ~onnector of the £ectili­

near .!lements (CREL). CRBL realises ~ -angle turn t rans­

form of the stright magnetic field linea in the presence of 

pla sma (Pig . 1). An equilibrium plasma presaure in "dracon" 
depends only on the CREL design no matter what the linear 

section length is . The condition for this is an equality 

of the integral S dl/B for all field lines at a givsn 
magnetic surface. This one ie reduced to a reqUirement [ 2 3' : 

e/2 ' :J 

l ~hicoa($ _ tf) - Sh..!cos( S" -t-lf!P-3/2da _0 (1) 
-'e/2 z. 2 

in a paraxial ~pproximation • . Here s is the axis arc length 
accounted off from the CREL middle, B(s) is the axial mag_ 

. S 
netic field strength, V-)[~'-IIC:) /ch2J de ; k(s),~(s) aTe 
the curvature and torsi;n of the axis ; exp~(s) i s the ra­

tio ot lIIB.gDetic surface crossection semiaxea, b( a) is an an­

gle between the principal normal and small seroiaxes. The 

functione B(s) , k(s), z(e),3! (s) are considered to be even 

while SC e) , v(a) are odd ones. 
Lets consider a simple case of the near circular mag­

netic surface crose-sectione, z« ,; chf/2 z l, shf/2Z O.In 
this, case , e\/, (1) is reduced to 

2(0 kB-3/2cos L (s)de _ 0 (2) 
-od 

where, (, (s) _ S'{s) -V(s) is a rotational transtol'lD. Con-

aider three types ot tbe CREu . 

.i. planar. axis CREL with nonuniform field . The axis of this 

CREL , shown in Pig.2, consists of three arcs with curvatures 

ki a 1/Rl' k2- -' /R2, . The angle openings (eea Pig . 2) ara €I1 .. 

-{28c-t- 9' )/4, 9z.-(2 8e- Cf)/4 J Gc: "' Ei+92 . Neglecting ths 
transition regione , the magnetic fielda B" B2 can be re­
lated aa ' tollowsl 

B,IB, • [(2., -'j'}/(2., +'f}] 2/3 (3) 

Por example, at 9c-lI' 91-3.p4 , 92= '1/4) we have B,IB2-
- Z. l • SUch CREL is feasible at a small or even at a zero 

rotation transform. It can be considered , as a separate 

unit ot tbe Spitzers scallops [ 4J or of the l:KlmpY' torus[1] . 
A plnnar axis CREL with uniform field ia shown in Pig. 3. 

The curvature of its axis changee sign as above. The grea­
ter the sag of the CREL middle part ' the less the rotational 

transform provid ing necessary equilibrium properties of the 

CREL.The Table 1 shows the parameters of the 1800 CREL with 

~ (, = 2(l.t+ Lzh £(~)- {(-1) ~ 3. 
(...,. 0,9 0,8 0 , 75 Ratio of the arc radii pro_ 

£. 2. vidin8: constant pitch of a 
! 2 2 helical winding is ehown in 

R1/Rl 5, 3 , 2, 2 , ' the 4_th line of the Table, 

). "flEL with a spatial (nonplanar) axis. having an unH'onn 
field, ehould ea tisfy the conditi on 

E-8 

e/2 
5k cosclds • 0 (4) 

Sf -et> 
"here , rJ... (e),. a!ds is the turn angle of the principal nomal 

counted off ~roro a Strip W . Const passing through the axis 
perpendicular to its normal cross- sections. The curvature of 

a nonplanar curve 

composed of three 

9, . 9_1 (negative 

from (45 

is considered to be positive . Por the CREL 

toroidal eectors with angle openinge 9
0

, 

index corresponds to 5<0) , it follows 

~90 + 9 , cosoC o ,. 0 (5) 

In case of the 1800 CREL composed of three aemitori (90~91-
_::n' ) , the angl e 0( between t he semitori planes is appeared 

to be equal to 1208. The "dracon" design based on thie CREL 

as well fUnct ion oL{s) are shown i n Pigs 4 , 5. 
Equilibrium in a CREL with spatial axis.The dieplacement of 

the plasma column bounda ry sa2isfi~s the eQuat i on[ 5] : 

'!if" ,. - ~B (1 -~2)k cos['-' -o£(s)] (6) 

Along the rectilinear sectione " k(s).O, d~ I~s • Const , the 

Yalue of this constant being dependent on the integral 

S k coed. ds. Tbus, the displasement doell not depend on the 

IItright section length L, if the condition (4) is s atisfied. 
In t his case the maximal displacement (in stright aections ) 

is r ,,1l(1 _ !2)coe9 tit ek(s) ainc«a) ds (7) 
j:I mu: ~ b2 SUiC{72 oJ 

Here, 9 is counted off from the principal normal , & is the 

CREL length . To estimateleq' WII put trnax-b- a, ~b . Then 

lleq""bSin¥!:r sk sino£.ds (8) 

The values of Ileq for the slightly different CREL deeigns 
with k(s)~Conet , b~1/2k are given in Table 2 . 

~ 
Type of a CREL 

Three aemitori 

~8t~£is~W%t8~~cgtwtfi~ ~gds 

~~~e?;ti~ ;~~hei8~oidal 

1 

3,,; k 
2,7,t/k 

2, 5:r/k 

5 , 75 
6 ,7 

7,6 

Conclusion' ,Peasibility of a closed trap with an arbitrary 
l llngth of lUlear sections having rather high Il is shovm . Ac_ 
tually, finite Il and some other effects can limi t stright 

Bection length . The problem of stabilizing sections of fan 

type used in mirror devices ae well as the problem of eu­
perbanana particles inside CREL r emine to be solved . 
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DESCRIPTIOn OF THE PLASL1A EQUILIBRlut.l FOR A lUGH-f 
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V. D. Shafrnnov 
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Abstract. Recent results concerning JG -limit in stel­
larators are discussed. Then we descr ibe a method for a 
more accurate computation of equilibria in a stellarator. 
Threedimesional Donlinear plasma equilibrium equations 

nre shol'm to be reduced to a twodimensional fann . 

Until recently the studies of the stellarator plas-
ma equilibrium and stability have been performed as a 
rule using the a pproximation in which the equilibrium 
equations ,are linear with respect to the plasma column 
dioplaccment. The dependence of the plasma pressure limit 
on va~iou.s stellarator parameters has been studied by this 
approach. The exiotence of the optimal stellarator parame­
tero o.t which equilibrium and. stability limited.} has a 
maximum has been confirmed. The argumentation for this is 
o.s follows. A very large o.spect ratio stellarator has usu­
ally s high magnetic hill and, hence , a small stability 
lim.ited plaome. pressure aasociated with the localized mo­
des. For eJ'.ample , fist:f 1% for a straight 1 .. 2 6tellara­
tor 11/ . A small aspect ratio stellarator can have only 
moderate magnetic hill and even an averaged magnetic 
well is possible hore , when the magnetic axis is shif-
tod in the direction of the toroidal field decrease. Thus, 

there io no essential r eotrictions on }lst 121. As to 
jJ.,. thio becomes lower because the total rotetional tran­

sform decreaoee together with RIo. . The intersection of the 
curves · ,p.,,(R/a} and 'seeR/a) defines the opti.mll.l as­
pect ratio and the l'Jl.fUimum attainable pm.ax -}eq "}at . 

Por an 1~2 stellarator of a moderat e stellarator parame-
ters El.' ma/H, l:J. /a the following simple e.f.lt.i.mate 
can be Si ven for ! IllOX: 

8 - 1,(" )'(m"-)'r' (1) J~mQ~ - '1 et" r. c 2 

This value of the plasma pressure Is attained at 
(R../Q)~t :.8JAJ/E:a . Here /l Is the ma&letic &.Xis displace­
ment, a.. io the plasma column radius,E:,.and m characterize 
the outer helical magnetic field described by the poten­
tia l (1 .. 2): 

:J'/= !O'n1B,~(t:")s'nt(w-m'S). (2) 

The parametero El. and ma/It in (1) are not indepen­
dent since Ec and the separatri~ radiUS lZS are 
closely related 131 . With the fixed ratio a/aS fitnQX 
can be reprellontod all a function of ez' (or ma/R) 
only. It can be Ilhown that JB max as a function of these 
purameters haD a maximum too . For example, for a::: 2. as/3 
and IJ. /a. -::: f / 2. wc find that J3 max Z 6% can, bo attain-. 
ed at · R/a :::: 16 , e.z~0,5. ma/RZO.5 . 

All one can Dee from the above expressions (R/a)opt and 
particularly .fJ", •• are strongly dependent on a pennisaible 
value of /l . In linear approximation, however , we cannot 
know the Il - value with a sufficient accuracy. Thus , the 
mentioned above JB max and (Rla}opt should be conside­
red as estimates only . The importance of a ~ore exact cal­
cul ation of these parameters requires the development of 
a . nonlinear (in IJ. ) approach to the atellarator equili­
brium problem. 

In gen.eral the problem of the plasma equilibrium in a 
stellarator is esnentially threedimensional . Here we ehow , 
however, that this problem can be reduced to a twod~en­
eional one. 

We base on the equilibrium equations formulated in 
the flux coord.1nateo .,p, B. 5: with "st raight" magne-
tic fi.old lines 14/ ; 

",,'P'V] ~ (l~ f¥;<P'-(J'+- t~)/ 
- V '" 2..1' = l:!s, ' +- ,fu q:/ 

iJp '&' "'- , 
J + N = ~j'+ 'ij rp 
-/+ d = m J'+ lllgy'. 

il"S ~ '" 

(J) 

Bere 9".1( are the metrical coefficients, f, I ; rP, J are 
the poloidal and toroidal magnetic fluxes and currents , 
respectively; the periodic functions -.)(0. ~), JlI(&,: ~)Characte­
rize the charge separation current and the magnetic field 

potential. 
Set () has been used ear~ier to study 

behaviour in two alightly different oases: 
but arbitrary E and b) a small E 

a stellarator 
8) a small ma/I?. 
arbitrary rna/Ii... 

Here we consider the second of these cnoes which cor­
responds to the "ord1.nn.ry" stellarator ordering: 

, J a. 1 
e~ ... iif ...... lC « 

In this ordering ~z /~, ?"zz /~ do not depend 
on ~ , meanwhile the nontriv!81 metric coefficients 
of the vacuum flux coordinate systems have the follo-

wing form : R.. 
(!f', )v = 8, 

(?>,), :/i.' 
The main point of our conaideration is now to show that 
the plasma flux coordinate system is connected with the 
vacuum one by a twodimensional transformation: 

,P, =.Pv(P,f)j; f), =8,{p,8). (5) 

Indeed, using (~) we find ~eadilY • • 

!f" = (?',,),Pv +~,),6i, : j .. = (?"Jp, +(?,,~&.: 
!In:(/I,,).; VJ =(v?)JP~Il>.A8v'J. (6) 

Here p;:: JPv/J..p,'pv:: dPv/d& • It follows from (5) , 

(6) , and the last equation of oet () that 

Hence 
Vj ='pR (L- R~, #0). 

$I" < i2 \ +..£ [?};'.P: + EJ-t&:] , 
~ "J /~ B,p ap, ° JIYv " 

.ill = <~~ , > +-...L[~A+ ~&v] V:f V? :s 8,p ap, , a IY, 

~ = <' ~>~ + B,~ ~~ . 
Here < >,.denote an averaging over "'$ • It is the "gradi­
ent" form of (j'/J)V,fjl.J)., in ( '1 ) which allowed us to rsduce 
the expr essions in the 6qusre brackets to the component 
of V~tJ • Now the 'S depending terms in Set() 
a re exclUded by eetting .:f = .2 S, ~ tJ + .(::f >~ , 

V.:f=< v:f>~ +2fi v.Y;tJ 
Thus, twodimensional t ransformation (5) does sat16fy equi­
librium equations in the ordering oonsidered and we obtain 
twodimenaional nonlinear equilibrium equations. This agrees 
with the results of pepers 15/, 161 obtained by an expli­
cit averaging. 

We can further reduce our twodimensiona1 equations to 
a onedimensional form. To do this one should prescribe a 
definite {} - dependence of -Pv, Elv (5) and d.Dtroduce 
the parameters such as the diplncement , ellipticity, 
triangularity etc. of the average magnetic Surfaces. I n 
this way we obtain a chain of onedilll8llstonal nonlinear 
differential equations for the introduced parameters, These 
equations can be used for more accurate numerical stUdies 
of the problem of tbe ~ limit in stell~tors. 
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Let us consider 60ae conclusions from recent theoreti­

cal IIIHD equilibrium and stability investigations t or s tella­
rator w1 th strong magnetic shear 1:-1+ These theoretical ana­

lJses were undertaken in connection with poradox1caly low 

estimations of the ~ 11m1t (~= Zo/Bt) for atellarators 5- 6 
and. the necessity to verity ~ liLlitations due to the so cal­

led "magnetic hill" found eorlier in other works?'? 
Detailed anali e i s hae shown2- 4 that the abOVe mentioned 

l ow estimations of ? are assoc1oated w1 th particular cases of 
UIlSUiteble magnetiC con.t:l.gurations , and thorough 1nvestiga­

tions of magnstic hill probl~1l ind1cats4 that the results 
earlier obtained are a conssquence of exceeding at accuracy. 

In tha :framework of an adequate 8Pproach,includiD& all neces­
s~y crders ef expansion parameters, the magnet1 c hi l l ef fe ct 

dOeS nat produce s1gn1:!1c8Dt p, limitat1ans. 
Let us recall that tne plasma self-stabilization e f r ec t 

in ste11aratars wi th s troD8 magnetic shear remavos ~ limita­

tians associated with plasma stability ( mare tull;y described 
in our report to tbi e conference en titled "Da68 the YHD sta­
bility determine maximal plasma pressure in a etellarator?II). 

Thus the upper llmi t of attainable ~ in considered sys­

tems depends on the permiseible perturbation level of the mag­

netic conf'1guration ( i.e. ths value Of~e). One C8D further 
eee tIlet for sven a rough field correction this limit at p 
can easily reach approx1mately 10 %. 

In fact , for toroidsl systems with non zero rotatianal 

traIL8formation angle, tbe main finite ~ effect reduces to ~) 
appearaDce a sllghtl;y non-uniform, vertical field component C~ 
This component 11splaceB tbs cross-eection centres of magnetic 

surfaces ( )ebel.!d "by mean radius 1" ) outwards along tbe major 

radiUS R. of the torus. The displacement-function ~(r)1s de­
scr1bed 1n the above mentioned papers 1,8 by linear (in ~,p ) 
eqUation 

(r" 'l')'. ~[(t·'r·)~ - p'<IV<P!'.>'R:r:!B:J:cp'R.rYB!, (1) 

where ~"l·+ 11, ?,~ is tbe cantxibutian of the vacuum magnet1c 
field, -t I is tbe ahmic beating current cantribution, «V'*')~? 
represents the mean square ( for one period of the system) 
of the vacuum magnetic field madule described by the ecalar 

magnetic potential function cP , and praes denote d1f'teren­

tiatioD. with respect to r . 
Accord1ng to p~ers2, T, 8 there ie eome p = Pc.,. when t-eoO 

asp--p..c see Pig.1 ). but far troll. ~:PCf' ~ i s Df tbe order 
at ~ aDd small , since P<'< ~ • Hence, a posteriori, the se­

cond term. in the square brackets in eq . (1) respon.sible for 
the growth of ~(I") is of tbe order af rl , repretlenting an 
o][ceeding of accuraq'. 

Therefare in the p~er4 all the necessary orders in ~, 
~ are kept. One muat also include an additional response af 

the second order tbe app elU'8Ilce af mean magnetic surface el­
llpt1c1t;y. This elllptie1ty is described by tbe caefficient 

oodr) which ie B:Ilplitude of tbe second poloidal barmonic. For 
this case , functians ~(r' and w(r) are described by simulta­

neous equatians ,~/. (.~)1.Jf? " /"D~ ) 
(rJ~'.t't<t{rJt·'J·n =irR.rJB: (f+3"GII!e,.+5ot1.!:- 'f'/'t +<.... • .. / .. ~. (" -

l
_rl~rl': C.j-tk)+lr[(t"~rol)1r]/.n'r)~'(-3_~ IS"I;I.r"t)+ ( 2) 
+~'rll (-3"w l+ ; .... /r ... 9t:·'1it}-.z r".t[;s'ocl"r)"- 9,-l,".12. ](l.i A) - :erl:t(J""'~~(k+ 
+ih .. '~ot+ 2{JrHLlA)- Zr$~ ~J(L.IjAh~ " , 'I ~( ) 
(rJ~aQ(f)'_3r-f/ol ... 4r-J-tot(L~AJ='5r(r~t t );4-2Y~.t L~A, 
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~e!'C ~ _;- ~ ~~" ',: ,-l . A ~tr~ , and t {r)i s the fWlctian f or di s ­
pl e ced ~agne tic surfacer. 

' "W~ ~I){ I- ""~)+';'IL,A). 
(as 1; "'-/' 0 , eqs _(2) are trallBformed to thaoSe for tokamaks:;). 
Analyses or (2) give smaoth s olutians far :;,0( only , wlth ... 

aut B1X.Y s1ngularities contained i n eq . (1) ( s ee Fie; .1 ) . By 

mee.na of ( 2) one can obtain a value of p~~ 7 . 5 :t USing the 
displacement of the magnet ic surf ace with r-.=: "', 'zto the edge 

af the plasma calUlUD.a.:r" .. ~ which carrespands to. the 10so3d 

a,pprax1mately 3/4 of u.setUll aperture for the L-2 s tellerator 

parameters ( CI/R~:' 0 . 115 ; l·':::.a. 2 j';~".:t':_l:~o.7;~::::! 0) and 
"canductiD8 wall" boundary condi tian at r: et • 

Thi D value is less than .... 25% below that obtained by USing 
1 . 

the fo rmula of the work wbare re was evaluated to a firet 
order in ~ I but without the magnetic bill term which 
e~ceed8 the accuracy in th1 3 caDS. 

Tbus, the per farmed anal1ges 1- 4 confirm tbat it ie 

pozll ibl e to u.se as a rough upper limit of P in ste1181'a-

tor ths es timation 1 () 
P' p. - %'. t~, 

which together witb the MHO sts))i llt;y condition ~::: k § 
( see tbe abave menti oned report to this conference ) in 

the interval O:!: P ~ fe ( or f, .. ~ Fe) reduce to 

f.-·· ~ ~·1Jr 
But this eetilllation too will be exceeded by using a feedback 
contral oystem for proper compensation of the main. f inite 
effe ct which is the vertical field component B tll) • Por in-" .. stance , if we make use of tbe approrlmetion -t":::ol:'" ~~r! 
then we obtain1 e *:11", 0/ 

8!J(II)/Bf'{rx) ~ f ~ 1~/A;" en 1.:/~~ roJ 2 I 
~ - free boundlU'Y condition ). It is evident from tbis re.La~.i .,)c. 

that by rough compensatian of 6\1"(o:.-)one can obtain almost 

twice the value of pe ,maintJn1ng tbe strong self -et abi ­

l1zation ef1'ect ( magnetic wall) arising 1ue to finite fo • 
Por the L-2 stellsrator case this could ei gnifY the poesi­
bili ty to. attain pt:: ....... 10 % or more. 

, 

,/ 
2 • : 

p"~cr 

Pig.1. Magnetic surfaces displacement function Hr) versus 
p . The curve (1-1) follows trom eq. (1), the s econd (2-2) 

trom eqs. (2) . 
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DOiS T!IB )(HO STABILI'l'I DETER!lIN3 K.UIJLU. 
PL~¥A PrmiSURE IN A STELLARAiQR? 

L.M.Xovrl;'oykh,S .V:Sbchepetov. 
P . N.Lobeciev PbJ'Sical Instttyto'L-The Academy of Sciences 

of the ~R. 

Moscow, ~R': 

The opinion Is widespread, that one of ~epdetlcleDcies 
of a I'tollarator 1 )15 the SQail value . of~" V (p- ls plasma 

pres s ure , n-lD.tlgnet1c field), Ihdted by the MHD-stabillty 

condition of plasma . 
Really, if one takes into considerati on the criterion of 

stability for intercbange .modes 1 I _lII'hich was derived neg­

lecting'all effects of toroldal1t;y, then ma%1mal pressure 
15 determined by the value of sbear and appeares 1;0 bs.ratf.ar * ~. small.For example, f or the 1.-2 (U5SR) . with {: = 0 . 2 +0.7 0. .... 
N/no= 7 (",bere -t" - le rotational trBIWtollil ct't56.t ed by 0 

external hellcal fi eld, N - number of perlodB of helical 

field, 110 - belical multipolarity) S:>max< 1%. 
However, according to the :paper 2 t in Btellerators 'Cl tb 

planar circular magnetic axis and large magnetic ehear, to­

roidallty leads to improvoment of stability conditions fer 

interchanee modes, whilo ~ increases. Tbe mechanism of 
such a seil-stabllisatlon can be cle!lrified by following I 

displacement of the magnetic eurfaoes under the action of 
magnetic fields , created by diamc.gnetic currents , occurS 

in the direction of i ncreasing of lII.ajor radLus of torus. 
If -t"i't" >0 , then line of magnetic fo~e pllSses qUick "the 

region ,Jf unfavorable curvature (on tho arternal part of 
torus) and i 3 delated on the ittternal part of torus. 

"!!'or example, it CEID be shown, that for systems without 

ohmic beating clU'root and w1 th large magnetic sbear (for 

simplicity we supposo , tbat belical ~ield i s des cribed by 

tbe s calar potencial, depending on pololdal azimuth ~ and 

toroidal azimuth s for tbe combination nJ) - Ns) the stabi ­
lity criterion , derived in t':" 'l paper 2 , is satisfied un­

der any ~ I if I 

6J\1"6-t*/()o +:< LI~'~ 4 ~(\.+2E.l.Ro/Go~t")'13 (,) 
Qo 

where : El.. =B.Jso ' R.- is major radius, B.l. - correcting 
component of vertical field, n. - toroldal fieH at the axis, 
and we substitute -t~= .6,-t*t2kt~) P",P(O,)( 1.-~2/a~). 

For systems without sbear the critarion of the intor­

chango Plode otablli ty do es not l1mi t maximal prOCSUl'e if: 

,,({{"Ino + 2{.·~'" io, (2) 

i.e. f.or stability it is necesaar;y "to creat the vacuum 

magnetic well. a. 
But the criterion in t~e.psper wes derived in Il first 

approximation to ~/a., i .e. it 1'fIW assumed that aversged 
over l;I magnetic surfaces aro the systsn of noncollc entric 
toree{ ~ represents displacement of magnetic surfaces) . 
So this appronmatLon is valid at ~« i;l8' l 8"= a"/QfI . 

Por more atrict SOlution of the problem of determining 
mSJdmal pl asma pressure it is IlOCSSS!U"J" to UDO thl} lI.1gher 

order t erms of ! /80. , including the elliptic1ty of an.­
reged. magnetic surfaces, described. by tbe parameter et ... 'i;1~ 
After this the stability criterion takes form 3 : 

S~(~' )';" • (j;'hllQ,·W,j>0 ()) 
1" ~ :!oWl),',. Q. ~ :::: <. (9C!?'> > R .. la ~ 50 - t Rc. ("c. -t. / ~ ~ -t 

-+ R. [C~I!1:*~')' h. Y -4- 1:~ - (2-t- to")/'2.-t 
(4) 

1)8el01l' wo oball mean Wldor a stollarator the installation 

w1 tb. plenar circular gOOELGtric ax.1.a, whore the rotational 
tranafom i~ cre80ted b;r, the sot of holical harmonica, ep­

pel1red due to uteme.l. COMuctoro (includ1.ng eo-oalled 

to.t'3atl'QDB)" 

w, ~ ~~ ~~'C-3"".3<"'9""h)- (.) 

- ~ [:;qd.~)'- ,3 \>;"~/4}(L.2A)-

- ~ th~'. 2~d.'" ~"~'fY,<l' (I.,A)- t ,31;'''(1.44)]' 
'l. ,t I 

+ !l... t <t'1'!!J >p. '1;"- ,!:~'t'/{ - 2 -;:'CL,A}/.t J ... 
Q.~ ~l :t I It 

... l <tV~'~}/co'i!'k. ~"~')+ [«'7'i)'>' ""e} 
~~ ~ (" 4~B! j ~ 

where: ~ is diaplacElent of canters of magnat1c eudaces 

in vacuum, ~ - is potanc1al of helical magnetic field, 

Lm:;.tn~]"·", .&.: t~a, -t - 13 total rotational trSlUl­
foN. on displaced. DI"8lletic surfaces-t= (-t'"-+t"l)(1-1 /")-4 ~a.cL~ 
-t:l _ descrlotlB colltrlbution of ohmic belltin& current, 

(. ...• , me,n~ avareg1ng over period of ssstem. While 

Vi'1 = 0 (1.'e. nonlinsar terms are vaniehed)' 0) becomU 
oqual to criterion derived in t~e paper 2 • The detail 
analusis (3)-(5) is possible only by co~puter msthods. 

EO'Re'" .Jr, one can ~e suf'fic1ently Simple estimat1olll5. For 
eX8llIple, wb.11e t."3 .. 0 , t. ""<.t)= t'"(O) +,6 t1l ~Ya.~ I 6 (.'" >'> eft») 
one can show that the non!1n-,ar teruw load to additiona.l 

s t abilieation, in particular.4 a t tho plasma column edge, 
where destabilllSing tem .. <'('tl9.1-J ia mex1aal . 

So it is p09.!1ible to conclude that "bile .fi?~-t:'t the 
nonlinear terms don't praotiCb.l.J.;y chac.ge the stability 
cond.1 tion ( 1). 

A.s t h., stability criterion wi th rospect to ballooning 
modes in A atellarator without ohmic beating 3,4 unlike 

B, tokam.ok iD leas atring6Il.t 5 , 6 than tbs Qrlterioll (3) 

( lll' ~O l) thell fo r not very long syots.w ( Il8 the 
tranafom e.ngle increasss almOAt proportional.lJ' to R.) 

the mex1.mal pressure, within the modal cOIUlidered, ie not 

limited by ideal WlD stablliq co!ld1tion (see formula 
(1) and (2)~· 

Conaequantly for stellarator systono with planar ana 
and large abeat', the lIIax:l.mal pressure is determined by 

it's maximal Value duo to condition of equilibrium 7, 
wbicb (qile condition (1) is satisfied) c an be equal. 

to .t.(~/N" for the a:rst~ under coll.S!doratioll. . (see de- , 
tails in the paper by I.S.'Dao.1lk1n , L.M.K9vrilnykh, S .V. 
Shchopetov " Equil1briWII in It stellar(ltor.o The pressure 

limit" pres ented to tbis conference). 
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THE DISTINGUISHING FEATURE Of PLASMA nEATn~G BY HIGH 
TURBULENT CURRENT IN "URAGAN_2" STELLARATOR 

N.P.Perepelkin, V.A . Suprunenko, M.P.VaaiI ' ev A S Slavnv 
A,V.Ars(!n ' sv , A. G. Dik1j. V. G. Konovalov, V.D.Kot;ubMOV: · 
~.E.Kulaga . A.P . Litvinov (Kharkov Inat . of Phys.& Teohnol. 

Ukr. Acad.Sci . ,Khnrkov,USSR) • 

~. In tbeatellsrator the plasma turbulent beating 
a een performed by a sbort powerful current pulse tli th­

out violation of plasma column equilibrium.The conditions 
of heating and its efficiency have been 1nve9tl~ted. 

In the stellarator "Urllgap- 2" the turbulent heating of 

e plasma has been performed by e powerful current pulse 

of 20 ItA, 200 V, 0.5 me in the !1eld H,c20 kG.Two_compo_ 

n ent ion- hot plaama hall been obtained where the tempera­

ture for 90% of particles 1a T;.""o.) keV and ror 1$ t." 
0 . 75 keV. A calculated value of i on temperature which co­

uld be obtained in an ohmic discharge at Coulomb collisi­

ons is Tl ==,o.13 keV . The angle of rotationo.l transfol'm at 

plaama boundary reached O.~+1 . ~a l .7 . Catastrophic viola­

tions of plasms column equilibrium were not observed . 

The threshold nature of ion henting from electric and ma­

gnetic fields and complicated dynamics of rnicroprocesses 

in the turbulent pla81118. for ({I> (Upt; ars likely to be asso­

ciated with the nonlinear staee of ion- sound instability 

~l .The ion heating is ahown not to be associated with 

tbe effect of quaai- stationary run-nway of electrons Qnd 

excitation of "fan" 1notability. A high leval of stationa­

ry nOisss near ion ploema harmOnicsc.Jp;. and 2 wpl resulted 

in trapping of fast electrons by m!croflelds . 

The plots of ion heating and run-away electron hampe­

ring versus the electric field tor constant density of 

6. 10'2 cm- ) ls given in fig . 1. The energy of accelerated 

I ,~electrons e:Q~ ls seen not to depend 
~", .. ,....., 

~ 1 ,. on the electric field , while the ion 

a".c...... tempern tlU'e T~ grows linearly with field 
I --

~ 't~d1 E b.ginning from the thr .. hol0E". - 0 .0; 

~ IU V/cm (crosses:w1th pre - iOnization, circ-

o ~ les :without pre-iocizatioll of a gas). 

~::t~.,,:=[ t ,_, " 1 A r.gim. of fr ••• ee.,.ration in the 
,~ ~_~ _____ . . stellarator develops in a slightly iOni-

zed plasUlll at low electric fleldsE..:.EDr • 
I • ~ 

E 1Y .. 1 In a high field E;- EDr the electron run-

Fig . 1 away i s suppressed. The ener gy spectra 

of ions are characterized by two- temperatlU'e distributions 

(t1g.2). The number of particles and their enerey grow 
" , 1 

strongly W1 th the IDRGnetic field Ti.'- Hz - I· Hz • 

The electron distribution function for such discharges 

is non-UaxVle11iAn. Due to hot electron trapping by micro­

fields it is observed the combinative spectrum of the cy-

~ I cr-_~ ____ ~clotron bo:nnonic radiation 2Wce , 
3 lIWJIt-2 .". f: Z8.c and in plasma. :resonance condi tio1l8 

- ~~'.~~ 'f m.. 2 wpt .. '"\e ' .1W .0 there appears 

1O-l t..jJ,25 '1S,lI.c: the modulation of hot electron 

plasma. P)' flux into 0. target in 

(Ce - 1Q-20keV under magneti c 

field change (fi g . 3) . The hot e1-
I~ 

ectrons temperature ~btained from 

>-_-T_~c-~~~Doppler broadening of cyclotron 
1 ""l , 

I.jlml radiation line ~t ie Tt- 5-6 keY 

Pig. 2 I.1n fig; ) the shaded region i s t he 

E-12 

'CE] broadening of 1.5% due to Il\QgneUc 

]l field inhomogeneity in the rnce-

~ track) . For the bulk of electrons 

~ there is a great disagreement bet-'GEJ ween laaer and micr01fave data . In 

:I particular , radiation intensity 
~-

o Pz"'.... gives Tt "" 250 eV, accordill6 

-fi .g 1i 0 '6 <f2" to laser measurements Tt""' 90 eV. 

~r However, because of above - mention-

Fig . ) ed anomalies due to the great dis-

turbunce of electron distribution function and particle 

trapping , it ia rather difficult to evaluate the errors 

without a detailed investign~ion of distribution functi ­

on itself by other methods. 

At the plasma edge atrong magnetic perturbatione have 

been observed by means of an open oingla - turn probe , The 

characteristic of these signals is ehown in f i g . 4. The 

integration constant for the signals '150 ; 

ia sa 1'ol101'1a: ) - 400; 4- 100r s , :> ~ ~ 
the dashed lines indicate magnetic si- 0 - " .. 
snsls of a current field beyond plas- i'O I 

mo . In .... rim. nt. "'hor ""-on.".,':;! :f :r: : : ~ :]'-
(Shaded) or "paramaGnetic" pertlU'bati· ~t:&n 
ODS in a plaBmQ were observed WhiCh,~ --. u 

appeared at an inetant of high dens i - I:.1U,_.~LW °tV~~~ 
ty depre ssion and depended on tuning 

ot a helical magnetio field and pro-
- '". 

Pig. 4 

be position. In the high current regime (15 kA , 15 . 8 kC , 

l .o 

Pig . 5 

in fiS . 4 the density depression moment 

is indicated by the arrow) the appear­

ance of a "diamaenetio" signal-dHl de ­

pended on tuning by a helical fisld to 

reeonance t:r= t.e .. · t ... = 1. 5~ For low clU'r­

ants (2 kA,7 . 2 kG) only a "diam.ngnetic!' 

signal appeared which, as shown in 

fig.5 {·broken line),was a180 (al:! well as X- radiation sig­

ne.l :from the target P; ) highly localized on u radius ut 

tWJ.1ng to resonance -1;:1;-0.5 , The dependence s of "diamngne-1.0[3 
; 
;l 

,,,," 

, It· \ 
o US 

Pig. 6 

~ 
tic" amplitude on the summation 

angle ~[ at tuninS by the helical 

fie ld are given in f16.6 for two 

.2 various COnditioncw..,;W
p1 

-1 and 2 . 

Thus along with the ion heating 

t.5 (l and density per turbe.tions ,in the 

turbulent plasma magnetic per tur-

batione on rational magnet1c surfaces have been detected 

which oorrelate with X- ray eignal a of hot electrons bomba­

rding a target in plaema reaonance area . The- s.na.lysis ahCINJ 

the energy lifetime of hot ions to be 5- 6 ~1mes lower ~ 

the value eatimsted from neoclaa eical theory and to be 

.... 40 f O. 
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~:H:l ~TABI!.ITY OBSERVATION OF nIGH BETA PLASHA 
n; j-l0:JIFI::D BUl-iFY FIELD 

A.Sekine , S .Shiina. Y.06ura, K.Saito, Y.Oeansi, 
1 .111,1;1, H.Yoshimura , J.'l'odorokl , S.fiamada 

Atomic Energy Research Institute, !.:ol lege of 
SCience and TechnoloGY. lIinen University, Tokyo, 
Japan 

1. Introduction 
~odified ~umpy !orua had been proposed to eonfine a 

hish heta plasma in the closed magnetic line system con­
taining equal amplitud~ and -J m~bnetic fie lds and rela­
tively large t . :!:. 1 field component(l} . So far tbe sector 

experincnt in !:BT had sho~m that the confined plasma was 

in a stable equilibrium during the observed period limited 
by a ion- transit time from the midplane to sector end5'2). 
Recent theory on the basis of a diffuse plasma boundary, 
finite surface distortion to match the observed plasma 
shows the cxist~nce of equilibrium in large I - ± 1 system 
and the" improvement of the stability over that predicted 
by a shurp boundary, scall surface distortion tbeory{3) , 
due to maGnetic - well stabilization effect(4). Here, the 
lon~ wavelenBth m-I mhd instability in the magnetic config­
ration with I .0 and 1 .. ! 2 fields and Ifithout I. - :t 1 fie l ds 
iG experimentally studied with the aim of confirming indi­
rectly the macnetic-\~ell effect through comparison with 
tl'e observed £tability in sector experiment. 

'.' Experimental device 
The linear theta pinch machine is operated with the use 

of the saoe condensor bank BS in sector experiment. The 
averaged macnetic field is 10kG in the ri se time of 2!Sec 
and decays with the time constant of 40fsec. The coil 
lenGth and innerdiameter are~m and 8cm respec tively, which 
are the same dimension as sector coil. As shewn in Fig.l, 
the maenetic confir;uration composed of 1. _0 IUld 1. _ t 2 fields 

is Gener nted by modifyi"G the initially appl ied bumpy field 
with two 5Y1!lllletricsl conducting shel ls . In this figUre, 9, , 
9. (~ 1t - 9. ) are the angle of each shell and If i8 shell radi­
us . ~he asenetic scalor potential, +~, i n this system is 

civen by' follo'dnc e:-: ressien, 

B{ 1 t r' J +~ "B.z + ~ I o(hr) + ~(hr. ) LoC, (~)cosU ein{hz), 

i 
,.,, , 

B . .. S:/{ l - (hr, 10g jco U,j} 

( 1 ) 

«,.COS·9, -1 , etc., ((, _ GC, .. · • • · ~O, 

where B_ gives t he modulation amplitude of the longitudi ­
nul vacuum magnetic field on IIxis, B, (O)_B. + Bacos(hz), B: 
the modulation amplitude of initially applied bumpy field, 
« .. the coefficient of t! -th~field comnonent, an4 I. the 
modified Secael function at order zero. Then the magnetic 
configuration generated is composed of J _O, 1 2, otc; ~d 
does not include 1. ~:U, 1 }, etc . fields. Since e, -}5 , h_ 
0.285/cm , r. _6 .3cc and the mirror ratio on axis of initial 
bumpy fie l d , a: - l . 65 , in the present experimont , B./B._0.182 
, «, -0. 341 . The predicted value of B_/B. is found to be 
nearly equal the observed vnlue . 
3 . Experiment results 

The plasma s tability i s oeasured from axial direction 
by means of high speed camera and Ruby loser light Mach­
Zehnder i nterferoQetcr. Vacuum balanced loop-magnetic probea 
rolled around discharge tube are used to measure the mag­
ne t ic flux excluded by the plasma. The excluded flux in 
conj\ffic"tion with the plasma radius as determined by the 
Each- Zebnder interferometer allows the determination of l' 
value. The initiol fillinG pressure of hydrogen gases is 
f .h::ed to 10Pltorr. ExperiC3ent is carried out in three types 
of magnetic configuration, that is , the J -0 + J . 12 field, 
the pure bumpy fiold(no conducting shell ) . and the strsight 
field . In the 1. .0 + la12 configurat ion, the plssma begins 
to move toward nearly vertical(y-axis) direction in tho 
time .of -4,.S8C after discharge starts . In this time the 
plasma croes section is vertically elongated with the 
ellipticity ot 1 .6 defined as the r adius ratio in x- axis 
and y - axis, the averaged radius i9 1.5om, and the' averaged 

~ value i 3 0 .7. Atter tben , the plasma displaces to tube 
wall with the drift time of 2~3 sac, elongating the ehape. 
In tbe pure bumpy . ri~ld with a.IB,O.3 , the plasllIa movas 

toward horizontal(x-axis) direction with the drift time of 
_1.5,.sec, which is somewhat fast compared with that in the 
J _0 + J ., :1: 2 field. The shape of plasma cross section is 
nearly Circular, tbe averaged plasma radius and ~ value 
sre the same as in the J -0 + 1 ~!.2 field . The excludod flux 
decays faster in both field configurations mentioned sbove 
than in straight field. I n straight field, the pla~mo drift 
is not observed during the period of -lO,sec, after then, 
the plasma shape is deformed rot a ting around the axi~ , just 
likely m.2 rotating instability . 
4. Comparison with ~mD theory 

In this section, the observed plasms drift is compared 
with the long wavelength m- I mode predicted by r·:I:D theory 
assumed a sharp boundary plasma with an orbitrary, but 
nearly cylindrical shape . When the plasr.la surface is ex_ 
pres:led in the f orm r~a (l +{.6".COSll •• kz), the distortion 
aoplitude normali zed to mean plssma radius a, 6~ ,is given 
by 

according to a sharp boundary model . The coefficient b. 
is the modulation of the longitudinal vscuum magnetio field 
on a :~is snd b, is determined by Fourier analysi s of the 
radial vscuum mll6netic field on r .. a, B, (a)/B ... -2~bJ. 
cosU ' )sin(hz) . In the present experiment, b . .. B_/B.-0 . I B2 
and bt ( .. b.t ) .. -b. (ha) It.l8.0 .003 using the measured value of 
a.l.5cm. From eq. (2) , 6. - - 0 . 30,,",0 . 11. 6"1 (- $'1).,0 .012-0 .009 
, at ~ -0 . 7-0 . 2 . On the base of a sbarp boundary, small b.(. 
model, the gro .... th time of 10n6 wavelength m,. l mode is pre­
dicted to be 2.6- 7 . 2,.sec in horizontal direction and 2 . 1 
.. 5 .8I'sec in vertical direction, at p .. 0 .7-0.2, neglecting 
the smaller surface distortion of SA for 1'1 ~ 4 and lls i nE: 
Alfven speed of VII _lXlO" cm/sec . These predicted growth 
times SGree well with the experiment results , in tbe points 
of the plasma drift time , the direction of plasmo drift, 
and the confi£uration dependence of drift time . 
5. Conclusion and discussion 

O~ contrary to the l i near plasma , the sector plasma 
doas no t show the plasma drift durine; the confined tioe 
of ~15~ec , although tue straight forward spplication of 
s sharp boundary, small 6. model to sector plasma leads to 
nearly same growth time as that in linear plasma. The com­
parison of the observed stability in linear and sector ex­
periments gives the indirect evidence on the existence of 
the stabilization effect due to self-magnetic well for­
mation in the sector plasma with finite J _11 surface di5-
totion , which is predicted by the recent theory based on 
a diftuse boundary, finite.t - 11 distortion . Then the sol!­
magnetic well effect will give the most likely explanation 
of tbe observed pl asma stability in sector experiment snd 
enhance the confinement time of high bets pl asma in !-UlT. 

It is pointed out that any aystem which the dominsnt 
fields are '!l fie lds has a Z independent force of the ferm 
cos(2tt ), which causes a long wavelength m-2 mode, then 
doe a not produce the well-confined equl1ibria(S). This 
force is not clear in both linear and sector experiments , 
The diffuse boundary theory mentioned above predicts that 
the selt- magnetic well has the stabilizing effect also 
on long wavelength m-2 mode as well es tbe mal mode . 

B~py Coil ~ ItiI [fJ Shell 
x 

(1) (2) (3) 
Fig.l Scheme of linear Device 

•• Fig.2 

}"' • I!q,l", . ~ 

Fig . ' Excluded flux in straight 
field 
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IlASIC St1/DY Ol' All OPEN ENDED NON~Pl.AHAA HAGNf;TIC AXIS PUS"" 

CONPIND!£l,'T SiSTDi (UPDATO)' NP-Ol ) 

Yukihiro Coto. Shln-lchl Tauchiya and Shig.o N.I.o 

Faculty d EtlgJoe.r1n&. Toho ...... UoivtouHy, SeodaJ, ' JAPAN 

ABSTRACT 8al1c. study of ""perator NP-OI, .. hich 1& an open ende d -.irror 

a,ltell .nth a heiic.l uanetic 0:1&, .re deacrived. The .... IO.t ic confilu­

ration of .... p.ntor NP~Ol Iuo. b .. n calc"laud by .n e lectronic c_puter 

and investigatad .. ith electron bUll. Experillents of ph ...... ill.j 'ction in­

to that _anetic conrtluration "hllv. been 1Ud .. to cl ... r pla ... bahllvlour 

in the helical .... goetic field. 

INTRODllCTION A _gn.tic ftdd Iyat"'" w1th • non-pla" ..... :d. 11 a de­

liuble field coofigur.tion for pla ... co .. f1naoellt , becau.e it ha ••• at 

of nc.ar"d ... an.t i c ... rf."e • .,Uno..t pla .... current . ~retic.al probln 

of KIID e'luilibrl ..... nd . t.biUty o f pI ..... In the .y.t .... ith IIOIl- p1&_r 

hel1cel _,n.tlc axil have be .. n inve .. tigated i n dudl for a long tilll 

1 ) 2). Hovev. r that devlcu of . uch . yst ..... n f.irly CDlllpIe .. ill the 

Itr"tture and pI ...... confiouoent ioveeti •• tion ..... v. ry dUficultJ ) 4). 

In thh paper. the bssic study of .... p.rator tiP-Ol 11 deacrib.d. Thh 

dev i te i,: 110 op.n ended .. beror aystu .nth a he lical .... netic a:da and 

hII. a good h.lical e~try. So the field eaa171111 h _ r e lillpl. th ... 

toroider .yauII. A toroidlll ey.te .. vith a clo.ed "'Inatlc uh differa 

""'alcll11y fro .. thh ay.tn .. ith an exactly helic.l l yalllletry . I t la inter­

e, Ung to polnt out th. t ,he bade properties o f an open end.d .yltell h 

not vuy .. uch dht .. rbed by the introduction of toroidal curv.tun .. hen 

the curvature k of the hel:tclll ugnetic .d, 111 lar .... than the taroidal 

Curv.ture I /RS). 

The te ... · of ... gne tic ."riace .. 111 be uled here although th.t , lar.e 

n" .. ber of toru linn vith a r o tational trenlfon in the op~n ended 

.y.t ... fo ..... cOllft.uration s1..i le r to the ... glle tlc . "rf.ce fo .... ed by I 

dllll. force Hne in • c l oaed Iyate.. 

~ The he lical region of th' vac"u" ch ... ber hila b.ell .. de by con­

necHng Ii .. 10",. .ta inle •• ac u l elbow tub"s .. ith 4)· centrel .Dlle per 

one pitch. The v.eu ... c~er 1a .hova ia Ft •. l .ad device para.lura are 

.hown to T. b le 1. The in.ul .ted .nn. h.ve bun vound 47 t"rn. p ... noe 

dbow direc tly an the vacu_ chnlhlt 88 the ... in field coil. Moreove r 

the heUcal .tabllhinl T.ble 1 Device p.r .... t e r. o f .... per.'or NP-Ol 

.. 1nding. of '-1, J-2 .n,) ~diu. o f v.cu ... c .... ber 
, '" D. 110 .. 

' -3 have beln wound an 
, 
'"' 

0.1)4 .. 

the ... 1n fteld caU. "'U 
N .... ber of helic.l pitch , , 

coU a a re • .,citad by 
bdlu. of ... ial hllb '. 0 . 191. 

conden.er dhcharge cur-
Curv.tu ... of axhl helil1 k 2.62) .-1 -, 

r aotl. Por the pla .... 
Toraion of ... iel MU., 2.62.5 m 

injection. co- . " ul .un 
Lenlth of ~dal hela " 3.38 

h •• been u •• d. 
IUrro r po.ltion Ilngth " ,.~ . 

V"'CUUM FIELD CONJ'ICU-
Longi t udinal filld " LOS " 

~ Th. v.lue of IL1I1 f perlod of 11. ," .... 
.. in £idol 8, h • • bean c.lculat"d. by .. e ... a of , uplrpo.log tha .. petic 

ftald produced by a current loop of each turn coll. Thl fidd prod"ced 

by the hel1cal atabllhiog vindinl currenU 11. 12 .nd I) h .... 1 b.en cal­

cul.t.d by 'ia t-Sav. rt' . " .. r .. tlon . The "snltic field of thie d"v i c .. la 

deac dhed by the ..... of th .. filld. produced by the ... in field <:'0 11 and 

the helical wind in, •. The .. lin ft.ld dhtributian of cro • • - ... ctina .t 

cr.. heli"al r elioa " ....... "red by • '''In.t1c probe . The ..... ured v.lu. 

.... about 91 ... ller than the c.lc"l.tad 0 .... That diUer.a". ie cau.ed 

by the akll1 effect of t he conductive vacu ... chaaber .. all. 

The li .... o f ... gn. tlc force n. obtain.d by &ohin. the d~ff.re .. ti.l 

e'l",ation (1) .. ith I"nle- kutta .ethod. 

The tr. )ectori .. of the URnetic 11110!1 of fo r ce to .. 
" 

, . 
~ 

E-14 
v-B plao ... n 

'. 
" 

J'ig.2 ~an.tic .urface profUae ( B.-L OS kG , 11-0) 

ahown iD fi •. 2. l'r_ thie .... ulu, tbe ro ta t ional tran.Cono . 1I.la .. ith­

out belical .nnd1llg field. h de termined to .bol,lt 270· per one pitch. 

It .... recalnhed th.t t"l helical field d1lplac.d the loc"tion of 

the . urf.c .... ithout the dhtonion of i u lharp .t the direction \I. The 

diff.r ... ee betveen the h.lical II.llh of the device and the hdical lUgn.­

tic uh is on lY 'l ca. So i " l helical H eld w •• not "led In thia a Cudy. 

The o ther hand, .0 electron .un .. ith c r o •• ed fil ... ent ..... "Bed to 

det . nolne the ro t .tlon.l tranlform an.le .IId th. s he.r of the field 11"es 

e .. perbentaly. Tha electron gun .... plac.d st one side line.r .region ln 

the VIlCU .... chambe r. Diapilcement of .. l ec non bOIleD "8S ohaerv"d by lIeans 

of fluor escent .Cr een .. hich w •• fixed . t the .nother end of heltx. 

Soc •• "petbental reeult. are . hown In Fig.). The OI"a . .. r .. d rot.t ion.1 

tr.ndorm angle per one pitch .. ithout he11cal "inding ft .l<l Is bet .. e en 

270· .nd 280· a"d there 11 liul e a hear. Thh r"s ult corresponds to thl! 

c.lcul.ted one. As CaD be .een trOll }'i,.). ther. l a " fill lte shear an t he 

II&&IMtic . "rhc •• snd tha .boar in"r ..... .nth the heUc.l vi"di". fi,,1d . 

(.)11-1:",1,-0 (h)lr1,-l u. (c)12"IJ"3 U. (01)1.,-1]*4 U 
flg.3 Dt.phc_t of e l e ctron be .... "" the n"orea.cent screen 

Hor.over, . pecif i c vol ..... U(\I) ~re calculated for ... ny cues with­

out and .. ith h.lical windinl field • . Ave rage ... Udepch profile vithout 

he l1"al field h ... IUgnatie hlll. Though the profUe "i th appropriate 

helicai field ha •• _11. The .. elld .. pth for the c.se of rig.2(b) la 

.bout 21. 

PLASHA INJECTION f.XPERIXENT The ,xperiloent . o f pIa" ... Injec tion Into 

.... perstor tiP-Ol h.ve b .. en ude to clear plulI. behaviour In tlM he11c. l 

... ne U c field. U.ed p h .... aoun" " ••• co-. d.l plaaeoa ,"0 .. hich .. ss 

mounted on .n .nd of the device. Ths radial dlacrib"tiuns o f pI .... . 

dend t y .t uny posi tion of heli:o;(). /~ , ))./4, S)./~ and n/~) "ere .. .. a-

.ured .. i th flo.ting d"uble pr obes. The current signllh a C dOtible probe 

have bee" "onvert.d t o light d,n.la .. l th photo-diode .nd tun81llitt .. ,) by 

l i.ht c.ble and inve rt .. d electrlcal eiloll1e .. ith photo-Dultiplier. So 

o.ciUo.cope h .. been decoupled al ec tttca lly from t he double prob •. 

Injec ted pI ..... into t he ... gnettc f i .. ld .. tth non-plan.r •• goe tie ;1IlI18 

vere 'e!<petted to progre •• along "'gnllt1c Itne oe force a , a result of 

.bor t c ircuit df.et of the conductive end pht. of the deVice. It .... 

..de ''' t a th.o\t • .,. rt of injected pla . .... f r o .. one e nd of the d~vice 

.rrived .t thlO ano ther one . But the pla.m" ua " uduced .... rkedly .nd t.t 

w • • difficult to f ull the ph .... in the cha.,ber unifondy . MIIyh. th"t 

r ed"ctioll of pla ... .... due to· drif t .cr o •• cho "',netic field by " oUl­

ei a n af pI ..... p.rtlcle. alld ne"tr.l p. nicl ...... hId, ~ ...... h_ du. pl."... 

,un . So it wu not ~et to cle.r the effec t of helical winding field a . 

~ Th. propertlel of ... gne tic field .. ith open e nded oon-phnar 

... h hIIve be.o invntta. t ed In deUU .. ith the nucericll I e a.1cuIation .od 

.. ith the lI.,perbent by el.ctron b"a ... It .. aa l·ceD,ni~ed th"t the rotat i on­

.• 1 tran.fora anll. of thh device without helical field .... . bout 210· 

per one piteh .nd theu .... little shu r . S"perpoainl appropriat e hoUeal 

field, the proCUe of . pecific volu ... hIS ...... 11 . nd there h s hear. More ­

over, it .... . "r. thllt • par t of pllla ... injec ted from one. end at. the device 

pro.r ••• ed . 10n. the ..... netic lioe. of force erod IIrriv. d a.t the . nother one . 

thera la a .ch.dltte that th .. pl. l_ sou rce .. 111 be Inproved to cl • • r 

the ph .... beh.viour in the hdtcal ... gnetic field. 

~ 1) C. Ke.reler: Nucl. }'udon, !, (1964) 213. 

2) V . D . ~h.fr.oov: Nud. Ful1on . ! . (1968 ) 2.53 . 

)) S.N.I'O et d.: 7th Syap. on Enl. Proble .. r".ion Rue. rch.!(1971)841. 

4) Y.Coto et a1. 9t h Europ. ConLControUed r uBlon " Pl ..... Phy,.1(1979) 

S) Y. r uoato .t el : Pla.u Phy •. l! (1980).5~5. -7] 
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ANO!.1ALIES 01" LASER BEAM PENETRATION AND ABSORP'rIOn ru THE 

II'OmmIPORl.! PLASliA ABOVE ITS CRITICAL VALUE 

N. S. Erokhin, 5. 5. Moisesv~ V.V. Uukhin, V. E. Novikov , 

R.Z. Sagdeev· 

Ins tituts of Physios & Technology. the Ukrain1an Academy 

of Sciences , Kherkov 310108 , USSR 

There are three competing processes responsible for 

t he energy absorpt i on of a laser beam in the tar get ' s pla~ 

ma corona : Coulomb collisions, ~inear transformation of the 

obliquely incident plane - polarized electromo.gnetio wave in­

to the longitudinal one, and parametric mechanisms ( 11. 

Unfor tunately . it 1s impossible to interpret main eXperi­

mental data unambiguously , since with the parruneters attain­

able at present (laser power. col11sion frequency, etc.) 

these data lie within the applicability region of the three 

above-mentioned processes . Therefore the inveotigotion of 

the energy absorption in tbe t ransition regi on presents 

a great interest. "'Ie show in this report that t he conside -

rati on of transverse dimensions of the wave beam , vil!O • • 

diffraction and noulinear refraction due to plasma di~­

cement out of tbe axis region, ohanges qualitatively the 

pioture of a laser beam propagation in the inhomogeneous 

plasme. and tbe correlation between the competing processes., 

It io found that a significant increase of tbe co11isiona1 

absorption may take place at moderately high laser powers . 

Le t us ccnsider a ncrmal incidence of the nxi oymmetric 

TM- wave bunch of ro.diuo a. on the plane-lwninar pl nsma 

1"11 th the density h... t'\( l. ) .. . lie re , to simplify the cal­

culaticns , we assume the beam to. be of s Gaussian type . 

This assumption does not effect the obtained r Qsul ts sig­

nificantly. Taking into account that the transverse pond a­

romot1ve force exceeds the longitudinal one in tbe region 

of interest· and that the etriction effect has some time to 

become suffioientl y large f or achieving plasma tranaparen­

ce , we obtnin in a standal~ wsy the fo llowing equations 

for the longitudinal refraction factor Ni! " CK1/1.(} and 

for t he dimeneionless beam width f ( l.) : 

(1) 

where d. • ~~ . 
/Q..w io the diffrac tion parameter ; E ,. tl ... ,c,t; 

is the nonlinear dielectric function ot the plasma; 

6.~= WYneT is the nonli near parameter; W _the enercy 

density ut the beam DXio . It ie important to note thut a c­

cording to [21. the nonlinear tenD. wae teken into ac count 

in the expressi on for the longitudinal refraction factor . 

·l'h1s term is responsible for the existence of the condi ti­

ons for laser beam propagation beyond the linear reflection 

pOint . The analysis of equations (1) shows,before all ,that 

fo r the laser beam of finite radius , the rocts of the equa­

tion fo r the refraction factor !I~ never cross at t he real 

axis . Consequently , t here will be no jump of plasma. density 

. ·Inst1tute of Space Research, the USSR Acad. of Sciences. 

"·See p.1 . Propagation and self- foc using of the wave TE 
bunch 1'1'1 thout absorption was considered in [ 2]. 

in the region of the loser bewn propagation, which ill in 

contradiction with [ )1. 

The ener&y absorpticn of the Inser beru:\ alonG the pro­

pagation \1ay is deocribed by the equa.tion d tYrt~ = ~ 
The damping decrement value is determined by the group de­

celeration a? a We.~/1!i ' 11f" Cp{. Hence, ·the rute of 

col119ional abeorption increaDee considerably in the pl.c.cm:.. 

r egion where the group tleceleration (C I') i.o ma:d.mum . 

The totsl absorption dependo naturally on the dimensions 

of thia re gion . According to the linelir theory ( 4], the 0.0.1-

liaional abscrption concentrates mainly in the vicinity of 

the reflection point llJId opprooches Q = i - ex p(- lli\ . J A , 
where). • ~ , L .. I ~ It/Eo \ la the typicol scale of the 

plasma density variation. In the caoe of 0 self- focuaing 

l aser beam. t he region of the large Group decelera. tion CLm 

extend beyond the l inear reflecticn point . The op tilllul ir­

radiation regime is observed with not very hieh enerGY 

flOl'1s $1. ~ C>-L ) CIlc. T C'.nd the beru.1 radii a. ~L ) J....l.«I:J.~. 
The laser beam under the reGiLle considered coeD bcyon(l 

the l i near 1'8flection point without nan'ol'dng and then it 

gets focused. The diameter of the focal spct r.luy be fOWld 

if one takes into account the diffraction and ncnlinee.r ::m.­

turntion . So the laser- benm energy absorption equals Q 
be fore the linear reflection point , and it is detc~ined ~o 

exp (-2 L€JLfi..)in the supercritictil plaama . [[ere l"Ie ~uJ,e 

.fA • O.5(a.iLt~(L;),...5·2. tie obtain , for e:r.ample .,;'t 0:2 .24 for 

a. • L and the third "amon1 c of a neodymiwn lc.J:;er ~ '" 

: 1 . 8 ' 103• Thus,under the opt1rl1Dl ref.?!:Ie. the role of the col­

lisional absorp tion increaoeo no the laser bewn ,·mvelengt' l 

decreases ~ ...... tilt E ..... W (l:Io.inly due to the ccntribution , 
from the reGion beyond the linear reflection point of plus -

1lID) . At the c.a.me tiI:l.e, the rolc of po.rumetric mechnnisl:Is 

and reecnance absorption w111 decrcaae due to the reciucti-

'vJ >-; on of /fl<:T a nd L 
)Jote toot, in addition to the co111siona1 absorption 

wi th a la30r bewn goine; beyond the linear reflec tion point. 

the resonance absorpti cn 1"1111 ccntribute to the beam energy 

dissipntion both at the front of the bew:o. [ 5] Wld ~t its 

lateral Duri"oce . The collisionnl n·bsorption will be lelmer 

for more intens e laBer beam levels , but in th.is Cl.lIle one 

llIDy expect the formntion of focusea before the l1ne~r !·ef ­

lection point, which, accordinl; to ( 6 ,7] . increuscl3 the 

role of parametric mechaniSmS. 
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IN'!EHACTION OF THE IH'f.iiNBE FOCUSED REB WITH DENCE PLlS.IU. 

~.V.Chlck1n, Yu.U.Gorbulin, Yu.G.Kalinin, Yu.~.Markov, 

A.Yu.Shasbkov, V,A,Skoryupin. D.U.Zlotnikov . 

Kurchatov 4tomic ~ergy Institute, Moskow, USSR 

'!'he eXperimental results of focusing of intense B:&B 

and heating of the thin foils are presented in this paper. 

The experiments have been carried out on nM1rage" accele­

rator {.1]. The cathode which have been applied in ".i.ngara 1" 

[2 ] was used. The following parameters wore obts.ined in 

the focusine: reg1m.e: the focal spot current dolnaity j --
10 K/L/cm2 ,· energy dissipated in diode E -- 8 kJ, power ..... 

1.5_10.11" with the rate of increase,.. ~o19w/B and power 

density ,.., 101~ Icm2 • Typical oacillograJl1S treated ~y digi-

tal calculator are p~esented in'16.1. 

One must note that the absence of the delay between 

the current and the voltage front as well as a greater ra­

te 01' increase 01' the current IUI cQlllpared to ".!ngara 1" 

take place . apparently it is due to the exiatance 01' the 

short but sufficiently greate voltage prepulae as well as 

to the greater steepness of the voltage front. 

With the help of X-ray pinhcle camera with apace-reso­

lution ?>OOf,JIJ. the time integral measurements of the beam 

focal spot size were carried out ()!'ig._2) . The plasma radi­

ation along the diode axis was det~cted by light streak ca­

mera (Fig .4), which conaisted 01' the time-delay analyzer 

casc~de and microcanal plate (MeP) brightness amplifier. 

The time resolution WIlS 2 ne, the number of resolved ele­

.llentfl VIBS ab out 40. 

The vacuum ultraviolet (VUV) image of the focal spot 

was formed by the pinhole camera and detected by the streak 

c~era, MeP served as the photocathode of the latter. The 

absolute intensity was measured by vacuum diode (VD) ( 2 ). 

The impulse C 'I '" 10 ne) YAG:Hd3+ laser with f"re­

quency multiplicators CAw = 1064 run, A211J = 532 nm , A4W 

266 nm) was used to sound th~ diode gap and the space be­

hind the anode 1'011. The gap usge was rormed by lens L , 

(Fig .2). The system operated in the single exposure regi­

me . The simultaneous t hree-wav elength shsdow-Srapbs were 

obtained. 

lhuacrical estimat i ons and experimental data enable 

one ~o consider that the s hadows on the photographs were 

due to the abs orpt ion of the laser light. One can define 

the plasma temperature knowing the space distribution of 

the absorptence K211J (z) tor wavelength 532 nm and the ab­

solute intensity of the radiation B.<t.l1}at the same wav&-

lei1gth: 

B2~(.()1 K.<~(l) = I zw p(T(l)) , 
where Izw(T(X») is the spectral brightness of th& blac.kbodJ" 

radiation at the frequence~LU. It is essential that this 

equation is independent ot the absorption mechanism. In 

K-"!b.d1)<{ region SOl!)e space averaged temperature alona: the 

incndent beam is calculated. If K2W(z) = {, then the sur­

face tempe;t"ature will be obtained. J.pparently thus deter­

mined value must correlate with the tempezoature measured 

by VD. If the temperature exceeds the quantum energy of 

the laser light, the absorption has ma1nly the inverse 

bremsstrahlung nature f ,]. Using the corona-model equil1b­

riUlll. at the plasma ionization states r 4] for the ion con­

centration in /.(.2lJ {l) ..... 0,5 region one can obtain 

IV, :3.43 x/O" xVln(I!{f-K))ILT 
where L is the effective plaslll.a. size along the incident 

beam . The typical value of Ni 1.0"" 1018 _ 10191 / cm?>. 

~e VUV int8JlSity distribution in the focal spot 1B 

plotted in ~ig.3, the curve corresponding to the time of 

signal maximum. Thls curve and the signal from absolute 

calibrated VD allow to define the maximum radiation tempe­

rature mcre accurately then before. It reached ?>O eV and 

that apQ.roximately correspond.o to the energy value [/od 

(Fig.1) deposited in anode foil taking into account the 

"magnetic stopping" theory ( 21. 

J.nal;yBis of the sbe.dowgrapba ahows the unsymmetrical 

character of the anode plasma expansion (Fig .3). This fact 

can be explained either by pressure of the magnetic field 

of the focal spot current or by pressure of the low dence 

hot plasma in diode gap which is transparent for laser 

light. Knowing the concentration and expansion rate of 

plasma one can estimate that this pressure is ..... 109 _ 1010 

din/cm2 • Thie pressure ia corresponding to the magnetic 

field J.I ..... (2 - 8) )11059 or to the pressure of the 10\11 

dance hot plasma with "T.- 102-1 _ 1022 eV/cm?>. 
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u/.¥J 

7' 
_ ~,r:t'-'---"'...--
• 
ub,~,,=.~,----"~ 

"1;", • .-:''--''--

ANOO[ 
rOlL 

-I 

, , , , 
{ (mm) 



:nECTROB CHERERKOV HEATING UNDER PARAMETRIC 

I1ST~LITY IN SPATIALLY INHOMOGElEOUS PLASMAS 

V.P.SILIR, V.'.TIKH~CbUK 

P.W.Lebedev Ph7&ical Institut e, USSR 

The pl. ~ma heating under the powerful electromagnetic 

radiation action is cCJnect ed , in particular , with the ex­

cit.tion of parametric instab!lities. The detailed estima­

tion of the par .. etrio absorption rate exists now in s ve­

r7 idealized model of a spatially homogeneous plasma. In 

the pr-sent paper estimations of ebsorption rate sod ele­

ctron beating are obtained in realistic conditions of spa­

tiallJ' inhomogeneous weakly collle1onal plaemas , when the 

mean free path of eleotrons ie large enou~ co.p~d with 

the scale length of a density inhomogeneity. 

The problam of interest consista of several physically 

different but mutually cOnDected subproblems. The firet -

is the level of the nonlinear saturation of paremetrically 

induced 10lBitud1oal LanbNir waves. Amplitudes of tlll8e 

Langmuir waves are determined by the waves convection and 

nanlinear de~ interaction. The 1ntensity of Langmuir wa­

Tes in the instability lWg10n determines the part of the 

pump wave flux transfonned into Langmuir wavea flux. This 

problem was considared in detail, see, for sx., ref./ l-J/ . 

The next problem is the redistribution of the absorbed 

energy and formation of Langmuir turbulenco qul101etationa­

r.r speotrum. The existenoe of the quasi stationary spectrum 

impliee the place, where an ensrgy runs oft. Prsviously 

discusaed poasible mechanisms ot the energy run off are 
electron-iOD colli8ions III and the aperiodio parametric 

instability of Langmuir waves 12.3/, resulting in the wave 

oapture and oollapae 14/ . We nball not take into acoount 

theae poasibilities becouse tbe high electron temperature 

cd the denai t1' inhomogena1 ty load to a high enough thre~ 

ahold ot the aperiodic instability 151. The Physical rea­

son of the tbr.Bhold presence i8 becouee ot the growth ra­

ta must be larser then the inverse time ot tbe Langmuil' 

WaTe PasSing through tbe instabili ty regi on , Por real aca­

le lengths L/r»< (II/m)312_105 (r
D 

_ is the Debye radii; 

K,m - are ion , electron manee.) the inhibition of the ape_ 

riodic instability takeo plaoe it the primary instability 

apatial grorih rate l" is small enougb 

,. <(If/m) 1/2/L . 

• e ahall conaider below the ease in .nicb 

(1) 1a fUlfilled. So in our coneideration 
the condi tion 

the energy run~ 

n1Dg otf mechanl .. la the oonvoot~on o~ Langmuir waves ~rom 

amplification region into underdense plasma layere and tbe 

following Landau d&IIPing. U!!ing the balance condition bet­

ween absorbed trom tbe pump field and transfered trom Lang_ 

~r WaT8s to electrone energy tluxes one can obtain the 

8stimation of the L~r turbulence spectrum widt h 

Su:. '" 4/o1",,,L. (2) 

where .41"" - i8 the .spectral Width ot • parametric instabi-

11ty region. 

fhe third problem le connected with tbe detorm1nst~on 
ot the electron ' 

en.~ distribution fUnction which &ri8es 
tinder the Lansrm1 

r .aTeD Cherenkov. absorption , W. can use 

the quasil10ear approximation 161 to solve this problem. 

(The poasibility to separste problems ot the Lengmuir wavOs 

turbulence spe ctrum deriving and the electron Cherenkov 

aeating is connected with tbe negli gibly amelI Lendau dam­

ping in t be parametric i nstability region.) 

Langmuir WQves energy flux is direote~ in the underdenae 

side . Therefore the Cherenkov interaction leads to tbe ele­

c t ron acceleration 10 the same direc tion. Provided that 

t he electron distribution fUnction in an overder.se plasma 

t,,(t) is M~ellian with the temperature re' we obtain 

tbe formulae for the accelereted elect,'on'3 energy distri-

bution function rh(t) ~n an underdenec oido 

T. up SE D) th(t) ... f,,(t) 
f + ' 61 . T, 

here at • (.~/"L.»);T. - is tbe widtb of th. quasllinear 

diftulllion region for the electron w1 th the energy l, lolLe 

ia the electron plasma frequency. The tunction () takes 

pla~e in the interval ( £1'(2) of electron energies. Elec­

trons having an energy £>l2" Te(6)Lif"Va)1/4 pa.es the 

resonance region very quickly and have no time for a con­

eiderable diffusion (ve - is tbe acoustic velocity). Tbe 

lower value E1 • Teln (("'Le/l"vs)(m/Y)] ,. Te erieee due to 

Lenpdr waves damping. According to the energy conserva­

tion law, accelerated electrons carry the energy flux ~ 

exaotly equal to qabe - the parametric ally absorbed part 

of the pump wave flux. When the condition (1) is fUlfilled 

and 1 "r»<,< 1, we have 
2 

qe - qabl'l'" n"TeVg(V/m)(4CJo/"'Le)t"LrD' 

where n" _ ie the average eleotron density in the paramet­

ric re sonance region. 
The mechanism of the electron heating discU8sed in our 

paper hae Cherenkov nature and therefore results in the 

electron acceleration . Ho.ever due to 8. finite spatial 

extent ot 8. wave-particle resonance region, tbe maximum 

electron energy t2 exceeds Te not more tban 20 - JO times, 

This result qualitativly differs the wave convection regi­

me in nonuniform plasmas from the regime of the Langmuir 

oollapse in spatially homogeneous plasmaa, wbere the ele­

otron acceleration to a very high energies takes place 17/. 
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ANOMALOUS ABSORPTION AIfD PAST PARTICLES 

GENERATIOn IN !.ASER)- PLASYA INTRRACTION 

EXPElUMEH~S AT WAVELENGTH OF 0.53 'WD and 1,06 1lIl'l. 
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Spectral and time reeolved measurements ot plasma ra~ 

dlation et the laeer harmonic fi"equ8nclee 2 t.J and )/2 u} 

and X_ray spectra were carried out in eXperimente OD so11d 

flat targets irradiation by the high-power pulses ot 3d_ 

gleee laser. Analysis of data obtained at different condi­

tione (wavelength. power density and angle of incidence we­

re Varied) and comparison with results of the numerical co­

mputntionD allow to draw certain conclusions about JDecha­

nismo of absorption and faot euperthel1ll8J plectrons gene­

ration in a plasma corona.. All exper1JDente were carried 

out on the ")fisben 1" facility [1] • Tbe flat massive ta­

rgets made of alum1n1~. copper and polyethylene were irra­

diated 1n tho vacuum ohamber. PrequeDcy doubling of the out­

put laser radiation 11'86 accompliebed by a KDP crystal. Tbe 

main measur6mente were carried out in tbe range of the po­

wer deneities 101) • 1014 W/cm2 at a pulse baltw1dtb ),5ns 

and a 100 um-d1a focal spot. The detailed inveat1gati-

ons C2] made it possible to establish that for tbe re­

latively large focal epot dimensions plasma expansion 

may be considered t o be one-dimensional up to the re_ 

gionD of plasma corona with denaitie8 near a quarter of 

the critical value. The one-d~nsional hydrodynamic mo-

del takeD into account the classical and anomaloua ab­

sorption, the radiation loosoe, the e lectron-ion energy 

exchange, tbe harmoniCD generation and the electron ther­

mal conductivity with the free etream1ng. limit. The )/2 cU 

haJ;ttonic intensity versus time , obtained in these computa­

tiOIlB, is given in .Fig 1. The laser pulse and 3/lWrodia­

tion pulee recorded by the 

s treak camera with 1mag~ con-

verter [J] are shown in Pig 2. 

Tbe eame p~terB of t he la-

oer pulses wore used in the 

computations and in t he expe_ 

riments. The good agreement 

i8 seon pl~viding the evi-. 

dence of t he correct assump­

t i ons to be usod in the theo_ 

retical IlIOdel. The J/2 W 

pul se time delay can be aoco-

-~ n., No""" .. , \ ' ... I.I"", ~, nw."""",~ . 
~xt" ,ul><lw..ll~ ,<0/ -""' """ . .... {JnI 
,,~ 

f.,.d'_ ... . -- I~.~_ ... ~ 

unted for as follows . The threshold power density for the 

two-plasmon decay inst ability o~itation is determinsd in 

~ur case by collisioos and, hence, its value falls with te~ 

pe r ature rioe. So, if ths e tteotive absorption takes pla-

oe near the nC/ 4 surface, "the t hreshold of uisappearance" 
ot the )/2 LV -harmonic turns out to be esssntiall 1 lower 

than ths threshold of i to appelU'8ll-

ce. The strong dependence of tho 

3/2 ~ -harmonic intenelt1 ot the 

power densit1 (Pig J) can be al80 

explained by the plasma hsating 

at the nC/4 surface. The depen_ 

dence ot the J/2 c.J -hamonio in .. 

tensity on temperature is strong 

enough I 

}':" ~ !m~)l¥Xm~'cJ [.j 

I~~ 
I~[ fl~~ . 

o 0 , ,1... ... ,1 • S 

tloJl. l J_ r"' ~' ''' ,"J II"" ... ~" _.· 
"' .... <mmiwl 
·Ii ·,~,.,.t . /. -I tJ" .,. _",' 

If the hut tIow is supposed to be proportional to ths tem­

perature f, we ehall obta1D t he I \-1. (.0 '" I.., I'i) dependence 

that 10 close to the obeerved one. 

The method waa propoeed to inveati .. 

gate the processes. ~ch are re .. 

sponeib!e for tast electrone ge_ 

neration. based on the study ot 

correlation between )/2~-harmo_ 

nic intenSity and preoence ot the 

"harJ" ~ray component in plaama ra­

diation epectrum for ditferent inoi­

dsnoe Im8lee of the laser beom [s}. . 
The la: k of the hard I-~ component 

at anglee ot incidence exoeeding 

j) 
fli 

rig ] t2~ rrn«.ll:>lf /tIknill~ rij 
l ~ 5C>' i ll/rn-fir 

/t .'upl 

50.&0
0 

(Pig 4) lsads to the superthermal electrone obeerved 

at relatively amelI anglee due to the exitation of the two­

plasmon decay 1n8tabil1t~. An important inLormation oan be 

obtained "hen 2 W -ba:nDonic ie used ae a heating radiation. 

The throshold power densities tor 

the parametric instabilities exi ts_ 

t ion at nc and nC/ 4 surfacss vary as 

W J and u)4 correspond1naly. Thuo it 

ie poseible to ovsrcome the three-

. hold value ·for the parametric ineta_ 

bility exitation at no &urtace but 

rsmeining power denSity still bs low 

the two-plasmon inotabi11ty threo_ 

hold (we are intereated to investi_ 

fit ... ' .ra. ,,.,, .fr. fro". • Uftrfl"r".JJu"",, 
jJoJl,~f~I''''f'''YtI /61" df/frr • ., ' fu i.h", 
,J."9In 1., ~ ~lOtJWI'm' 

gate laeer-plaama interaction in the range ot power densities 

10
1J

• 1014w/em2 ). In eTneriments on 1---011.'10. -... ...... of tbe targets 

by the laser pulses a wevelengthe ot 0.5JJWD at a power den_ 

oity of 5'101JW/em2 the second harmonic radiati on was recor­

de d, but J/2GV -harmonic r adia tion was not observed. In tbese 

oonditions C%psrimento with small angles of ths flat targets 

inclination relative . to the incident beam seoms to be very 

importBllt. 
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TRE mTERAC1'IOB EPJ'IClEJiCY OP THE LASER RADIAUON WUH 

TKB PLYlllG AWAY PLASMA CORONA 

J.E.ADdreev, V.L.Arts1moTich, Yu.SoKes'yanoT, VoVoKorob­

kin, VoP.811tn, P.VoSiltn, GoLoStenchikov, A.S .Sh1rokoT 

PoN.Lebedev Physioal Institute, Moscow, USSR 

The investigations ot the powerful laser radiation inte­

raction with plasmas bave oreated quite a number of the new 

physioal ideas among them the idea about the sutficient in­

tluenoe ot the plasma flow velooity onto the nonlinear 

lBBe~ plasma interaotion takes the especial place. The 

preTioue theoretioal papers have demonstrated for p-pola­

rized radiation or 9d-glase laser thst the transition 

from subsOttio to supersonio flow near the critical densi-

ty l~er led to the d1m1n1ebing of absorption and to grow­

ing up ot the radiation retleotion /1/, led to the tast 

electron generation suppression /21. and to the suppresa­

ion ot the seoond barmOttice emission correlated in t1me 

with the suppression ot the radiation absorption /3/. 

In this talk we should report 1) the theoretical re­

sUlt_ at the tourth harmonics of Nd-laser radiation inte­

raotion with plasmas, 2) the theoretical resulte ot the 

third Nd-laser radiation harmonics emission trom the tly­

ing plasmas. 3) the theoretical results about the tield 

eeltrestriction phenomenon, 4) the experimental reeulte 

of spsctral-temporal investigation of the scattered radia­

tion whiob demonetrate· the dependence ot the laser-plasma 

interaction eftioienoy as a function of the plasma motion . 
Our theory ot the IBRer-plasma interaction dyn~cs 

ie based on the L.A.S'r-code /3/ Which describee the nonli­

near electrodynamios and hydrodynamics that take into aC­

oount the Miller's foroe and the electron redietribution 

conneoted with Oherenkov wave-electron interaction. Pigo' 

gives the e1muJ.aUon results ot ths radiation (Ao _0.265 

If'" • VE le .0.oo6e) interaotion with the plasmas 

fl.1lA A. I.. A' •• a~ (~.j:/Wo .0 0 01 and 10 c/Wo" t 
Q5~~VWV~·~ ... initial density ecale). Pig.1 

5 
JC2 tt)· fOIt demon&trates ths cb..ans:a ot the 

t1me dependence at t f? 15 (o/Wo) 

k~.!1i.~~,~~.~. • n 

N",..,i 

wben the plesma tlow velocity is 

getting more tb~ vs-sound velo­

oity and _hen there is the deo­

rease ot the second harmonics 

emission and the deoreaee ot the 

absorption osoillat ions. Suoh time-dependenc e corres­

ponds to the suppression ot oavitons and the suppression 

of tast electrons oreation because ot tbe transition to 

the supersonio motion. In comparieon with the reaulte of 

laeer plBSllla interaotion aimulation in the case ot the 

main trequenoy ot the Bd-laser radiation o~ tig . , de­

mODstratu growing role ( .... 9D.') ot the collision disiU.­

pation. On the contrary tor "Ao _l o06,.,m in the eubso­

nic plasma flo" (IJ,../C .0.050, V6/c _0.015'~i".5 .10-3) 
only a halt ot absorbed energy produces the main body 

electron heating and other part produces the tast elect­

rone /3/ . The peaka ot the 2-d and 3- d harmonice corre­

late with the absorbtion peaks that are connected with 

the oreation ot the strong internal plasma tields. 

The transition from aubsonic to supersonio regime 

suppres88e eimultaneously the fast electrons and 2-d and 

3-d harmonics. 

In ths case ot supereonic stationary tlow the Miller 's 

foroe produces the detoousing plasma teatures /4/ that 

ia the reason ot the wave field aeltrestriction /5,6/ . 

It N is density and V is velocity ot plaame in such lay­

ers wbere the electriC field ie equal to zero tben in the 

caee N:t 1ft we have E2~ 16:t"nc l x. r,. (n~ IN- 1~(v/~lZ -/ J .. 
The illuStration ot the selt-restriction etfects is 

tig.2 where the spsce structure ot o-polarized electric 

tield Is obtainsd by LAST simulation. 

Tbe experimental spectral-temporal investigation ot 

soattered radiation /5,71 tound the eeoond barmonics pe­

aks correlation with the absorption peaks that ls demon­

strated on tig.3 where a) - is time dependenoe of Nd­

laser radiation, b) - i e backeoattered light. c) - is 

d) - is red and e)- is blue 

part ot the main trequency spectra 

intensity. The eharp decrease ot 

second harmonics emisaion (3c) 

fig.2 

correlate a in time with the iHcre­

ase ot retlection (3b) ar.1 with 

the increase of the blue part in­

tensity (3c), that ahows the tran-

si Uon trom subsonic ·~o eupereonic regime. The whole oom-

plex ot these experimental reeulta de-

. /llonstratea the decrease ot the electriC U n) 

tt 
tield in plaDme that leade to deoreasing 

ot abaorption and aecond harmonica em1s-

8} sion at supersonic regime. 
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THE TlIEORY OF THE RALF-DlTEGElI. HARMONICS GUlmA!rION 

IN THE INHOUOGENEOUS LASER-PRODUCED PLASYAS 

V.yu.HYCHENKOV,A.A. ZOZULJA,V.P.SILIR.V.T.TIKHON~ 

P.N.Lebedev Physical lnat~tute.USSR 

Half-integer hnrmonicB radiation from the laaer-pro­

duced plasma can be used for di agnostic purpooee/1-J/. 

Tbie paper aim ie to study half-integer harmonica genera­

tion dependence OD ~ha plasma Inhomog~elty and tho pola­

risation of the pump-weve,obllquely incident onto a plao­

mn.Hnrmonice goneration in the inhomogoneous pltlfllllflB was 

dealt with in /4.5/,Buppoaing normal incidence of the 

pump-wave~It will be shown below that harmonica generati­

on under the obliquely incident pump-wave dlfere substan­

tinlly from that under the normally-incident pump.Por s­

polarised pump the en.taIli tee Intenel ty ratio in the two­

component harmonio spectrum depends on the irradiation 

and scattering angles.For P- polarised pump the conoidereb­

le harmonics opec~rum broadoning ariaes. 

Half-integer harmonica generation in laser-produced 

plasma is connectsd with the two~plasmon instability -in 

the quarter-critical density region.Near the inetability 

threshold nonlinaar interaction of Langmuir waveR is ne­

gligibly amal! ,therafore Langmuir ~aves energy flux 

V!{Wj(d( 6)=(.)0/2 ie Langmulr wave frequency,KJ. 

its wave-vector component,perpend1cula~ to the density 

inhomogeneity direction)is simply connectbd with the 

convective IlIIJplification coefficient Z{(;)/ K...) /6/1 

Vtwl~) 0 r."p(2XIW,(LJ) 

.... (";:)0 rrL (i<'l.l'Cil.-(:ld 
"'-W,'" 6 2 '(- )' KOlCVn, K K - Ko (1) 

Here 7e. ie electron tomperature, VTs is their ther­

mal velooity, L is plaelCa inhomogeneity scale length, 

~ is eleotron ocslllatlonal velooi ty amplItude in the 

p\llllp field,Kos(KO)(IKtU)iS the pump-wave wave-vector near 

n,/4,Ko(K"KL)"her. 
Kx = ({j)-(Jo/2)~0 _ Ki.K;J. + j K; 

3 Kox Vre. K.OK 2 KOlC (2) 

Harmonics Intensities are proportional to the Langmu-

ir waves energy flux VtW/~,and,consequentl:1,harmOrdCS 
spectrum is determined by ~ dependence on 6J and KJ... 

Un~er the 3-polarlsed pump(3/2)GJo harmonic apectrum 

has two comp~nen~e with the frequency shift between them 

AGhk - (VTt/C) (Jo (c ie the speed of l1ght).But these compo­

~ente relative intensity dependG on the Bcattering angle. 

"This situation iA shown echematically in Fig, "pump-wave 
. . 

incidence angle eo < 45 ) .The boundars betweEID the regions 

with different ehad1ns 

corresponds to the com­

ponents equal intenSity. 

Over this boundary the 

"bluo" oomponent 1s More 

intensi.ve than the "red" 

one , and under boundary 

"rcd" cO!llponent is more 

1n1iensiTe.Sol1d linee within the shaded l' Elglons represent 

"red- and "blue" components mB11mum intensity emission 

d~r.ct1ona.It 1s seen trom Pig., that the ·red- component 

dominance region 1e more,than that c~ the -blue-component 

The transformation ooeffioient into (J/2)Wo harmonio 

for S-polarised pump is givsn by the expression: 

K~ = iD mr.:(f"'t"f! ffmJr·L/rf-1~i4'B; 
() 

Tho qualitatively diffsrent situation takss pIece 
t.) v ,I' 

under the P-polar1sed pump.In this eMe for(J - ~o.,( -l) Wo 
amplification coefficient(,) tends 

j[ V' 
to conotant value I 

~f 0 "6 -w. r .. L 
W 

Inthis 0888 isotropIc harmonic angular distribution 

end substantial harmonic spectrum broadening up to the 

maximum. value C7--7~ 
{ .Vn1/ 3 . "e 

~ (J3/, """ ~ 3" (J, :C; Y i{ - dll/, , 
(5) 

which is determined by the Landau dwnping,ore arising. 

The transformation ooefficient for P- polarised pump 

Is equal to .2 3 

KIP) ~ e'w.L (Vre) e,xfI2;;tf) 
3/, mc' c-

K'f} Moro weak ¥z d{~)endenoe on the electron 

compare,d with K3j2. ,should be noteq. 
. " Emission on the frequeney(J", ~IJ also 

(6) 
temperature, 

can be connected 

with the pump-wave combination soattering on the plasmo­

ns/3.5/~But thia process probability is small compared 

~ith tbs Langmuir waves conversion into the electromagne_ 

tic radiation. According to conversion features/et 410/2 
harmonic radiation should be P-polarised aDd contained 

. -r" 
w:l..thin the relativel,. narrow angle con& e' .., (C'"L) • 

Transformation coefficient into the G:J./2 bormonic 

K~~; = 10-3 m~: (Yc.)'((.L r'laeXf (2:JZ.f ) 
is comparable WiJt(6).In the S-pclariaed pump CaBS trans-

K'" formation coeffic!ant ¥z. value should bs at least two 

or'" 'orders of magnitude less than ~V~ .Tbe one-half hormo-

nic emission speotrum tor P-polarlsed pump aboUld have 

"blue"-ehifted part with the frequency shift value,g1van 

b,.( 5) ,analogQuo tQ the ~ {JiJ spectrum. 
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10&' ACOBLBlU.'flOU tniDEB WE PLASMA 

BIl'ABSIOI. 
A.V.Gure~ich, A.P.Meacherkin· 

lh1.~~l IUBlilule Aoade~ ot Sciences ot lhe USSR 

. 7 •• ~ ione observed in an expandins looar plaB~a cen 

carr1 e .. , a cottaiderable part of laser pulee anefgJ.X-ra, 

io ..... 'is.tioM show tbat at 0 au!f1cieotl:J' high laut' pul­

.a ln1eualt, electro~ beve a Don-Ka~ellian Telocit, 

diatribution with a conaidereblJ pronounced Wtail- ot 

fa.t particles [tJ.Since iong are accelaraled due to in­

taraotion witb alectrona.tbe preBenoe ot "tailB" bas OD 

.... n11.1 .rrect upon tho onor8~ apectr~ er aocelerat­

ad iona.!herefora,tba inveattsation of the spectrum of 

iona witb diffennt charga, .Zk and DlQIIS ~ mal' aana an 

effaotive lIIetbed or lo.er p18awa diagnoatics [21. 

The possib1l1tJ ot oolleotive ion acceleret10n in en 

eXpand1ng rarified pleema wae pointed out in (3]. Tbe 

pre.ent paper is aimed et a deteiled tbeoretioal invea­

t1lat10n ot tha ebova·,antioned ion aoceleratioD proc.s. 

aDd a coape1'1&on of theor.tioal reaul~8 witb tboa. ot 

la.er exp.ri8ent. [4). 

I. An arbitrar1 n~ellian el.o~ron dtatrlbut10D 

faDot10D 1B aD811aed. ~e preaenoe of non~.zwelltaD 

-t.U.- io dutr1bution tuno-tiollll ooni:aining a oOllpara­

ttTalJ · .llall nUllber of ~.t eleotro~ (ot order of 1. or 

even le •• ) cbanges ea.eDt1el~ tb. amount or oocelerated 

ione. and tha ion front Yetooit,. 

2. ·Io~ .oving in a rarifica-tiDn waTe in plasma ore 

shown to have s sharp tront. Ion conoentration on the 

fron1 ha. a 3Q8p ~1&oon-t1DultJ. rh. d1aoontinuit, appa­

ara in the proceae ot exp.nalon both at a eharp . and e-t 

a •• eared 1ni-t!al plasma bOUDdar~. Tbis ma~ee an osaen­

tial dittorenoa between hldrod~namic plasma flow end 

ab810gou. fl~ iD ordinarf ~drodinamlos wb.re th~ 

rarifioation wave is alwa,s ro.tr10ted. to contact d18-

continUti:i.a. !ha tront velooii:~ increases logaritbml­

oal11 with ti.e. 

J. BxpaD8ion of multioomponent pla.ma conteining ions 

of 4ifferent .aa Kk and obarge Zk: 1& coll81dered.lon ac­

o.lerotioD 18 shown to 1noreas~ S8 tbe oharga Zk ino'8a­

ee •• !he anaraJ speotra of aocelerated ions at ft iden­

tioal ratio Zk"Mk ata i4enUoal,. tUnotions B/Zk (I 18 the 

ion 8neru). 

4. Davelop •• nt of pert~batioca in an aa.toa41 f~U% 

ot • treel.:r GSpllndiJII pllla_ ,. alUll:r.ed. Putu.l~tiollfJ 

.propaaattn& iD the direotion opp08ite to -tb, tlux 4irec­

tion are abown to inore.ae. 8ucb w.va. do Dot obange 

&1' •• t11 the aelf-.i.ilar nature or the motlon.!be~ are 

r,farred to a. quaei-eelf-ai8ilar waves. ~a e result of 

qua.i-B.lt-ai8tlar wave ~ett.tlon tb. ener" ap.otru~ 

of acoelerated iona baoo.ae of o5cllla-tlnl oharaoter. 

5. lon_on.-diaenatonal pI.... lIotlon ia oon.idered. 

It ia .b~ tha-t und8r presea oylinder expaasion the 

obaraoter of 10D aooel.~atiou 1A kuffioi antl1 clo •• to 

the oDe_di •• Mionsl oue( .. l .tlAugh IIcllewhat wesker) .In 

tbe oaae of spb.rioal expansion the plotur9 obences 
radio.llll the aooeler.t.d ion aoer83 ~ l18it,d to tb, 

F-7 
.. lu. E",. ",2l T."fe..[~k.ll.I1e.M)Jr. .. .,. Ho iB .b. 

oharsotariBtio initial dimension, Do 18 the Dab,e radiUS 
E . 

ln the initial plas ... !-t &'(eoA\l ~ E ~ Em. tho energy 

spectrum of aocelerated lone keepB all tbe above-aantion­

ed apeoific ra.tu.rea of tbe one-dimenalonal speotrum. 

6. PlaB .. upan.alon in tba praaence 0.1 a standin,g 

.w.Ve wbieb rorlD8 .n. electromagnetic barrier tulmpering a 

tree plaema lIo-tion ie dteoUIIB.d. Part ot p18~aa ia sbown 

to penetrate througb the barrier forming e flux ot acce­

lar~t.d 1nn.. In the presence of & non_M~ellian. "tail" 

or fut aleotroXUI ·thiB pen.tution eaBentiall.;y Incro8Bu .. 

In ·tll'" (lsee there exiatlll a lalllinar lII,hock: ion.....-oulld wc"o 

wbicb propaaataa in tbe direotion of dens. plaBMS. Tbia 

waVe 18 induced bJ retleotion troll the berrier. 

7. Fig.l preaents comparison of tbeors witb the r e­

lIult. ot experimentB [5].Fig.la illustrates obs.rv.d 

ener~ epectra of accelora-ted ions D+ end c+6 which bave 

the aO~9 ratio ZkIYk' In lhe oboBaD acale tho apeotra of 

tbeae ion. are Bimilar,which is in full egreement with 

thoor, (ite~ ). !be electron temperature in the tall or 

the d1atribution tuDction Tat~6 kev, 1-t egr •• e with 

tha r •• ult. ot I-ray me8Buremonte (51. Pig.lb preaenta 

tbe energy epectra or ions g+ and C+6 which bev. ditf.r-

ent retioe Zk/Yk. The spectrum oa01l10tion per10d in PiB. 

1 increaaes proportionall.;y to lE (since in tbe variab-

lea ,fEiZ it ill approximatel, constant). Tbis coinoi-

deB witb tbeory (item 4). Tbe limiting enerS3 of .oc.­

lera-ted iona .1e ebo 1D. aBuollent witb theor.f(itel88 2.5). 
Hote tbat the jet aeco1eratlon of iODl!l ·obger.,8d in 1"61 under 

.pherical laoer radiation. of e target can eleo be explained 

by an plasma br.ak through tbe electromagnetic barrier by 

local anomalous abeorption (item 6). 
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PUlSE 9IAPI~G STUOIES It, GAS_F ILLED REl...ATHIISTIC aECTROfl lleAH DIODE 

K. I: . MIHd, A. S . Palthenkof , 5 . K. Iyy""q!!!;' .. nd V.K. lIol'>lltg1 
PlelllllO PhysIcs Section, BhoI~ Attnlc Reseorch Centre, 

Tl"OIIIbaV. Banbay 1000 085, INDIA 

IntroduCtlDn 

In HIli recent yUrII , lntenll!! hlg.h power relBtlvht1c dectron 

bR1lf!I1 (AtS) hove rOl,lnd eppl1clltlons(l) In .. any brenchn of fUIlIon rue_ 

arch. For Instllnce , ple$l!lll h .. attng(2) ~V R~ In magnetically conU"e!! 

device .. end devilloplllent of hIgh Po",!!: CO 2 11IIIer require belllYl pulsn of 

vl!ry long dutlltlon ("';"'11) , whlll! InertIel confinement rudon IIchemll, 

nllllh X- rev ndtol/raptly. IItudlu of fusion moti!rlol8 lite., Tequl .... pul_ 

sea or 11 rew nanolll!cllnd durotio".. Hl!nc", pulee IIhopIng etudleo of REa 

IIro or IIre."t relevenCII. 1hll pub .. dllrot1tm of the be ..... for ", !ItV!!" 

FlES_vllc .. "", diode hi dopllndllnt I)n the deslgn par .... etera I)r puls .. aoure. 

and aBcoelotao puloe farming netwark. Hawe~er, It is of grl!at lnhust 

if rDr oa glven pulle SDUrt:8 snd diode syat .... , anI! l~ abh ta cantral the 

beam puhe by "'Bnupulatin \l the diode parallleterB anlv. St~dl .. ar 111_ 

ctran b."" glnllrlltion In plasma nUed dladeO ) lInd ga8 rIlllld dladll(l,) 

hava blllm t;IIIIJ)11rtlllld. In this peper WC! report the I! ffeet Ilf verllltion ar 

the gn pr .. sun In R(8 alade Dn tha current IInd volt"g" pula .. shaping 

Df nil' lu,lIOI .. 

("parlmantBl Sylltem 

The ""pllrll1antsl s tudlu on !}lis _fi lled dlDdl! .... r .. perforllled 01'1 

R(8 _7S .y.t ... d.acrlbad elsewhl!re(5) , (6) .. Till! seh_tic Df th .. ayatll!l'll 

la sha..n In fiO. 1. The syatern conslats of .. rIeld .... leelon diode 

havIng plenaI' caUlOda of graphite r. .... diallOl!ter and thin foll Df tita_ 

nl .... (thlcknllllU O.OIZS .... ) as anode. The cathode 1 ... "unted on an 

aJ>Ol<y cB:.~ino s" ss to previde insulatlon bat .. een ground and cathode. 

The Bnoda_csthoda gap la IIlIint81ned at Cl """ as dictated by diDd8 dellon 

consid8rations(S). The diode le connectad to a Mar,,_type puhu pa,,",r 

10urCI cspsbh of \I1vinO s maximum of 75 Joulea, J75 kV, and Z."S kA 

eluctron 1111l1/li fluhe. n'e diegnaStic9 ""'played conslBt or " f aat raapa _ 

nse (rice time < ) ne) coppar sulphate voltsge divider fDr b ...... vultage, 

Rogowokl call for dIOde current, F~rsdBY cup for "","&urln9 transmltted 

ehctrOn "bUIlllt current snd dosilleter fUll tl) monitor the lIe~ uniro1'ftllty. 

For the m(!ssura:aent af tranomlthd be"", current, thin tltan1t .... fall of 

Z.S c_ dlsmetsr WIl l uced as ... Indow for Faradey_nlp. Thl ~ foil ..... !I 110_ 

l .. tod 'toll tl>S IInphite collector of tile FaMldo~_cup, sa se tD dhcrl_ 

OIlnate tha dlllcharll e current IInd "'ell!lure anly the transllitted bell'l curr_ 

ent . For .1I!II .. uring the dlad~ curr .. nt 8t IInDd" the Faraday_cup was 

rephced by a thick IIlull1n1< .. collectDr (nut sl>u!lo In Fig. 1) touching 

the "noda fall wIndow and current Wol5 "easured by the Rogaw!lki coU. 

Thua ROl)O<olaki call "ell!>«res I>oth the !>ell/l. current IInd d1l;:chsrge current 

uhen the dlods g .... pra .. ure is high. The ga" ("Ir) presaur .. In th .. oap 

_s vlded tro. 10-5 Tar .. to Z x 10- 1 Torr and co::"rl!5pond1nll vol.t lloa 

s"d current ... avlfomB Wl!re recardl!d on thl! Tektronlcs 7814 otorolle olcl_ 

llaacDpe" having 400 Itlz bandwidth. The oacl11ollcopeo "I!re! kept In 

Fllndoy_c1oe ond trlol<1el c.!ble!l wcre employed for ccrrylng the signols 

to the ollcl11oa<:opes eo a e to IIlnlmhe om; unwanted electrmnognl!t1c 

pick_upe. 

Result" an" DIDcusoluns 

Fig. 2 (o-a) ChoWII th~ olldlloecope trOCl!9 or t rnn sm1tted IICII'" 

voltage and current pul .. . 1 ror VOriDUO prl!allure!l. It la IIcen tllat 

compllre" ta VIICV"'" CII5e ( ..... ,)0-5 Torr), the voltage IInd current pu111e 

durstian la reduc .d 18 diolll lI"a pI"i!~nure (oir) io Increaond. F i!! . 2 

Ct - h) &haws tile typical tr"s~ee of vaHa!)e ond currl!nt pulses me8aur"lI 

It t"he Inodl so • function 0' 90~ pre .. Ovr". 1'"19. 3 "no .... the plet a' 

narm.l1aed tren .... 1ttlld lIelllll current (11) , diode volt"gll (b) anll dlod" 

currlrnt at anodll (c) 119" function Df gilD prl!lI!1ur ... The p .. lk currant 

"ond vDltagl havl been nol'lltlllis .. d with rl!opect to their correapDndinO 

peok valuc!! ror the vacv .... c .. a... Thl! pl!lIk dladl! voltag .. rell,,!n. Con8_ 

tant t hrollghout the p"8 .. un r&nt]I! , IndlclIUnt] that thl! dlade oap ia 

able t o "uetaln the rull valng" t11l the peak 10 reachlld et .. 11 thl 

prenures , while thl! dlada current st anode and tronBlllitted belJD curr­

ent inC r p.llea with prenurl!. Fig. 4 Ilholll9 the vorlotlon of pulac full 

width lit hll~f lIlaxi .. ",", (FPHH) of trsn6l!littod be .... current (11), the diode 

voltage Cb) \tnd diode curunt st the IInad .. (c). SDth thl! tranln1ttlld 

lIeam current IInd voltage ~ulse W1Dth~ dllcrl!lIs e .. ith Incres.1n\l ~reBnUrll, 

whlh the PUlllB width af the diode current lit IIno!!e is nellrly cDn"tant. 

Phy.icolly thl rUliltS ImUcetll" in Figs. 2_4 can bs explaIned a. 

fDllo"'l : In eeu of VICUt .. diode the vnltagl! IInd "urr .. nt puleD dura_ 

tiona are gaverned by time varyln!l'impl!dllnee Df thl! diadl! . Thll i"'P8_ 

d .. "ce ill a functian or c"thade ond "anade pl"","S9 IInd their mOVInDnt 

ac:ras" the gllp. Thls lIavelllsnt of th. plo.a "nd canuqvlnt \I"P clallure 

c!luae the valtage eDUllpee amI limit thl maxi_ pvlsl dUrlltlan. The 

mll.t lllpOrtant feetv re In thh expnllll!nt 11 that I"sn st 10-1 Tarr prl!~ 
asure (al!l! Fig. J) the gsp ls able to .. ullt. l n the a .. e paek valta\ll 

...... Z50 kll a e in the Cao .. of "acu"'" dlade. Thls IIlIsne that durIng ths 

Hut fV 10 n .. "'en the voltsge pules I"IIachell thl pellk, dloda lntpedllnCI 

I .. la1:) enaugll snd g"p 18 all1ll to Ivshln full valhgl. Th .. ISin pre_ 

CI!BOHB which wi ll dehmina thll e~ep. of current and vDlta\le Durvel 

In a g"s_rUled dlDde .. re the vol ....... lonlntlon of thll gllp by thll fellt 

electrana f r,,", thl! cathode and chllrga .I<chano. b8tlol.en thl charged p"r_ 

ticles and neutrsh. The additIonal pl8lina faI'llll!d by thl gall iDnloatian 

reduce8 the diOde impedance. DllpendlnO upon tne plumll dendty (lIIhlch 

in turn de"enda Dn g"a pressure) desired publl duration con be obtalnsd 

all seen In Fig. 4. Thu. when the plo""," den'ity is aufflaiantly tIlgh 

(10
12 

_ 10
14 

c .. - 3
) thl! voltoge aCroSe the gap callopan lead1ng to tll .. 

short durlltian pullle. ~ 11 .. Usr .. rrect ...... Dbnrvsd by HU hr lit sl (1) 

durlng tlleir studie!l 1n pbsmo nlled diad". Thll inerelsa in thl! tran_ 

smittld lie ... current (Fig. J) IS pre l1lurQ 11 Incra8llld can" sgain Ill! 

explalne.!i as du .. to the deC)'ll8811 In thl diad. ImpRdancs csused lIy plas_ 

.8 fDrllllld by th .. ionlSlltllN1 or th .. \1"1. Th .. dOli'etsr fUI placlld eft .. r 

th. enad. roll IIho ........ HOJ'll lie ... current IInd ndtal Ipikl_like atruc_ 

ture, oboerved l!orller(7) .. 1. 1I0t nen i n the tun.-Utld be •• 

Thua by adju!lting the praallure in the gaa_rUlId diadl , ane can 

havl! deal red voltege ond currlnt pulell durlltian lIa !lha .... in FIg. ~. 

"rhouOh tlll l pulee IIhaping le at tha expen"" a f tot" l !neroy of tile beam , 

It ill or grellt interest IIIhen pulae duration la lit prImary concern. 

~ 
1) H.H. Fie19clwlonn .. PhY!l. 1 adllV , 28 (5) , 15, 1975. 

2) A.S. Palttlsnksr, II.K. Rahatgl, BARC Report No. lOll, 1979 . 

1) P.A. ~Ull~r et Ill, Phy.Rsv.Latt. )5(11,) , 91,0, 1975. 

~) 11.11. Glebov et aI , 3rd Intl.Conf . on High Po",er Electron snd Ion 
Belllne, NOV081111 r~k, Vol.II .. 565 .. 1979. 

5) S.K. Iyyengsr I!t aI, BAIlC Report Na. 960, 1977. 

6 ) !I.K. Rollotgi et el, sulnittad to Radletion (,rech. 

7) !I.K. Rahlltgi It el, lfHs ..... r _ 46Jl, 1979 . 

Schmnatic of Experl .. ental 
System. 
1_IIIICIII", Cllamber, 2_(pcxy 
inllu1stor, 3_ReBiatance 
valt"g .. dIvider," 4-Anode 
fall, 5-Doalllater f1l. II , 
6_lir.phlt. CIIU .. ctor IIr 
Faraday cup , 7-Current tihunt 
Il_GrHphl h cetnatle and 9_Ta 
Gill ink ,,"lue IInd vacu ... 
p .... pll. 

Fig.Z lIoUlI9' and Current WII~e_ 
foms "t vllriaulI preaaUrB!I. 
(11) ta (I) - Tren .... lHed 
be ... voltlllle snd currant. 
(f) ta (h) _ Diode valtegl 
and currant .. t anada. 

Fi\l.) lIaristion of nOl'1OlIllal!d "01_ Fl g.~ !llIrllltlon of Pullla wIdth 
tege IInd currl!nt liS 0 'unct_ (FllHH) Sll " functlan 0' 
Ion af prll3l1ure. preaourl. 
11) TI"IInll'flltted b .. 1InI currant 11) Tran_Utad tlellll cvrrent 
b) Diode valta~e 
c) DiPd! current lit anOde 

b) Dlade voltlg. 
c) Dlade curJ'ln t at Inodl 



lIJ'NESTIGATIONS OF SPHERICAL LASER cor-1PRESSION (JF PLASMA 

M. Borowiccki, S . Denu!3. J.Ferny. Ii.Fiedorowicz, J.Godzik, 

5.NOarDba, \'I . Paw;!;o\·licz, L .SulVlinski, VI . Szypu;!;a ,A . Wilczyriski. 

J . Wolowski, Ii .Woryna. 

S.l<a lisk i Institute of plasma Physics and La!inr Microfusion 

00- 900 Warsaw 49 , Poland 

Experiments ara current l y under way at IPP~LM in which I 

02_gass_fillad microspheras are being irradiated in a tetra­

hedral geometry I"ith four beom!3 of up to 20J/beam from aNd: 

glass_laser. Laser pulse duration wes 3 ns and pulse rige 

time 1 ns: A lens-mirru r lllumina tion system ensu rin g mo r e 

uniform illuminotion of microta rget surface /910ss or ablator 

covered microsphere/with la3er radiati on wss used in the 

last experiment. 
The following diagnostics were used to study physical pro­

cesses occuring in the gena rstad plesma: X-ray /microphoto­

g raphy. temporal a nd spectral measurements of emitted radie ­

tion/. optical/streak shadowgraphy, investigation Qf radia­

tion reflected from plasmal. i onic lion emission flux 

measurementS/ and the neutron onc.Fig.1 presents a schemo 

of the experimental system. 

FrG. 1 

TARGET 

ASPHER IC 
LENS 

ElIPSOIDAl 
MIRROR 

X-ray microphotogro l'i lS /s oo Fi'J .2/ i'lOre mild(! by "ean_ of 

pin-hole camera. 

A majority of the obtained photographs .... ere of nonsyt1.(!l-::tric r: l 

and heterogenbus !lhape. which could be related to t he n0f13y_ 

_almetrical illuminotion of t he JIlicrosphere .... ith lils{w radia­

tion. 

In some microphotograph e charactorJ.zad by tho bost symtr. £. try 

one can distinguish illuminating ares in the centrsl pa r t of 

the microephere ~jhich is interpreted to be X-ray radiAti on 

emission from plasme generated in r esults of microspl1(lr~ 

imp loeion. The fact that faat X-rey radiation detoc tc'· /1 GHz/ 

records two pulses distant by approximate ly 1.5 ns which would 

correspond to implosion veloci ty of some 107cm /s, (lPCilks 

for such an interp r etation. 

FIG.2 X.ray ~icrophotographa of plasma 

Spectral measuremente of X-ray redietion wore CO I"l i<;<I 

out by means of a semiconductor detector matrix shield,-'" 

With 20.50 end 1 40jJm Be filters . The electron tomperti\· ·~r~· 

determined on their base varied within 150 -400!lV . 

S t rCllk shado\·,g rophf:: of or.panding plasme Vlere made by 

moon s of an arrangement shown in Fig.3. A fast streak 

camera ~jith 50 pr; te r.lporal resol ut ion ond 10 1)m ::opa tial one 

were used. 

FIG. :) 

An examples of a streak. shedowgraph in e temfJoral develop­

mente are shown in Fig.4. 

In ths period corresponding to ·the laser pu lse rise time 

incident on the tsrget / 1ns/. a faat expansion of shade 

with /2 .. 5/ x 107cm/s velocity was observed. then. lIfter 

1 ne. there followed 0 relative stabil1:zation of position 

/et approximotely 400 1)Dl dimension/. 

11, • It" 

200uml 

10' 

FIG.J. Streak ehadowgrapha of pla~me 

I on tI"'~5!1ion measurements I·/e re conducted by mllQI>f; of 

fou r ion collectors. On the base .of the obtained re GI .. l'~ 

we definad plasma corona parameters as well a~, i n tno 

inderect way, imp losion paror.lete r s /Fig.5/ 

FIG.lS 

Estimated values of the electron temperature op p roxi­

mate the valuee abtained from x - ray meosuremonts. · From 

F-IO 

the eetimations it appears thot implosion velocity is 

p roportional to the absorbed energy divided on to the initi<l.I. 

microspherEl mass. Measured plllsma expansion 9ymmetry is shol"'." 1l 

in Fig . 6 . 

FIG. 6 

Neutron measurements accoQlp11shed with use of 1) scintilJ.llt i c 'l 

probe proved thet no neutron flux emission ap pea r <:d Ob:;-"',1 

t he value of 300 neutrons /4rI. 
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AN ANALYSIS OF POSSIBLE CURRENT INSTABILITIES 

ACCOMPANYING LIGHT lOB BEAM TRABSPOR~ TO THE 

TARGET. 

A.V.Gordeev , A. S.Kingeep , L.I.Rudakov, K.V.'l'cbukbar 

I.V.Kurchatov Institute of AtoDic Energy, Moscow 12}182, 
USSR 

1 , In a program of l ight ion ~eam fusion tbey are going 

to transport the beam with a total current I---30·SOYA on the 

targe t of diameter a _1 cm. 'l'be beam energy l; =_ e U-2 - } 
MeV and pulae duration 'Z'"'-1 -2· 10-B8. For the proton beam 

these parameters correspond to the density 0- 2 - 3.10'60111-3 

and the ,veloc ity ~_ 2 - 3 . 109 cm/e. In the HRL and SAlDIA 

concept.s the beams are transported through the long (L _ 5 ill) 

channels witb a plasma density n up to 10'8 cm-3 /1/. The 

important requirement to the beams ls the am~ll angular width. 

While transportation in a denee plasma the instabilities of the 

current can break thie condition. Pirst of all, tbe instabili­

ties in a plasma channel /2.,/ result in the local separation 

of both beam and plasma currents. As a result the beam angular 

width is growing. On ths other hand, the potential instability 

in a plasma corona where the beam current density l s especial­

ly higb leads to the damping of ths return current. As I~IAi· 

a M c2y, /2e the beam can Miss the target, as a result. Besides, 

the plasma turbulent heating in a corona ia also dangerous. 

As ths es timates show the Bremsstrahlung of the hot electrons 

m83 break the drnamicB of the target shell collapse. 

We consider tbe situation wben the beam current sxceeds 

eBBenti.~lY the net current 

and tbe frequency scale 4.) ~ UJN ; 

by the equatione 

JV C-
M, Jt : e L-

E- '[-H-] ne V "fc V ,...~ 
VPp 
ne 

(1 ) 

• Plasma ma,y be described 

for the ion8 (2 ) 

for the electrons 

and there is the KHD-equatlon for the beam 

(4) 

wbich la valid in tbe case of more tban one oscillations of the 

beam ions in a cbannel. 

Under tbe condi tion (1) tbe generation of the magnetic 

field ia descr~bed by the equation 

f ~ --Jc-- .It 
H: C 1 h q,,+) 

o 
2. Return current 10 s plasma channel products the force 

pushing the beam ions out of tbe beam. This force resulte in 

instability if the plasma densi ty decreases with a radius. Tbe 

helicel mode of this instability is described by the following 

disperei on equation 12 ,4/: 

(;51(;j"(4iine)2 lf1Th~ dV, --c:r - -- + -----
ICr el1 cH a, - le '( f 

v,' • 
, 

4Jc• 

c' 
" ,,' ) 

, 
+ .5:k. 

e' (6) 

o 

where Z axis is slong the beam, V2
Tt= T,IM , 

c.JrZI. -; If'iih,e
z 

. GJl _ ¥'irhe.
2

. --
M 1"-~~W=c...J-A:lVl-~ 

:.z II c.J l ,,2 
~I __ • tC C . -I, - ·./£.S..:...[1+ =:z!. Y4 ] 
W = W + ~ l{rrq" I W :; W + l 1f7UT c.1 (W - k:; v. i -ev...1 ; 

2 1 2· It n 
le. -::.ICJ +1C'f i Vi. '= - J'/ne . 

Maximum. growth rate by tbe conditiOD Vi. > Cs correspond. to 

the interseotion of the helicel and acoustic modee 

4: f (~)Y, V. c;) (le C, )'" 
A NI Cs x*! CV • (7) 

le Z CZ Ht; 

By the conditions r > - - , U),. >~,. lfiT(J" .. C , 

when the formula (7) is still valid, the upper lia1t of the 

growth rate eQuals to 

1
-3 ~::::'./O& .. -, {()J. 

(-:::. 0 cJUe C, ..., Wile: 3 · 10 S- 1 

lS _3 , I' '" A' 
for tbe parameters n:::.1D cn-. ~ Cs '=.3 · IOclo,ls ; J& =-IO 1~1 

,. The magnetio field generation in a oorona is described 

by Eq.(4). The beam-turn in the self-generated fie ld occurs by 

condi tion . A 

e rH' CS't~ V,,,; I\fC J d, -"d (TIt) (8) 

where l(t )-cst i8 tbe cbaracteristic scale in tbe blowing­

off corona. The estimates show that Coulomb conductivity turns 

out to be more t han the critical one by one order. But if 

Vl >:> Ca in a corona anomalous resistance due to ion-acoustic 

instability plays the msin role. By the level of turbulence 

E2 InTe higb enough tbe effect ive collision freQuenoy f or 

tbe electrons may turn out to be of the order of 41fe • TheZl 

from Eq.(B) with (/= Y1 e~ ,)./1 we can !'lee tbat beaa­

turn i8 allowed in thie case . Tbe eecond eftect is the plasma 

turbulent hsating . One can obtain that Te reach&e during 

ths pulse 50 _ 60 keY, BS a .minimum, wbicb corresponds t? 

2 - . ' % of the beam total energy input. !be eleotrons ot thi. 

energy radiate wbile interaction with a dense pleawa the share 

ot their energy ~ et re 6 % aa a nsult of col-
He h1 c:t 

lisions with the nuclei with Z - BO. Tb. tree path lengtb of 

the protons with t; c.u- 50 keY is comparable with that tor 

the protons with e U - 3 KeV. Resulting preheating ot the 

pellet sbell may complicate tbe implosion of the Df fuel. Thus 

in tbe light ion beam fusion concept tbe effecta of the mag­

netio field generation are to be taken into acoount. 
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"Th .. o retic .. l Underat"lldinl of CO2 lnteracti llll Experl_nt .... by 
J. H. IUDdel , B. le&&erldel , D. W. Fonlund, R. S . Cold-.an, 

R. D. JOOII , E • .:. Stover. I nd D. C. WUlon 
LoI '" ..... N.t1ond L.boutory, Do1verl1ty of CalifoTlli., 

La. AlIlllO. , Nw Me:dc o 875~5 USA 

We lu .... rh. our r eunt theor e tical .... de lil18 .nd undentalldhl of 
Lo. Al • ..,. h llh Il1te ... tty CO2 intenc tioll experi_nt. vith patticuhr 
ellphllh 011 thin tunl.eln . nd lold II1crobllloon eXperi .... nu . Tvo fel­
turn of thlla IXpari_nu an luper hot electron lenerat l on and ... Itl­
h.noodc C02 Hlht lellefation. Tvo d1_nl1onal particle lillUhtionl 
. nd luly tieal ..,de1l . r a ulltd to du cribe the litter phenOllenl . For 
.uplr-bOt I llctron sena r a tion v e di,cu.I the r ole of filHlentatlon or 
Ielf-f ocu.l1na , .ti .. hud R ... n .c.tterina and Raaan bubble formation . 

For th.. c.... of thin ali c robllloon. I.e., "hOBe thlcltne .. 11 the 
ord .. r of .. hot ehctr on r .. nae , we expec t .. flirly unifor .. energy depo­
a ition around the pd let bec.uBe of the . ddltlonal aYllllDl! trifinll a Hect 
of the hot a hcttonl p .... lna throuah the thin I hell . On the laaer dda 
of the pillet at inten. iti"", where the 118er 08cUhtory velod ty 
eIteedl the electron thermal velodty i.e . , vo/ve» 1. the hot 
electron denaity exceed. tha critic.l density with I lower dent ity 
a he lf at .. tenth cri tle.al dendty . Cn both the 1nBide .. nd outaide of 
the thin tUfllllteD or aold Ihall Wa e Xpect lubaUnthl flit Ion 10" - ­
.. hlSh 11 50% of the .blorbad I ller energy for ' 0""" eltpe rllN!ntal 
thlcltne .. u . Corrupondinaly with the aignificant lOll of hot ehctron 
enerl)' to iona , we oher"e tn t he w:>delina a reduct10n In hard x- ray 
yield . Thh corroboratu what h •• beell obl erved eXpert_"talI y . For 1_ thicltnelle. of 1l01d, ona obeer .. u • h rae fraction of the ab.orbld 
1 ... r enargy In intern.l kine tic ener IU e ..... n in the pre •• nce of fait 
ionl . Our .... deUna of the III:per1_nt l vere tho. e perforlll!d by D.y . 
Ilauer, Houltad .. y , Pria dhonlty , .nd locltet .t 1.0& Al ..... . 

In the aIpar i1ll!mtl .deleel abo"e and o t he r l cerrled out ove r the 
pllt ye.r a t La, AI ..... the re h ... been a ll tncre •• e 1n the app .. r ent hot 
ehctron ta""e nture. TIlt. h.. beell eludd.ted by the hard J:-ny 
lIe .. ura _nt. of Prledhonky. but In .. ddition h .. beell corrobonted by 
Tbo",oll P.rallola d.t .. of les .. y . Two luaauti ona for the pr uence of I 

,up.rhot compollellt to the elect r on dhtributton h.ve been aalf­
fOCUllh lla or fill_nt .. tioll Ind I tilllUlated R ... n Ic .. t terln l with an 
.cc01l!)anyina bubble forllltlon . Tvo di lW!ndonal pIa..... .I .... hUon. 
. uSlut that ...... ion ... n requi red for fila .... nratton t o develop and at 
thh point we have onl y obaerved Whole bea.. lel.f - focu .. tnR in the 
a i .. lati on • • 

leclu.e the underelen.e . helt i . somewh .. t l e.. than quitter 
e.ritical denatty. oblique. I ttlDUlate d Ra ... n Ic. t te rinfl doll1n .. tu. 
BecaURe tha Icattered Itght waves have . turning pOll1t, .. lbe it In. 
h1ahly undarden.e pluma, R ....... n bubblu develop. A typi cal two 
d1l111tlUion.l l i .... l1Ition r uult 11 .. follow., A focuulnfl l.n l r at 3 • 
101~ wle..il 11 incident On I 16011111 unifofll plaalll at a tenth c rltiu1 
den. lty with a bacltaround undardellae pl •• 1I8 t emp e r a ture nf 30 keV -­
Which 11 produCld by r eaonant .blorptlon . We oblerve due t o the Rallln 
in.t .. blUty .. .uperhot .electron dlltributton . t "200 klV" .. i th 
e laetron. out to 2 HeV .t I dendty It leaa t two orden of 1I.IIanltud. 
le .. th .. n critical denlity. 

La.tly, we dllc" .. our cur reDt undent .... dinll of .... ltl-h • .,..,nlc 
ell1&1lon of CO2 liaht . Pnvioully ve h ... e reported pt ..... l mulaUon 
reaultl of hi lh h.naonic eal .. l on of intenae l .. er liaht. Tbl 
at ... llt1onl _ra c.rr ied out It I l.,er intenlity vhe re profile 
.odific.tion produced deDaity jUII'p1 of 10-70 tt.el criticll dell.lty. 
We oblerv.d • flit power eallllon a pecttuQ ·.t the hilha r h lraonitt. 
Tb ... relulta Vare quaIiUtiv"ly conl i ltent with the eXpert_nul 
~~::l~:r::n~:~n vhlch hl .. e Ihovn • fl .. t h.raonic apectru. ou t to vary 

A . l lIph phYlicll -..del h preaepted to e Ipla1n the .. allen t 
felturaa of thue l1 ... l .. tlonl .nd the .1Io .. e experilllnte . It 11 shown 
th .. t th ... XplriMllully oblarvael n.ult of consunt h ....... pic production 
effich tICy out to I cutoff at the h.f1DOIIlc vhere the "pper denllty 
.helt 11 upderdell'l 11 • direct cOII.equenee of the al.OIt i .puldve 
foree on the pI ..... louted In the denl1ty jWllP r e gion . Th1l fo r ce la 
due to the aell-conll.tent r es t orlna forc l! of the lIetflhborinl ."pu­
critic.l de nai ty pI..... TbuI th" hiah ha ...... nic e .. ln lon 1I.n 
indication of the at r onaly lIonllne .. r re! ponae of the realon n"lr the 
c rit ical den. ity . 

To elue.1dlte thl! propOled IDI!Ichanis. we will prelent .. hia hly 
dllplified ..odd that tdenttU,," It. badc features. Condder a very 
Itaeply rhina el e !la ity profUe i . e., one III which a fiat lubcrltical 
profUe riau .h .. rply to .. n.t h1ahly .upe r crHical profUI \11th 
pI .... frequenclu III .nd", 1 ('" » w» III I) ' cou upondi na to the 
upper and lover dend~~ .hllv~a , r~lp'Ct1vely~ Such Itructures lit. 
expected· vhe ll vo/.. » I, vbere Vo - eEd l"er/lle"" vith [driver the 
dr iver intlnlity, .. n3 va i l the eleetron t~efllll Ipeed. !ln e r tho . 
influence of t h, incident Held, .. fluid ele_nt will olcUllte In and 

out of the density jump .bout lu equllibriulI pol1t10n. Th1l fluid 
ele_nt wUl eIperience a raa torillS lorce and therelore corrasponding 
accder . tioll, 7 r u .. -IoIp

26 vhere 6 la the dhphce .... nt frOll t he fluid'" 
equllibriWl pol1t10n . EoerlY conUrV.tiOIl, 1/2 11 v 2 ~ 
1/2 ~"pu2(6 )u2 •• e ta t he -.ad ..... eIcurl10n 111 the ovarelen.e r:sYolI, 
( 6)" .. vo'''pq ' wheresl the .. Ii ... ellcuralon 111 the ulldardense reaion 
if (6)1 "' v?' .. , I1nce 15 co.panel vith the o".rd.nu relion t he 

~::~~:r::re ~::nd i~h.~":~! o:::~~e:"t~!~h o~h:~e d~~u~~ ;i~;:~{ ' d:~ .. :~ 
~~he~n~e~ep::u~~:~~:!C of V!t:n~h: :;l:~~"~!~i:' I~ : :~.::e f!:: t~h: 
.bov. d1lculllon 

"u 1/2 
.. (. _ ) w .. 

", ' 
n 1/2 v 

.. ( ~) ~and '" . . (1 ) 

AI I ho.... In Pia. 1 the ti .. e in Which th . fluid elellent experlencu 
.trona ae.ce hratloll 11 dT - I''''pu 81nce the lIotlon t l .. pprod •• tely 
that of a ha ..... n1" o8"111al,,r of p.rlod u/", in the overdln.e raaton. 
Thl l etrona, illpuln-lIlte .ccelentton .. rh c.uae hllh ha ..... nie. 
e.tllion froll the atep reRion. 

TII ut i ..... te the e p .. lon nte Into the nth .pectnl line "'n ...... . 
VI Pour1er InalyZl 6~ . It c.n be Ihown utUh lna Fou r ler t nnafor a 
ang the we U;cnovn Laraor f o ... la thlt the Inten-tt ' of e.uu i on in the 
nt ha ..... nl c.. h ai .. ell by 

11l" 0 .~»l, .,. 

-"'- < ' ,. 
(2) 

when the i nte Rnl I n Eq. (2) 11 over the dlpth of ndl.t1nfl plas<Ja , 
.. nd C ..... ur .. the enh .. ncement .bove .Illale-,.artlcle elll .. lon (C" I) 
due to coherency dfect. . Thil r .. ult confinoa tn. principal 
experi_nr al ob.ervatlon of a flat .pectru. fo r hi lh ha r lllO nl cl .,ith a 
well-defined cutoff and predicta a roll - off for the .pectrum at ..... ,,~ -
"ufnc ' Thus, &I sugaes t e d by a recent ll ... l . t1on Itudy o f hlRh 
h a noonlc emission, 1 One can directly 1Ie.lure the upper den. ity alven 
the c"toff h8f111(1nic number. It should be noted that Eq . (2) predi~ t. 
both even and odd harftlOnic elll1aslon. con.htent .. lth the ob.e rvatlons . 
a direc t conllquence of the atronl ly .. yflllllllttr i e force III s hown 1n 
FII . (l). 

I. R. L. CaODan. D. \I. Foralund , .nd J . H. Klnd.l, PI1YI . Rlv .-Lett ., 
~, 29 (1981) . 

I\lorlt aupported unde r the au.plcea of t he U. S. Dep.rtllent of Energ~. 
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PlCURE 1. SCH!MATIC REPRESENl"ATION Of TIlE 
DISPLACFJiENT 6 AND ACCELERATION 6 OF A FLUID ELEI'IENT 
AS IT OSCILLATES IN AND OUT OF THE DENSITY JUHP. 
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ONE DIMENSIONAL MAGNETOHVORODVN.<IMIC CALCULATIONS 

OF A HYOROGEli GAS PUFF 

S. Maxon and P. D. Niel~en 
Lawrence Livermore NatiOfl~1 L~bor~tory 
Livermore , California 94550 U.S.A. 

ABSTRACT 

A one-dimensiortal Lagrangian calculation of the implosion of a 

hydrogen gas puff Is presented. At maximum compression, 60% of the 

mass is located in a density spike .5 ImI off the axis with a half 

widtb of 40 I'm. The temperature on axls'reaches 200 eV. 

1. METHOD OF CALCULATION AND INITIAL CONOlTIONS 

Usirtg the full magnetohydrodynamic (MHO) equations! coupled 

\OIith the circuit equation, we numerically solve for the discharge of 

a capacitor bank into a cylindrical shell of hydrogen gas. The 

Lagrangfan code LASNE~2 is used . Artificial viscosity is added t o 

the ion· viscosity to calculate stable supersonic shock waves. The 

transport coefficients in the presence of a magnetic field are taken 

from Braginskii and neutral resistivity is Included. 

The energy and pressure of the gas are taken from a hydrogen 

equation of state. The MHO equations are differenced and solved in 

one dimension, assuming dependence on radius , velocity, and time. 

The capacitor bank has the parameters Vo ~ 16 Ir.V, L z 14.5 nH, 

and C = 21.6 IlF for a total energy of 2. 765 kJ and a quarter cycle 

rise time of .9 "s. The length of the pinch is 1 cm. 

The Initial density and pressure profiles for the gas are 

plotted in Fig. 1. The irtltial pressure results from setting the 

temperature at 2 eV in the region 2. 16 " r s 2. 2 cm to sil!llJlate 

breakdown and f 9rmatlon of a thin current sheath along the outside 

surface of the gas . The current returns II.t a radius of 3 cm. We 
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use a density dependent switch for the resistivity so that material 

with density less than Pc is given Insulating propErties. 

2. NUMERICAl RESULTS 

Initially, the pressure spike shown In Fig. 1 spreads out, 

causing both an inward and an outward going shock wave. The outward 

goin!l shock raises the density above Pc so that there. is an 

outward going current sheath as well as the current sheath at 2.2 

cm, which Is the initial breakdown path. As the problem evolves 

further current sheatlls are "created" in the outer region and 

subsequently propagate inward due to the J ~ ii force, to joirt the 

main current sheath. 

The early time solution at t ~ . 1 1'5 cortsists of a density 

spike correspondi ng to a cOlTlpresslon of 7.5 and a half-width of .14 

)"1111. located at r "' 2.04 cm .3 Tile radial velocity of the density 

peak, as a function of time is plotted in Fig. 2. The first 

outgoing shock re~ches the fixed insulator at .2 fl-S ~nd dissipates. 

At this time, the density in tile outer region drops belO\<l Pc 

everywhere, so that tile entire region (r > 2.2 cm) becomes 

.\nsul atin9· Therefore, the entire current flows on the outer 

~urface of tile gas and the imp los1.9n begins. 

tflnl 

00 0.1 0.2 0.3 0.4 0.5 0.6 

-21 I _4 
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FIGURE:z. Radio! •• IDeii'! "I ,,"ndry mulmum 

Notice the decrease in acceleration at .45 1'5 . Once again, this 

is due to the appearance of another current sheath in the outer 
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com_l"n 

region. The density and rB profiles lit mll.xlmlJ\\ compression, t ~ 

.577 lOS, are plotted in Fig . 3. The temperature on axis is 165 eV 

while the temperature in the spike Is 3 eV. The density spike 

contains 60% of the mass and has a half width of 40 I1m. The 

QUantity rBe takes the value .083 ""-cm in the insulating region 

(r ~ 1 cm) but drops to the value shown In Fig. 3 because of a 

current sheath located between .5-1.0 cm. Thi! current rises to .43 

HA at t z .54 1'-5 and drops to .4 MA at t = .5B5 .", . 

These results are preliminary because we have not finished 

Investigating their depertdence on lone size. Two dimensional 

calcuht10ns will be made to see how axial flow changes the nature 

of the solution . We are also running this problem without the use 

of the density dependent resistivity. 
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IfBW KA1'HEMAtIC.A.L !lBTHODS OF I NnSTI OATION 

OF SOME NONLINKlR IFFECTS IN PLASMA 

~.A.Samarsk1~, T. A. Oalakt i onov, S . P.Kurdjumov. 

A.P.Mllthallov 

K. ldysh Instit ut~ of Appli ed Mathematics of the 

USSR Acad e~ of Soiences , USSR 

In t hi s pa per we f o~mulate some n ew ma thematical methods 

of invest i gatlon of nonlinear s t age of ove~heating unstabtllty 

and in 9&rtl c ular the aggravatton ~egims ln oontinuous media . 

le ~estric t our at tention to Caus hy probl em fo~ quas l linear pa­

rabol l 0 equation descr ibing the 'proc esses of heat conduction 

and combustion in one dimension 

Tt = (-kCT)T,.h'" (leT) , bO,:r.~ JR', (' ) 
T(o,:r.)=T.C3:) ~ O :[E,\R' ;T.C",)jO (2 ) 

Hne t i s the time , 3: space variable . T(t.::c) - tempera­

t ur. , .a.(T)'" 0 - heat conduction ' s ooefficient , Q.(T}~ O -
power of hea t souroes . 

i. ~e re sonant exc itement · s conditions . The initial functi -

on T.e",) in (2) ~ called r esonan t ( critical ) if the 

temper ature T doesn 't deorea s e with time 1;n whole space , 

that is , 
TtCt,ot) ~ 0 , t >0 , ",e IR 

Th. orem '\ « (1., 2). 'rhe inequaJ.it;r , , , 
(""(T.C:r.)) T.C"'») + (lCT.C3:)) ~ 0 , :I.E IR 

(» 

( . ) 

i8 the neoessary and suffi cient condi tion foe the ~esonant exci­

tation of oombustion in t he e enc e of (,). 

The inequality ( 4) per mi t s one t o de t ermine the geometri­

cal size of r esonant i nit ial indigna tion To(:t.) and tt ' s evo­

lution i n t i me . 

2 . ~pproximate s i milarity solut i ons ( a . s. s . ). The effec -

t ive me thod of invest i ga tion of nonli near diffusion and combus­

tion consi s t s in oonstr uotion and analysis of similarity 601u­

hons of eq . ( '\ ) . For u :ample in the oas e ~(T)=T~6>O.Q.(T) 
=T', ,>1 dmilarity sol utions of eq . ( 1) s howing for ,,,, 

..... 1 t he pr opert y of l ooa liza tion of diffu s ion proo ess con-

s truo t in [4,51 wher e th.ir asympt itic stability i s also es tab-

11Bhed .. 

HOW,Ter a little number of eqs. ( '\) has the similarity solu­

ti ons ( 6 1. It i8 shown [ 7-9 ] that so- called approximat (' :: im11a­

rit y solut i ou can be constructed f or some eqs. ( 1). Th ts s olu­

tion don ' t s a tisfy the eq . ( '\ ) , but the solution of the consl de­

r ed Caush! pr obl em asymptotio conv er ges to it. For example i t is 

,hown [ e ) th.t in th. oa,. -I.CT)=I,Cl.(T)=C1+T)I?JC1+T),p1 
the a.s . s . s atisfi es the fir s t orde~ Hamilton - Jacobi eq uation 

- -. - - 0 Pc - IR' Tt = (T,,)/(I+T)'" (I+T)lI1. HT) , t >0 ,~E 
and "'T- TI\\r.- O as ~ T(t.:.:) - + 00 ( notes 

that in this ca s e eq. ( 1 ) has no any proper similarity soluti-

on ( 6 ] ) . 

3. G.nerali~ .d compar ison theorems. It is well Known that t he 

solut i ons of para bolic equations have the cont inuous a nd mono­

t one d. pendenc e from the i nit i al - boundary data of cons idered 

F-15 
problems . Beoause of that t he similarity solutions ot t i xed equa­

tion are the specific bOWlds between clas s es of nonsitnUa.ri t y 

solut ions with different properties. However as mentioned above 

the similarity solutions of eq. (1) exists in very rare cases . 
Let us formulat e th e new approach t o com parison cf solutions 

of Caushy problems for diff erent parabolic equations ( ~ • 1 , 2 

(,) 

(6) 

One of thes e equations may be of suffiCiently simple t ype and 

has the solut i on with known proper t ies. 

T ~) 0) 
Theor el:l 2( [1, 2). Let D (:.:) ~ To (:1) in 

LC'/) n(» 
tWlctions ~ ,~ sa t isfy the inequalities 

IR' 

... 5·\,) ,,~('>cS) [-k(1)C':V~">CS)]' ~ \) , 

s > 0 

and 

(1) of 
Let , in addit i on. Tt (t..:t.) ~ 0 for all t'> Q ,:x:.E: IR 

see theorem 1) . Then T(1)~ T(') for all '\.>0 ,:.teJ;;!:i . 

Similar theorem can be proved in the cases of arbitrary 

(inc luding nonquasilinear ) parabolic equa tions ( 1 ) and cnn al­

s o be formulated for t he comparison not of t he solutions it ­

self but of some nonlinear f uncti ons of its [ 101. 

4. The methods de scr i bed above give the poss ib11ity of the o­

retical investigation of various nonlinear etfects in continu­

ous media ( for example T - layer ' s effect ) , which have been 

stud.d earlier in t he numerical and physi cal exper i ment s and 

als o by some anal,rtic and qualitative method,S .[ ... . 5, 11 ._1 2 1. 
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PLASMA FIlUTE MASS COMPRESSION AND RAHEFACTIOU REGIMES 

PERJ.ll'l'TIUG A TIME-REVERSE IN A DISS!PATIVE MEDIUM 

N. V.Zmitrenko, S.P.Kurdyumov 

Keldyah Institute of Applied Mathematics , 

Academy of Sciences, Moscow, USSR 

1. It is known that in a general case revere of time is 

~poseible 1n a macroscopic dissipstive medium. However the­

e a:re examples when a rarefaction (8 "direct" mot i on) and 

compression symmetrically inverted with r espect to this 

"arefllction (an "inverse" motion) can be feasible from the 

?hysical point of view. In this case the apace profiles of 

all the· values (except for the veloc i ty pr ofile signs) i n 

t1.e both processes coincide . Their change with time in the 

compressed mass repes:s all the states of the system, which 

occured in the case of mass scattering , but in a reverse or­

der. For example the compression without any shock waves lD 
considered within a self- similar problem [ 2 , J] is such a 

process. The same self- similar problem with a heat conducti­

vity and a heat source gives another example of an open dis­

sipative system where mutually- symmetrical motions have a 

real physical senae. 

2 . Let us briefly describe the results of investigation 

of the self- similar problem (2,3J • We coneider one-dimen­

eional motions of a finit~ mass Mo accomplished under the 

action of a spherical, cylindrical or plane piston for a 

set of gas dynamics equations written in lagrangion vari­

ables (mass x and time t) and involving heat conductivity 

and a heat source in power dependence of temperature T and 

density'p • The total mass Mt - (2JTN +(1 - N)(1-N/2»Mo ' 

where N =0,1 , 2 for the cases of plane, oylindrical and 

spherical symmetry . A self-similar solution corresponds to 

the separation of variables x and t and the time dependence 

has a power form determined by a law of the piston motion 

rK~tn. The parameter n is fixed by a form of the dependen­

ce of the heat oonductivity coeffiCient and the heat sourc e 

upon T and • Such variable separation describes both the 

rarefaction (then ° < t < 00 , t .... IX» and the compression 

(then - <>0< t < 0, t .... 0). The value profiles are determi­

ned by a set of ordinary differential equations (a "se1f­

similar!! system). These equations are the aame for both a 

rarefaction problem and a compression pr oblem , differing 

only in the sign of the expressions for the heat conducti­

vity and the heat source . The sign is negative for the com­

pression problem. 

J. The mutual-symmetrical motions (i.e . solutions with 

the same value profiles for the cOmpression and rarefac­

tion) correspond to the eame solutiona of the "self- simi­

lar" system. An inveetigation shows that if a "direct" mo­

tion has a parameter n = n(1) and an adiabatic 2xponent X1 
then the "inverse" motion has to have the parameters n(2) 

and such thut 

n(2)= n( 1) • n , (1) 

for the execution of time reverse processes in the system. 

Here 
2 

2 + (3" ... - 1)(N+1) 

4. Po~la (1 ) leads to the following r elation- shir 

between ~1 and ~ 2. 

~2. = 1 + 
1 1 -1 

(- --- ) 
y ~1 :' 1 

y = --L..:....!! 
n(N+1 ) 

(2) 

This dependence is represented in Fig. 1 for the specific 

magnitudes of n and N. It follows that the mutual-symmet­

rical motione are possible only at n ~ 1 ( Y ~ 0). since 

it is naturally to demand 1 ~ "do < ()Q • The physical un­

rea l branch of hyperbola (2) ia shown in Pig. 1 bye 

dashed 11ne. On this branoh either 11<' 1, or ~{. < 1 . 

5. The change of the entropy St is given by_ [2 , J ] 

(J) 

where Cv la a specific heat. The case of the equality /1= 

K2 (the point C in Fig.1) corresponde to the motions 

with a conservation of the entpopy (in this case it fol -

lows from (2) that n=on!IE) and the "direct" and "inverse" 

motions are feasible ~or the same medium with the same 

adiabatic exponent t . An ana11tic s ol ution ( 1-J] wes 

obtained for this case. The ¥t and Y.2. values are dif­

ferent in a general caee, when the dieeipative effects in 

the medium fi~ the exponent n ~ n • . From (2) it f ollows 

that if n(!) > n, then n~2).( n and vice versa, i.e. the 

sign dS/dt in the "direct" and "inverse" motions is the 

same according to (3) . It has to be like this in problems 

with the same profiles of ~ dimensionless temperature, 

i.e. the same signs of a heat f lux through the piston. 

Thus. by choosing medium parameters ( t ) and under the 

specific boundary regimes and initial data it is possible 

to implement the processes going in the opposite time di-

rections in two open diseipative macroscopic systems, ae 

if they are reversed in time . 
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A.V . Dobkin, T.B.Malyavina , I .V.Nemchinov 

Inetitute of P~Bice of the Earth of the USSR Acsdemy of 

Sciencee , Moecow. USSR 

Recently. much attention hae been given to the use of 

intense ion beams for inertial confinement fusion . Target 

proton" beam irradiation may be also i nteresting for the 

other scientifical and teohnological purposes. At tbe high 

temperatures target ablation layers which often consists 

of the higb or middle atomic number element are highl y , 

but not completely. ionized. Unaer sucb conditions the 

plasma thermal radiation effects are able t o play consi­

derible role . 

We have considered plasma corons dynamic of the proton 

beam whicb power density ls in the range qo 1010_1014 

_/cm2, tbe proton energy i s in tbe range eo ~ . 1 -1 0 MeV , 

impulse time is of the order of 'l:" - 0.1 - 1 mks and plasma 

temperatures T _ 10-100 eV . Plasma dynamic will be onedi­

mansional (plane ) , unless the thickness of the plasoa 

layer % is small in comparison with the target radius ro 

and with the beam r adius R. In this case, onedimensional 

gaadJna.mic computer program has been used. The program i n­

vol ves the solution of the radiation-transfer equstions[11 , 

energy deposition due to the proton collisions with bound 

and free slectrons [2]. target sblation. When the time ia 

increasing , tbe hest radiation flu.xes are growing and can 

reach the order of tbe beam energy f lux8e. Temperature 

growth stops . Large part of the heat radiation energy aLout 

;!O-5Q!ri of the beam energy leaves plasma for vacuum, which 

ie accordance with the estimations [J]. The flux radiation 

from the high temperature corona incidents on the target re­

sults in its additional abla t i on. If the target is suffici ­

ently thin , the plasll\S. c l oud will expand and irradiate in 

both directionsl eitber forward or backward . For example , 

at the fig~1 computer results are presented f or the inter­

action of the proton beam (Co::: 1 MEV, Cb ::: 10 G'R/cm2) with 

the aluminium foil , which initial thicknees (mo ::: 4 mg/cm2) 

ia equal to the proton range in the cold material. Plasma 

uarametersl T - temperature , P - pressure, u _ velOCity , 

~ - proton power density , ~ - heat radiation power den­

sity, m - plasma mass - are presented st the irradiation 

time t :: 0.25 Dlks, when x :;;: 1 cm. 

'f,eV 

o 
-... m, "'if'M' 4 .... .... , u ,-
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Fig. 1 

When x of the order of ro or R , the plasma densitJ 

i s decreasing faster then in the plane case. External layers 
becomes transparent for the partic les. Quasi- stationary 

regime of the plasma motion and heating occurs, as well ss 

in the case of l aser irradiation [4 , 5] . Let us consider 

uniform i rradiation of t he spherical target of the radius 

ro by the powerfull proton beam . Quasy-stationary apheri­

calty eimmetrycal pl asma dynamics is described by the 

method [4 , 5J . At the radius r* where the velocity of sound 

is equal to the velocity o~ plasma , the r elationohip bet­

ween the "differential" proton range l::: e /(dE./dr) and 

the r adius rl( takes place : r . - ,,\ ll(' where A i~ of the 

order of unity . The parameters in this critical point are 

described by the subscript C. ). Computer re5ult~ of tbe 

~ tat 1.one.ry eorona 8re l'!'9sented on the fi g . 2 . The a lum.in1um. 

sphere of the ro : 1 cm i~ i rradiating by the proton beam 

wi tb t.o = 1 !SleV. qo = 22 GIY/cm2 • 

u 

T 

p 

2 
Fig. 2. 

Pl asma parameters are divided by their quant ites a t 

the critical point ( E. .. '" 500 KeV , T. : 20 eY , uJ( ;o 2J km/s , 

p. = 6 kbar , rH = 1 . 2 cm). Computer results of the s tatio­

nary r egime can be presented in this way: 

2 J 
0.6 -0 .4 E 0 .75. T ::: 5.6 0 0 .4 r +O. 4ro -0 .6 

Po " • qo ro 0 'J( ""0 0 <;'0 

where scale of the quantites sre the following : Po - kbut' , 

qo - GW/cm2 , ro - cm , to - MeV , T - aV . The electron con­

ductivity ttaY by sufficient for rather high TJ(' For e%ample 

at the llo = 5. 104 GW/cm2, t.o = 10 MeV and ro = 0.4 cm , when 

T. = 100 aV, the fluxses of the electron conductivity are 

about J~ of t he llo ' being the same order as the beat rs­

diation flux. In thie case t he preesure st the target is 

P _ 10 Mbar pl asma density is () '" 0.1 g/cmJ • Thus when 
0- J. 

the target is irradiati ng by the powerfull proton beam, 

coneiderable part of the beam energy can be tran£ferod in-
• to t he plasma corona thermal flux energy. 
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STUDY OF TURDULIDICE SPECTRUM OF INHOJ,lOGElIEOUS 
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G.V.Skl1zkov 
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Data on energy distribution of plasma waves along the 

spectrwn makes it pOBsible to estimate quantitative yield 

of each of anomalous mechanisms of laser plasma interaction 

into the luser energy absorption and faat particle genera­

tion. An effective method for plasma turbulence spectrum 

diagnostics is the method of combination scattering of 

the probing radiation /1,2 / . In the prssent .ark this me­

thod is used for studying the Dc(plasme critical density 

region nc~1021cm-J) end no/4 regione for Nd- lsser basting 

radiation. The experiments have been performed with nine­

-beam Nd-Ie.ser "Kalmar" at P.1LLebedev Physical Institute. 

Laser radiation of "'200J of energy was focused onto a sphe­

rical te.rget. Pulse duration was~1na. As the probing radi­

ation we have used the second harmonic of heating light , 

obtained by doubling the frequency in KDR crystal (placed 

in one of the laser beam~).The energy of the probing rAdi­

ation was<:::1J.The width of the heating and probing radia-
o 

tion spectre did not exceed ~ SA. The registration of plaama 

scattered rediation in various spectral regions has been 

performed in several directions by using transmitting op­

tics and spectral devicca which ensured space resolution 

of !::: 15 pm. In case the alit of the spectrograph crasses 

the target image in the probing region (as shown in Pig.1d), 

0, ' iO,~ , '~. t
'o

• 

.~~ ,,' _',. L, .. 
§ , 

Pi/). 1. 

then t'he radiationa near the frequencies 3/2Wo and 5/2Wo 

are observed (Fig. 1b, c). Specificities of space locali~a­

tion of thc observed radiationa, their frequency shift by 

AWc=Wo/2 with respect to the probing wave (equal to elec­

tron Langmuir frequency for nc/4 region), and its two-com­

ponent spectral structure (Fig.1b , c) give a possibility to 

associate the occurance of these radiationa with the combi-

n.a.tion scattering of the probing wave (t2+ 1 ~ t 3/2' t S/2) 

on plammona resulting from two-plasmon parametric inatubi­

l1ty(to __ 1 + 1) within the nc/4 region .Note that the ra­

diation near 3/26)0 frequency was superimposed in spectro­

grama with the radiation of 3/2uvo harmonic , generated by 

plasma in the result uf combination scattering (on the plas­

mons in DC/4 reeion) of the hea t ing radiation (to + 1---

t}/2)' and, thus, located along the whole plasma co­

rona surface (Pig.1a,b). The intensity of the scattered 

radiation is determined by the energy spectral density of 

ths plasma waves We ( I(t ).Therefore simUltaneous measu­

·ring of the intenai ty of the }/2 Wo and 5/2 Wo lines of 

the combination scattering of the probing radiation and 

3/2 Wo harmonic allows one to find the dependence of Wt 

on the wave number of plasma waves~Pig.2). 
w,rK,1 u."' Plasmon wave 

r:umber for 

each of the 

three radia-

tione is de-

"1++ -I 

termined from 

the la" on 

pulse conaer-

vation at 
•. 00' C' --=C-~--c:-~C--=- " ~ 

. ... 0)tI • .t. ".0 o;l" a scattering 
Pig.2. 

on the given angie . The estimationa based on the performed 

measurements of the scattered radiation intensity show that 

within the nc /4 region .no more than 10% of the heating ra­

diation is absorbed due to parametric instabilities • 

In the scattered probi~ beem spectrum we have also found 

the radietion near }uu o frequency (Pig.}) with a clearly 

seen two- component apectral structure /2/ (with respect to 

"). .. /3 both components are "red"shifted : 1a.A and 2.S A, 
respectively) . And at two-fold decrease in the heating ra­

distion flux density the more shifted component disappeared, 

and only a weakly shifted and more narrow spectrel compo-

".' -~ ,," ,~~-

>"0/3 

nent was observed. The 

analysis of possible me­

chanisms of the formati-

on of 3GJo radiation shows 

that it results from com-

bination scattering of 
~ the prob~ on plesmons, excited by the heating ra -

diation in nc(t2+I~t3) region . In this case the more shif­

ted component near }UJ o occurs at scattering on parametri-

cally excited plasma waves (to~l+s), and lees shifted one 

on the plasmone linearly transformed from the heating 

radiation . The measurement of .CI.A'3 (the shift of the nar­

row component due to Doppler effect with respect to 1/3/1.. ... 

allows one to estimate the rate of the motion LL of the 

nc region: 6.).3/>"0=5/9 !LIe • For the value AA} """ 2 .5 A. 
(Pig .J) 11."" 1 .J .107 om/cco. Whcn uoing the givon probing 

radiation with the frequency of 2U1 o it turns to be impos­

sible to obtain the dependence VVt ( Kt) for the nc region, 

because of the coincidence of the other combination fre -

quency (LUo) of the probing wave scattering, and the heat­

ing radiation frequency. Thus, to obtain the turbulence 

spectrum in the nc region one should slightly shift the 

probing wave frequency or measure the radietion intensity 

3GU., for a number of ecattering anglea. 
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The present paper is aimed at the analysle of the ex­

periments on the target X-ray emission performed at "Kalmar" 

and other installations. "RIM-code (program) for the calcu­

lation of the target amiseion has been developed for this 

purpose.The stationary equation was solved at a given 

space-time density and temperature profiles .The ionization 

state, angular distribution and the outgoing radi ation 

spectrum, the film illumination behind the pin-hole camera 

wers determined in the progra. . 

In the laser targe.t ths typical ionization timell turn 

to be ot the same order ot magnitude BS the time of heating 

andhydro~ic , expaneion, and due to this fact the ioniza­

tion process is non-stationary . and non-equilibrium.Calcu­

lation takes into account the electron shock ionization, 

the three-body recombination and the photorecombination. 

The effect of non-equilibrium an' non-stationary ioniza­

tion the radiation spectrum has been estimated by equation: 

£ ... p~I ... 1' If,;. *~)- l1-:~:~"':" + ~Iw 3> 
where Till,'" 2" t.~ (e.W -1)~ is the spectral intensity of , , 
the equilibrium radiation; ki-I' and ~/", ,the coefficientll 

of the ion photoabeorption with th~ ion charge z at 'I 
level and bremsstrahlung absorptiOn at frequency 'V cor­

rected by the stimulated emission; 

D , i 0 , 7t...w" I r ... 1 . E Y is the "0 level 
~~y . ) 

V.,J/'Ir , "tW~ lfrlj enorgy; V~'"-. Vr 
YIoJ • the ionization rates at the · electron shock, three­

-bodJ recombination and photorecom~nation. 

Aa the example we have calculatea the radiation spectrum 

(the number of quanta in 4il ater.) o.f the glass shell 

target for the "Kalmar" experimenta 1/. The target radius 

18 Ro"70}J11li the wall thickness 6. R",2 p; absorbed energy 

Bab-20 Ji laser pulse duration ~ a2.5 ns (Pig.1). Under 

these conditione the X-ehell state is defined from the ioni-

zation by the electron impact and photorecombination, the 

same processes determine the states of the inner ~lectrons 

of L-shell, although for external L-electrons the three-bo­

dy recombination turns to be the decisive one, 

Pig. 1. 

IQ " 10 tI, kpv 

In this case the nonequilibrium has a strong effect on the 

emisaion of hard quanta tw~ 2.5 keV, as for X-shell 

~r ~JOO. the role of non-atationarity here is not strong. 

as t 1 ;-."'u.. == 0.1. :For i;w ~ 8 keV the hot electrons' 

radiation becomes the main one. As follows from the expe 

rimental and theoretical data the total energy of the 

hot electrons amounts no more than 1% of the absorbed 

energy, and this corresponds to the resonance absurption 

contribution. 

In the right corner of Pig. 1 are preeented the 

spectre. of the "compresaed" shell ("Ko.lmar")· and "explo-

ding" shell ("Janus" 120. 

The analysia of the X-ray emission confirms the con­

clusion on the possibility ·of describing the "Ko.lmar" 

experiments within the frames of hydrodynamics and clas 

s~cal transfer processes. To find the sta bil ity bounda­

ries we have studied the experiment with a considerable 

inhomogeneity of the irradiation. 

N.a.u. ~~~ 

6 " ~~,. 
experiment __ ~ , 

catcufat?n ' ~-

Pig. 2 • 

R'fm 

, 
107,6 

55~ 

o 
-5;,8 

-107,6 
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Pig . 2 shows the pin-hole of a polysterene target 

under inhomogeneous irradiation. Ro. 179 pm; A R.6.9 pmi 

Eab a 17 Ji ~ _2.5 ne • The same figure presents the 

experimental and theoretical dependencee of the photo ­

film (placed behind the pin-hole camera) illumination 

on the radius (in relative units). 

The calculation of the absorbed energy distribution 

with account of refraction has been performed 

Fig. ) • 

Fig. ) demonstrates a two-dimensional picture of the tar­

get motion at the moment t ~ 2.)81 ne from the beginning 

of the laser pulee for the same experiment shown in Fig . 2. 

note the fact of a high symmetry of compression at a strcme 

external non-symmetry of the radiation for moderate 

fluxes (low corone temperature). 
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GENERATIOn OF SPONTANEOUS lt~GNETIC PIELDS AT LASER 

PLASMA COMPRESSION 
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Due to the violation of apherical B~mmetry in the 

laser target the occurance of therwocurrent Bources aud 

wegagsUBB ~gnetlc fields 18 pD88ible. At laser plaslDa 

compreosion the fields ere strengthened both due the 

compression 8 N ~/SOo and the development Rel1egb-Tay­

l or inetebl11t, wt the inner obelI boundary. In ( 1) la 

presented the problem ot the pggnetic field generation 

in spherical targete et moderate radiation tlux B8 

'-«} £, 1014 ./cm2 tor r.Jd. -laur). At 6f/f> L< .1 ; 
X=Ws'teL.L.j 2) O/oc.f=O • J) the la .. ot the 

instsbilitl' developlDent b Ir:nown{ Of A> )t expf SW(tLt} 
4) ga8 parameters change due to tbe adiabatic la •• e get 

t~e tollo.1ng 818te~ ot equations: 

In the Eq.( 2) the firat ~e rm describes the diffusion, 

the second - the saturstion owing to the appearance ot a 

crossed term in the therma l tl~; the third one describes 

the field generation due to the development of the Raile1-

Taylor insta bility. With the increase at magnetism the 

influence of the mechsn1Bm of tielu eaturation,~hicb ie 

conditioned by e croased term in heatconductivity,dacrea­

aes and this DBy be effectively taken iuto DCco~t by the 

correction coefticlent f)( in C~ ( X"" 1. J 5)(' = 5" ). 

In the com presse4 plasma, even in the csse ~be field 

source is e\.lppreaaed C2,. = 0 the plasma IOI8gnetislII 

grows due to cOlDp resai on X _ ~ T~·S. ~=const T oJ R- 2 
. p' ? I 

Pig.' presents ~be reuulte of terget calc\.Iletion.Note, 

thst in tbe calculetion tbe LarlDor radius of oG -partic­

les at Bi'T1 Z 20 rnbS is less tban the tree path end is 

compara ble with the dimeusions ot the compressed region. 

Th e effective length of tbe oG -particle in DT plas;a 

increases, and, hence, the enerBJ f ra ction trsnsferred 

tro~ et -partic l e to tbe fuel, a180 incresses. 

X= Wa'1:' e I'V 1,2, IInd hence, the therlllal tlw: reacbing 

the well will decreeee Bnd the mean full t~mpe~~tur. _ill 

iocrease. Botb ettect a a&~ promote tbe better c ombus tion 

conditi one . 

. i' 

.01 

<00 
It ls seeo that the spaoe a od tlme distribution of 

the per t ur bations correLAts to tbe t ield distrihution 

(with the Ji/2 sbift), and tbt.e ma:, he uaed tor the dia8-

nos tics ot tbe instability. 

Por tbe obaervation ot tbe magnetic fie lds in tbe com­

pressed plaSII8 thrae metbod.a sre proposed (Pig.)a,b,c). 

a) b3 optical lIIetbods in a cone having the forli <)r an 

" open book" ; 

b) the lIIeaeuring ot tbe voltage drop and the currenta on 

tbe ~alls of e conic shell target; 

c) irradiation of the shell laser target b3 a 100 teY ele~ 

ctron tl~. Then at B "" 1o ..... Gs,RLe-~r • tbe tree 

path re l:. 10 f' (tor f's .Oa = 100 g/cllh. 

Thua, one may obaerve the electron acattering at the 

magnetic fields. At 100 e current and tbe beam radiUl of 

100 m and the life time of tbe comprasaed target 10-10 

aec about Ne ,... 106 electrolW IIhould undergo IIcstterillo!!. 

F'~ '~"j effeot 
A<!'. VIe 
V, Veri. coefficient 

0.) 

B· ~;: I. iOOA 

E.J1-'f!.; 8 -IOMlisl..;ir 
If''40OV;T~a~ 1t.~P!400e~'1 ~ t~or 

$) cl 

;.9.G.L.go ek ProrrM PIAilt/6S, "'0"0,",1980 



XUV RADIATION TRANSPORT IN LASER IRRADIATED 

HIGH-Z METAL FOILS 

Abstract 
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Institute of Plasma Physics, 

Nagoya University, 

Nagoya 46 4 , JAPAN 

.od 

K. Nishihara 

Institute of Laser Engineer i ng, 

Osaka University, 

Suita 565, JAPAN 

Spatially resolved XUV spectra were measured tram the 

rear side ot gold foilS irradiated with 1.05- pm wavelength. 

lOO-ps pulses at intensities ot 3 ~ 10
14 

w/cm
2

. In the 

energy range of 0.1 to 1.0 keV tbe radiation intensity 

decayed exponentially with foil thickness up to 1 ~m hut 

remained almost constant over tha range at 1 to 6pm. 

These results indicate tbat ablation by the radiation heat 

flux is occurring. 

Emission and reabsorption of XUV radiation play an 

important role in high-Z plasma energy transport. Conver­

sion effici encies from laser energy to XUV radiation 

energy have heen measured with multichannel x-ray diodes 

and range from 15 % to 2.3 % for laser intensities of 10
14 

to 1016 W/cm2 and gold targets. l , 2 The spectrum has been 

Shown to be Planckian with color temperatures ranging from 

66 to 134 eV. Under the assumption that the radiation is 

black-body with a calor temperature of the same order as 

the plasma temperature, and .using a diffusion approximation 

with the Rosseland bound-free mean free path, we can 

estimate the ratio of radiation to thermal electron heat 

flux to be much greater than one. Under these conditions 

ahlation of the plasma by the thermal radiation can occur 3 

We report on a direct measurement of the transport of XUV 

radiation through high-Z (gold) and low-Z (aluminum) foils. 

The experiments were performed on the HALNA Nd: 

phosphate-glass laser system with an output energy of 7 to 

15 J in a lOO-ps f ilII width at half maximum pulse. The 

laser output was focussad to a 200-pm diameter spot with an 

F/l.33 aspheric lens, giving an intensity of 

W/cm
2

. Targets were 5-mm wide toils of gold or aluminum 

with thicknesses from 0.5 to 10 um. Tbe spectrum was 

measured using a grazing-incidence (8B~) spectrograph with 

a 2-m radius gold coated concave gULting. 

The XUV radiation intensity tram tbe rear Burface is 

plotted as a f unction of foil thickness in Fig. 1 . The 

intensities are measured at 52.4 A (AI Xl, 2p2p 3d2D) and 

50..0 A (continuum) for aluminum and at 47 A (many c losely 

spaced lines) for gold. For aluminum (a) the intensity 

decays exponentially witb a scale length of 0 69 to O.BO ~m 

and goes to zero at 3 um. For gold the intensity also 

decays exponentially initially with a scale length of 0.20 

pm, but for thickness from 1 to 6 ~m the intensity remains 

aloxost constant (b). The exponential decay scale lengths 

are several times la~ger than tbe ahsorption lengths for 

the unionized target materials, but are consistent with 

the absorption lengths in highly ionized material. Supra-

tbermal electron hoating is also another candidate to 

explain the exponen t ial part of the decay curves. However 

it is difficult to account for the gol d target plateau by 

these mechanisms. This plateau is only observed in the 

gold target where the XL~ rad i ation flux is expected to be 

greater than the tbermal electron flux. From our estimates 

we can conclude that there is a plateau in the rear-side 

temperature of many tens of e~ which is almost constant for 

Au foil thickness from 1 to 6 urn . 

When the outward radiation flux iB aB larga a B 

observed for the Au targets l ,2 and the target is optically 

thick to tbe radiation, the inward radiation flux heats a 

plasma inside the target at tis front . 3 Ablation of the 

plasma can then occur. The ablation plays the role of a 

piston and drives a Shock wave ahead of itself. In order 

for the high temperature of the rear-side plasma to be 

evaluated, the shock- beated tront has to propagate to the 

rear surface within the emission time of the hlack-body 

radiation. 
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Fig. 1. Radiation intensities as functions of the foil 

thickness. In (a), 'open circl es Show the data for 52.4 A 

(AI Xl. 2p2p _ 3d 2D) and open triangles the dat~ fo r 50 0 

A (continuum) radiation from the aluminum. (b) 'shows the 

data for 47 A radiation from the gold. The data fo r the 

o ~m foil thickness are taken f rom the radiation of the 

laser-side plasma. 
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THE 2(0)0 SPECTRUM IN LASER PLASMA IIlTERACTlOII 

E R WooDINO, J ~t. 11 A BAYED 

ROYAL HOLLOWAY COLLEGE 

UlfIVERSI'I"l OP LONDON, U K 

tON LEAVE FROM BELGRADE UlIIVRRSITr 

Tbe lIe<:olld ha1'l!lOule epeetnllll bu been' Btudied 'IIhen radiation from 

a Deodymlum laser haa interacted vlth " 90lid tar get. Tbe baclr._ 

scattered r&dlation vaa collected by the leos vhieb rocllaaed the laBel' 

rad.1It.tioo on the target . By ttUing the target, 2wo radiation could 

be collected ' io tbe b&ckvardB direction aDd 10 the apecular direction. 

u abow ill. Figure 1. 

Tbe bser "11.8 the Rutbertord neo<iymiUlll g1ll. .. 1aBer "bicb produced 

pul.aee ot 1. T nl.lloaec dur.tion vitb eoerg1e8 up to 100 J and ,,"ve1eogtb 

of 1 , 0525 ~.m. An t5 lella focuaoed tbe lBller be .... to a 100 \lIB dlamet-er 

spot IlIld d.o collected light scattered b8ckv8rda. A paraboloid ot 

"tocd leog'th 63 , 5 mm. collected light over an angle ot 620 . It .... 8 cOllted 

vith A1 Hi! r. but thh co .. ting deteriorated duriog the courae ot the 

experimeot, The targ ete cooeieted ot 1 -. eteel pi~e vith eoda ground 

at~var10ua anglea up to 450, The eode vere p01hhed and cOllted ... itb 

a 1umioium or gold. The radiation collected by the len" or parab010id 

...... steered by lIIirron Ollto the Blit ot a gratillg apectrograph. It ... as 

nec"lIIary to att enuate the 2"0 radiation vith neutral tilten to prevent 

d.amf.e;e to the Bpectrograpb slit and COOBequellt productiOn ot irltense 

paau over tbe slit. 

The apectr& contained lIluch fine atructure . There va e structure "itb 

a apacing ot 1e88 tha n 1 R, but irregul.a ritiea 10.the pllrabo10id r eau.lt 

1n a COaH!! spatial otructure. 

The ..... velengtb diaplacenent ot 2"'0 is ah01lll in Figure 2 to be 

bat"een 10 and 12 i to ..... rda the red for ullIIioium and 8 to 10 A towarda 

the red tor sold, but there is 00 d gniticant ditference bet ... "en th" 

bacllscattered and reflecte d c""'ponentD. 'l'he d1epla celllent ot the back_ 

a cattered radiation "&8 meas ured at the centre ot the iIIl.age and that 

trc<!l the paraboloid at the ope cular &.ngle . 

Several explanationa ot the displa ce!!1ent have been pres ented
l 

which 

depend on the interaction of a plaamon and a laaer photon, the p1aamone 

being «enerated by 0 lin",,:r proc es s 2 or by p.,.,.",etric dec ay3 . Ca irns ~ 
ar/I:Ue" that an i on acouotic "ave propaga ting tbrougb the crit i cal uur_ 

t a ce leads to coupling of the photon ond p11lomoo8 "hos e frequency 

.' 

" r I 
, . 

dlrt'era from that ot the 1neldent light by intesral multiples of the 

ion 80Wl.d ftequeDCY li/t_ Udna tbe ion &cou"tie dhperdoo relation:-

\11th L the de!lsity ",,&1e length e.nd Te the dectroo tbenMJ. 'O',,10<::1t.1. 

The VIlvelengtb displacement ilia,)' then be c&].culated,_ 

• • ~l" H-
o 

Calcul&ti oDa of ~ 1 vere carried out udng voUu"a of dene1ty Bc&le 

lellg~b, temperature IWd effective cberge ..-biCb correepooded to the 

i rradil.llce and terget ... terlal . Diap1.c .... eoh ot J to 1 A were clll_ 

cu1e.ted. Cllirns Bbo"a tbBt Ba mlLllJ" as 2Q components mII.Y OCcUr witb a 

spacing of "1 , tbe tint .... d secood ooes being ot lov amplitude . Hence 

tbe IBeBaurd and c.lculllted diBp1acemeota Ilre iD agreemeot it tbe tirat 

or a ecood compooeote are loet io spectrlll oohe, 

Becll\Ule the plaJIma parametera Ilre related to the pIIaltioo .ot the 

turning point in the plal)lnll., it wo.s expected that there "ould be an 

apprectab1e angul .. r depeodence ot the apecul.r spectr •. Hovever, it h 

s e en io Figure J, that the diaplRc .... eot ot tbe secood h.rmooic t rom the 

preciH e value ot 2"0 aho"8 00 obvioua trend witb angle ot incidence . 

The bre adth of the 2"0 spectra depends on the ion vave number 
4 

. 

b-pe riollentlll value. of the lIIeasured breadth (FWllM) a r e plotted ag&.inet 

lrra dill.llcc In Figure~. There ia no aigniticant va riation ot breadth 

llith irradiance or atOl:lic nWllber of tbe target. The ioo a couotic wllVe 

IIU11lber ia out of .... e range uaed 1n Calrna' computatioo 00 cQID.parioll.D 

,,1th his result la oot pooe1b1e. 
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ALPHA _ PARTICT.tS DYNAMICS IN A TGROIDAL PLASM1\. CLOSE TO 

~ 

U. Carretta+, S.Corti, G.Grosso , M.Lontano, R.Pozzoli 

lstituto di Fisica del Plasma, CNR- Euratom Association 

MIlan - Italy 

+centro di Studio per Ricerche sulla Propulsione e suI la 

Energetica, CNR-politecnico di Milano - ttaly 

Many aspects related to the role of alpha-particles 

in To~amak devices have been widely investigated and r! 

ported in literature (see, e.g. , the review paper / 1/ 
.nd rCl f .... rence .. t:h",rO!!in) " 

However, a particu lar attention must be paid to 

the alpha-particles behaviour i n Tokamaks near the ign! 

tion conditions, i.e., wh~re the alpha -particles power 

released to the plasma balances both thermal a nd brem! 

stpahlung loases. 
Here, we analyze the space- averaged energy evolut! 

on of alpha-particles produced during an ohmically-he! 

ted Toka.ak discharge. we refer, in particular, to co~ 

pact toroidsl "devices of the Ignitor type /2/. 

The discharge is described by means of a zero-dime~ 

sionsl code which includes a thermal alpha population 

and an energy distribution function for energetic alpha 

particle,. 
Electrons, deuterons, tritons and neutrals are tre! 

ted as fluid populations. 
The dynamics of the discharge is coupled self-cons! 

stently with the primary of the trans f ormer. 

We note that the evolution o f the alpha-particles 

energy distribution , correlated to the ti~e behaviour of 

a TOk4mak discharge, is not fu lly exploited in the lit! 

rature. 
AS an illustration of the obtained results we report 

the evolution of the energy distribut i on of alpha-part! 

cles for a low and a high-density reqiroe. 

-3 
1.~O (Cm. ) 
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/ 
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I 
I 
I 
I 
I 
I 

_--__ 0( 

----~-.., -.. -.. 

S 
fO~'~~~~~~7r~~ o 50 100 1 0 200 (ms) 

~ Alpha-particles density vs. time for the l ow 
density case; 0( _ total alpha-particles aen 

s i tY;o( t - ther.al alpha-particles density: 

0( f. -energetic alphll - particles density 

The starting v"lues of electron density "nd temper"ture 

in the two cases "re:.n _ 2'1014 cm- 3 , T" 4.8 keV; n-
15 - 3 e e e 

2 .1 0 cm and Te- 5.5 keV , respectively. They represent 

the peak values Obtained after using gas:"puffing , ohmic 

heating "nd major radius compression . 

The time behav iour of both thermal and energeti"c alpha 

p"rticle densities for the first type of discharge is shown 

inFig.1. 
t n this case ignition is not reached and the plasm" te~ 

perature decre"ses continuously after the end of compre s_ 

sion. 

109~~(~Cm~-~~~K~e~v_<~) __________________ -, 

l 
-10 

& 
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5 

\ 
\ 

200 

10~ __ ~~~ ____ ~ ____ ~~~ 
10° ~O 1.0 -1.03 2. 4-

(l<eV) 
FIGURE 2 Alpha- particles energy spectra at three times for 

the low-density discharge 

The evolution of alpha- particles energy spectrum for the 

same low-density case is shown in Fig. 2 . 

A quasi-stationary aistribution is established in about 

80 ros • The subsequent evolution leada to a complete the! 

malization due to the decrease of the alpha - particle SOU! 

ce term. The high- energy behaviour of the distribution i s 

of the type f( f >-l'f., while at the intermediate r"nge of 

energy the diatribution can s how a minimum aa predicted 
3 -, 16° (om:. KeV ) 

a 
iO 

t .1:14 ""-,; 

I , 
I 

I 
HOm.~ 

• l 
robo----~c---~~._----_c~~ -WO -iO ro .(0 .. ~ It 

(KeV) 
~ EVolution of alpha-particles distribution for 

the high-density case 

e.g. in ref. /3 , 4/. 
The evolution of "lpha-particles distribution in the s! 

cond case i5 shown in Fig. 3 . In this case , the station! 

ry state is reached in about 14 ms , the density of "lpha 

pi!lrticles is increasing in time le"aing the pl"sma to 

ignition. 
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0- ~ARlIClE RIPPLE LOSSES DUR ING SLOW ING DOWn IN A lOKAHA); REACTOR 

By 
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Chalmers Univers i ty of Technology, 
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1. Introduc tion 

In a tollhak reac tor, the ideal Axis)'lll'etry-of the magnetic field con­

figuration is destroyed by the finite nu,..ber of toroidal field calls , 

which superimpose l small ripple canponent on tile main toroldal field. 

Although the ripple is generally very small it lIIay have slgrdftcant 

effects on the confin8llent of very high energy particles, si nce these. 
if trapped i n the ripple mirrors, will experience an uncompensated ver­

tical driH ,"hleh could carry thBII rut of the plasma. For high ener'9Y 

fusion p.roducts. like a-particles, the drift time out of the pliStl!a is 

generally mucll sllorter than tlle ·characteristic time for collisl ona l 

scattering out of the ripple IIIfrrors. Tllis leads to tile appearance of a 

loss region 1n ... e loelty space centered around "'11,,0, Ill . . 

Tile dlred a-particle loss . I.e. the loss of particles "born- in the 

loss region~ is usually negligible since tile toroidal field ripple is 

... ery small. Howe-..er . due to pitch angle scattering. particles tend to 

diffuse into the loss region during slowing down. The P1rpose of the 

present study is ·to detennine the corresponding particle and energy 

losses. 

2. Analysis 

The dynamics of the a-particle slow ing down process is assumed to be 

gcwerned by the F~kker-Phnck equation. il} 

" at - J...,.. 

'" where x· ... lI / ... . 0.- Zeff/(8-(zl), [z} t , 
. 4$ ;.n; e4.ne 10h 

l It • -r . - . ---
s ilia Te3/2 

The criti ca l ... elocity . "'c' at which electrons and 

ly to the s l ow ing down is gi"'l.'n by 

¥ 3 • ~ . ~ . (Zl .... 3 
c "lip e 

(I) 

(') 

ions contri bute eq.,al -

(3) 

The fu sion processes can be assuJled to generate lIonoenergetic particles 

with ... elocHY"'f ' isotropically in ... elocHy space . illlplying that the 

source function S( .... X) can be written 

(4 ) 

where I((X) - l outside the loss region and K(X)=O ins ide. 

It is con ... enlent to di ... ide the (I-particle distribution function Into 

two P.lIrts . fth and f, where fth describes the therlllllii:ed fraction and 

f the high ener"')Y tall, since f after sOOle characteristic s lowing down 

time becOOIes s t.tionary. (3]. Ou r goa·l i.s then to sohe for f the su­

tionary fOI"lll of (I). with the boundary condition f(v.X"tb) . O. where 

X-!d are the boundar ies of the l oss region. in the velocity interval 

axtending down to v. vs ' where Vs is the ... elocity for !fIhlch tile drift 
time out of the plasma becOOIes equal to tile sca ttering tlllle out of the 

Mirrors . It Is usumed that no losses occu r for v<VS. 

3 . Results 

ay fonnally letting the width of the loss region ~pproach zero. it is 

poss ible to obtain the e~~ct solution to the probl6ll . (41 

f(v .X) 
s , ' , f 

" t;""". 
(5) 

IIIhere H(z} is the Heayiside step function and Pn(x) are the legendre 

polyn(lJlials. The Sin describes a step function In pitch angle that gra­

dua lly smoothens rut when we pass towards lower velocities, and the 

tel"lll in front of the sum is the solution we would get in the absence of 

the loss region. The particle loss fracti on, defined as the ratio of the 

tohl IJJIRt,,~r of puticles pnsi!>g the Iou rl"!g lon bound.rlllS per \.Init 

time to the rurnber produced, is straightforward to cal culate frcn the 

exact solution and we 10et 

I ~ 4k+3 
- 1" k=O (k+l )2 

(6) 

The correspoooing energy loss fract ion, Qt. Is deflhed analogously . 

t/oIJIever . eq. (5) is not very suitable for an analytic e ... alu.t.lon of 

Q1. The Fo\:\:er-Planc\: equation can al so be solved us i ng an .pproxifllte 

integra l lIethod . (51. which has the ad ... antage of giving stlflpl e analytic 

expressions for particle ana energy l osses In good agreement with exact 

and/or I"JJmerical solutions. This yields for the energy 1055 fract~on 
(for electron temperatures Te. less tha'l 40 keY) 

(7) 

where Te 15 the electron temperature In keY. 

1.0 1.0 

o.S as 

10 so, 10 so eo 
For typical Tokamai: reactor parameters. tile particle and energy loss 

fractions .ount to 40-601 and 15-301 respecti ... ely. The present ana­

lysis assumes the ripple to be homogeneou s o ... er the p.1aSlla cross section. 

If ripple inhcnogeneities are taken into account, the losses may be 

effecti ... ely reduced, but on ttie other hand a spatial redistribiltlon of 

the deposited. a-particle power will occur, which may ha ... e s ignificant 

effect on power deposition prof il es . thermal eq.lilibrlum, and stability 

properties [4]. 
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ALPHA PARTICLE B~:>TSTRAP CURRENT IN A TOKAMAK MAGNETIC 

AXIS REGION 

V.Ya.Goloborodko, Ya.I.Kolesnichenko , V.A.Yavorskij. 

Institute for Nuclear Research of the Ukrainian SSR 

Academy of Sciencee, Kiev, USSR. 

~: Alpha-particle boots trap current generation has 

been shown to take place in a magnetic axis region of a 

tokamak-reactor. Due to this e£fect the theory of the sta­

tionary bootstrap tokamak has to be revised. 

In Ref. [1J it has been shown that the ",_particle 

drift losses in the tokamaks may result in the generation 

of the longitudinal plssma current , Apparently , this me­

chanism of the current generation may be uBed to create a 

steady-state tokamak-reactor with a small current, I"'1MA. 

Under greater plasma currents the magnetic field confines 

the high energy ~-particles produced in the central part 

of a plasma, and current caused by the ~-particle lOBS 

is not generated near the magnetic axis. According to the 

neoclassical theory [2J the boots trap current (Jh) ls al­

so canceled in the axls region be~aUBe this current is 

proportional to the deeaity and temperature gradient. That 

is why the steady state large current ( I~1 A~ ) tokamak 

reactor baeed on the use 01 the plasma proceeses only ie 

considered to be impossible ( i.e. the injectors or the 

HP-field generators are needed ). In the present paper we 

show thBt actually tbere are no ressoea for such pessimis­

tic conclusion. SpecificallY , we show that becauee of the 

large rsdial excursions of the bigh energy ~-particles 

tbe generation of the considerable plasma current in the 

magnetic axle region ( including the axis hae to take 

place, this current being determined by the second ( or 

more higher radial derivatives of the plasma paramstero. 

Evidently. that the main part of the current is created 

by the ~-particles with velocities greatly exceeded the 

thermal ion velocity (VTi ). I t enables us to consider only 

'" the d.-particles with velocitiee V> (milme) VTt• m e,l being 

the e l ectron and ion masses, The distribution function of 

these particles (f~) satiafies the following drift - kinetic 

equation: 

(1) 

Here C.r.e is a collisional term describing the J",-particle 

slowing down by the electrons , SIJ" deecribee the ~-par­

ticle production, "'Vct ia a particle toroidal drift velo­

city, v.1 particle Velocity along the magnetic field,. Ta­

king into consideration that the particle bounce period is 

emell compared with the characteristic slcwing down time 

(t:.s) "e get: 

~ 

"".,." 
f~ ( V,W): fdV'v''<r/5'<Sv) (2 ) 

v . 
(.,.) denote averaging over the particle drift tra-

jector:~s; W"W(J,V)le eolution of the equation d J /dV = 
(J-('t'r.>(1':)' )V" , J=V"!w, + 't' "'- "'(~) .. -S • - being the f l ux sur-

face function, ws=e6.krn c). 

We use Eiq.(2) to find the cl - particle distribution 

function in the magnet:!,c axis region; .,. «l)0lI'R, Where t8 = 
2qIOJ~kG)8 R), q is a tokamak safety factor, R a large to-

~ IIZ 

rue radius , Vo(,=(2Eimol)' E
ol

=3,S Mev. Por this purpooe we 

put SIt= n\ OV>~v-Y.tlk16jfv;lassum1ng that an d.-particles pro­

duced in the axis regi on are confined in a plusma, i.e. 

assuming 

( MA) (J) 

where A is the torus aspect ratio. '1'0 carry out the uve­

raging in Eq. (2) we use the neal'-axis particle trajectory 

analysis of Ref. [ 3] • Calculutions yield the distribution 

func tion with the typical pitch angle ('X.., VII Iv) depen­

dence shcI'm in Fig.l. 

Now we can get the do. - particle current in the magne ­

tic axis region: 
i!. 3 · 2. 

Jb :-033 e.q{o)V" !L (St ) (4) 
d.. • I , i. d a J 

"""" Bd., r 
where S .. nl

<f)V)/4 . Eq.(4) has been obtained under the 

suppositions thnt the radial cI..-particle excursions do 

not exceed the characteriotic width of the distribution 

S(r) (i.e. I*,S MA ). Otherwise J! ia determined by both 

the second and higher derivatives of S(r). It follo';/6 from 

Eq.(4) that if n(O)'" 1015 cm-J , T(O)'"20 Kev, q(O)V ... A!<..le! ..... 

10-1 and the radial distributions of the plasma temperatu­

re and density are parabolic then J: IV 100 A Cl!l-2. 

llote that Eq.(4) l'1ay be obtained up to 0(1 ,) f actor by 

meano of the qualitative analysis. For this purpose we 
a " / • have to take into account that J., - - 05e /V. j(4t") d n .... d r 

( n:and A r are the trapped particle denoity and the radial 

8Vs SVs t. ~"5 , 
excursion) and V,." V ,to r '" qV ... /(Ws ), n ......... 0 n ... , I\{ 

S Lt ' 

J:. and the current before the thermonuclear reaction 

have the same direc tion. However the .... -particle curren t 

givea rise to the oppoaitely directed electron current "fe,= 
- ¥ZeffI:. ' Zeff being the effective charge number. Hcpce, 

the alpha driven current :c.e = J~ + Te cun serve for a seed 

current in the steady-state tokamak if Zeff>2 only. Other­

wise T.;e has the opposite direction and may result in the 

unfavourable consequences. 

,1 o 
X 

• 
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INTOR POLOlDAL FIELD CONFIGURATION 

Vablshchevicb P.N., Degtyarev L.M., Drozdov V.V. 

Keldyab Institute of Applied Mathematics, 

Academy of Sciences, Uaseow, USSR 
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I. Introduction 
The DlTOR design raises the problem of creation and longtI-

me maintenance of the equilibrium configuration by means of ex­

ternal coils. The necsssity to obtain the high pressure configu-

rB.~10I). (3::;;; 6;5) with the eafe~ reotol:' on tbo ,Plnl'lme. IlIli"fn.ce 

~p=2.1 imposse strong restrictions on the plasma crOBs-sec­

tlon as lIIel1 as on the pressure, toroidal currant density and 

safety factor profiles. In the INTOR version with a single-null 

poloidal divert or the placma erose-section ls vertically aB~ 

metric. Elongation and triangularity near the active null point 

of separatrix are larger then in the upper part of the plasma. 

The numarical computation of asymmetric MHB-equilibria, that 

includes est.imation of the necessary EF (equi1.1.brium field) 

coil currents at the different stages of disQharge (t~ough 

an increase in beta) is considered. 
2. INTOR-Equilibrium 
To obtalu estimates on the EP coil currents we solved nume-

rically the equation for the MHD-equilibrium with separetrix of 

the form 

R" R. + a( (OS w (1: St") 1J)':: ~ !);n'lJ) (df.-S, + (o,-8.):,;"w)) 
+ InW .c:, • (I) :z = 'lo f ~ a ~''''lO(j,+kQ + (k,-k,)S,'nw) 

Por the nrrOR design configuration Ro =5.3 "m 

a. =1.2 m the upper and lower triangularity Er 
•• 

the uppsr and lower ellipticity KI =1.5, K2=I.7, the separatrix 

angle parameters D=I·3, r =0·5 · 

The computations were made with the help of a code based 

on the transverse variable method (I]. In thin paper we UBe 

nonortbogonal flux coordinates . The boundary of the current 

channel WBS assumed to be recoved frOm separatrix, because on 

aeparatrix q, '" 00. Within the current channol we use the f'ol_ 

lowing pressure and safety factor prof'ileol 

Here 

p(",) ~ po(I-(I- ;,=~~)t 
q('I') ~ Cfo +(q.,,-?oj(l- '1'-1",')' 

I,I/o-I)/r 

(2) 

tU and Cf'p are values of the flux !unction IjJ on tbe 

magnetic axis and on the current channel boundar7 , respectively, 

et,=I, q,p=2.I. 
We sclve tho Bolf-coordinate taak of' the f' lux_ccnservation 

evolution. The velue of' the toroldal field B in the canter 01" 

the camera (R=5.2m) was fixed (Br =5.5T), and there was no sur­

face cUl'J:'e.c.t on the ple.S/IIa boundB.ry. 
3. Results 
We h~ve dcmo.~trated the possibility of' creating tbe INTOR 

configuration with n single-null poloidal divertor by means of 

the external El-coils. The field configuration with 9 coi13 is 

preeented in lig.I. We have investigated the influeuoe ot 

th~ plasma presoure on the separatriz shape . 'l'he re­

Bulte waro uoed in the Soviet vars!o~ ot the IHTOR project [2]. 
On the base of tbe nb~;e ~entioned computations (2] we 

have solv6d the problem of opt~mization by the number and posi­

tion .of the EF COils in the case .!3I=2.6. These coils are con­

siatent wlth the space roquirements and engineering restrictions. 

The coil location together with the required ampere-turns &re 

given in Table I. 

Figure 2 shows the topology of' the equilibrium f'ield with 

the plasma parametersl !1 =2.6, }r2.2, } =5 . 7%, L;::6.4YA. 
H.re ~" 2]PdSff'l!- J . A. ~ JXT~d' tI ~ ?,tjsT r· fdS IIB,dl r.r J. 'r "s 
All the integrals are taken over thePcrosB-sectlon (S) and alang 

the contour (.p) of' separatriz. 

From comparison of Fig. I and 1ig.2 it is ev1dant that the 

optimization cf the coil positions a llows to improve the geoaet_ 

r.r of separatrix without increasing the ampere-turne. 

The computations wer~ also made with the coil location 

that was proposed by the INTOR International Working Group (a8~ 

Table 2, Pig.3). 

Tho absence of' coils in the induct or region ( R ~I.4m, 
111-6 3m.) may deflect dOllDl the inner d1verter channel at the co"'" 

of increasing the ampere-turns. 
" Figtl!'o 4 (with .L.. 11; I = 116.8HAT) illustrates this possibi_ 

lity. The equil1briu~~/C"-·igur.tion. in v~ e ll the figures were ob-

tained with the abOve plasma par~eters. Further moving the coilw 

from t he midplane of TO (toroidal coil) resulted in redu­

cing the triangularity and expanding the inner divertor channel. 
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Tablo I. 

R(m) rO,3 } .5 I.' I .' I._ '.0 6.0 10,3 10,8 

Z(ID) 5. ' 6.9 }.6 -o. B .... 2 -7,I -7, 1 -5,7 - 5,0 

currant 
>!AT 

-4 , 82 12,~ 1.21 -J.O,71 7,46 IE,97 20,35 -7.J:7 - Jlt.,4E 

Table 2 

R(m) Z(m) current 
!lAT 

12,5 5.' - 1,28 
12, 5 6.0 -I,2I 

.,7 7.I 1, 23 

}.8 7.0 1,63 

2.5 6.6 1,59 

1,35 4 ,95 I.46 

I.35 4,15 2,01 

1,35 3,35 2,28 

1,35 2,55 I, 45 

1,35 1, 60 _1,01 

1,35 1,05 -4,65 

I,35 0,30 - 7,48 

1, 35 -0'~5 -7,42 

1, 35 _1,20 -4.55 

1,35 -1,95 -Ot15 

1.35 -2,75 1,69 

1,35 -3,55 2.64 

1,35 -4.35 2,53 

}.O .... 9 3,72 

' , 7 -7,I 15,83 

7,2 -7,0 IO , 24 

12,5 -5,5 - II,I6 

12,5 -4, 9 - 12,22 

:t' (I;! lDO,26 

Fig.) 
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D-T IGBITION IN THE TOlWliK-REACTOR WITH 
DIVERTOR 

Yu.L.lgitkhanov, A.S.Kukuahkin, V.I.Pis­
tunovHoh 

I.V.KurohatoY Institute ot Atomic Energy, 
lIoacO'lJ. USSR 

~. A.aelt-conaistent aodel tor computing the 
balanoe ot energy and partiole. in pla.ma tor a tokamak­
reaotor with diTertor hae been developed. The D-T igni­
tion teadbity in pia .... witb the IHTOR parameters under 
the condition. of strong' recycling and injection of a 
15 KW neutral beam ie abo.n. 

The 1-D transport .odel tor a core of the reactor is 
Qomploted. witWtlM equat1on~of l tl'lUlaporttbroU6h the eerape­

-off layer. In this model, the plasma diffUeion to Wbe 
aeparatrix and tbe electron heat conductivity are dee­
cribed by the Alcator aoaling and ion heat transport is 
taken to be the neoclaa.ioal one. Plasma heating is car­
ried out by neutral belUll injection .. and fUeling - with 
pellet injection and gae puffing. The l-D model is cho­
sen for simUlating a scrape-off layer wbere plasma .if­
fusion and heat transport acro •• the layer are descri-
bed by the hydrodynamic equations. The Bobm's coeffici­
ents for tran8Versal diffusion and those for heat con­
duction are chosen. The heat and particles escape along the 
field l~es in the divert or volume is taken into account 
as sink te~ in the transversal transport equations. 
A kinetic integral equation for neutrals is solved to­
gether with the transport equations through the main 
plasma and the layer to dete~e the density and the tem­
perature of hydrogen neutra1s. The flux equal to the neu­
tral backflow fro~ the divertor volume ie set as the neu­
tral source at the wall; The possibility of a mirror 
and diffusive reflection of atoms from the wall is taken 
into account. 

The solut ions of the transport equations in the 
main plasma and in the scrape-off layer are brought to the 
agreement with boundary conditions at the aeparatri~. 
Por the inside. problem, the boundary values 
of temperatures and density{obtained from the solution 
of the problem in the scrape-off layer with incoming 
fluxes of energy and particles which are, in turn,deter­
mined by the inside problem solution) are eet. 

The D-T ignition problem for a tokamak with the 
INTOR parameters has been considered. Caloulation re­
suIte are presented in Pigs . .1.2. 91% of fUeling is 
provided by hydrogen neutrals from t~t~all and the 
rest 9% - by the pellet injection andvthe neutral beam. 
The reactor-neat power is 1)0 MW. Cyclotron radiation 
and brellLBstrahlung power loss is 13 IDf. About )0 MW 

are transferred to the wall by neutrals with m~an ener­
gy of 280 eV.50 MW power is captured into the diver­
tor. The mean values of the plasma parameters in the 
main plaama region are: Ti .. T .. 11 keY; n '" 
~ 1.2 • 1014 c.-3• The total ~on flux through the 

separatrix 1( =:; 9.1. 1022 s-1. Densities of the 
heat fluxea from the main plaBDa at t~e ssparatrix are 
q~ a 9.5 W/~2; q: '" 21 W/om2• The total neutral flux 
from the wall 1.2 • 1024s-1 consists of the nel,ltra­
lized 10n flow and of the wall-reflected neutrale 

'the reflection coefficient ia equal to 1). The 
flux captured in the d1vertor ~o = ).1 • 102)s-1 
apout 40 times exceeds "i - flux originated frcm the 
pellet and be .. injection, Such relation between fluxee 
.WilL ,?J!J"l:'~~!la.. to the reC7Ql~ Ilt tne lei'el Rt~91% , 
if one determinee the recycling coefficient as 
RtD 1 - ~/ <Pp • The calculatiQn shows tha~ about 

17% of the plasma recycling occurs in the scrape-off 
layer and the rest - in the region beyond the sepa­
ratrix. 

Dynamic. of heating for the reactor with d1ver­
tor in the atrong recyoling conditions with 75 MW neu-

tral beam power is shown in Fig.). At time instant 
t~6 s when the neutral beam is switched off, the plasma 

reaches the values close to the DITOR parameters. Reac' 
tor fueling with the neutral gas only , without pellet 
injection, turns out to be ineffective one because 
the main part of the gas becomes ionized in the scrape­
off l ayer and escapes into . the divertor volume. 

The dependence of plasma parameters at the injec­
tion- switch-off instant (t-6 s) on the neutral density 
at the separatrix is given in Fig.4. Feasibility of 
the ignit ion conditions, when the parameter I :: w"'/Wlos a 
~ 1 (here W .... ,Wloaa are power released in ~ -par­

ticles and total loss power; respectively), depends 
strongly on the neutral density at the separatrix and 
consequently on the pumping effi ciency. To obtain 
stationary reactor operation one must have some burn 
control mepbniam which is not considered in ~hJ pr~ gent 
paper. 
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Fig.l. 

Figure . captions 

D.istribution Df pleSlllB n and neutral No 
deneities, ion Tj and electron Te ~emperatures 
in the main plasma at t~6 s (the instant of in­
jection switch-off,INTOR parameters). 

Fig. 2. The same across the scrape-off layer. To- the 
neutral temperature. 

Pig.) Heating dynamics of the reactor with divertcr 
with 15mV NBT and mTOH paramet1,.s . 

F.1g.4 Dependence of parameter 1 .. \" "' / 1"1088 and mean 
values of density, temperature and p at t=6 s 
on the neutral density at the separatrix with con-
stant pellet fue1ing rate. 
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G-6 
MODELLING OF START-UP IN THE INTOR 

V.A.ABRAYOV, Yu.Jl.Ir.ESTROVSKY , G.I . KROTOVA, 
A.S.KUKU5HKIN , S.E.LYSERKO , G.V.PEREVERZBV, 

O.P.POGUTSE, K. N.TARASYAN 
I.V.Kurchatov Institute of Atomic Energy, 

Moscow, USSR 

The 1-D diffusion models are used for the con.lde~­

tion of gas breakdown, ionization; current rise and addi­

tional heating phases, The dependence of miniaum break­

down voltage trom stray magnetic field. Is d1scu8sed. 

The start-up in the INTOR 1ncludes the phases: break­

down, ionization . current rise. additional heating to igni­

tion . Le'" 1,18 consider the Sas bre&.kdown. The 8xp .. r iJl.al'lt a on 
the presen t tok&maks show that breakdown occurs for E/p ~ 

100 V/cm torr (R - induced electric field , p - g88 pres­

sure) . For_this cond1tion we ~y U8e the next expression 

f or .electron value" l E (eV:,l-0.2 E/p'eJtp (130 piE) . 

The ionization frequency is given by Y ion =~E2/ £ . The 

el ectron losaes t~e place due to stray vertical magnetic 
2 10-2 

field B.L • For the condition B.L »Blllin.. -iTci) 
• (~ + 400) the 108sea due to toroidal drift May be neg-

l ected (R -

by V loes 

large radius) . The 10e8 frequency i8 given 

• 3 . 5 • 105E/p BJ. (Bz - toroidal magnetio 
n:;;:-

field , a - chamber radiuB, Bm). The electron losses due 

to &,omic processee and diffusion are negligible. Por 

these conditionll breakdown criter1..an ia given by E>Bmin , 

where 

f . 3 • 104 

The dependence Emin- f {p} for T-l1 parametere (at 

B ~ 14 G) is given in Plg.1. There is reaoonable agree­

ment between theoretioal predictions and experimental data . 

It should be noted equation (1) gives Emin vs, Bl Qore 

wea k then experimento ehoW'. i'he experimental data obtain­

ed at T- 7 , T- l1, T-1 2 ohow that breakdown is influenced by 

etray fields if BJ. ~10-3Bz' If the magnitude of stray field 

in the INTOR is taken B.L .... 0,01 T then we have ElIlin=0 . 48 v/Q 

e t Bz.5.5 T and p=1. 5 • 10-4 torr. Thus for the loop vol­

t a ge V. 100 V the breakdown oriterion ill fulfilled. The 

deairable lowering of the breakdown voltaga in the INTOR 

may be realized . The T-7 experiments show that stable break­

down occurs at E .. 1. 5 v/m for pro....P·q'l" conditions (for the 

I UTOR we have Y . 50 V). 'the trelltment of ionization and. 

current ri ae stages will be carried. out in terns of l-D 

mod.el taking into account heat and particlee diffUaion, 

ioni zation 108see ~d 10e8eo due to charge exchange, line 

radiation of bydrogen and iapurities . The neutra l gas 4i.­

tribution 18 calculated :from tile kinetic equation. The cal­

culations ahowed that the ionization phale in the IHTOR 

d.ifferes from the similar phase in the T-l0 deVice only in 

sOllle details . Large dilllensiolUI of tho pla_ column give 

riae to a etrong screening ~f tbe neutral flux and to an 

incr~aslng Te i n this region. As a rewlt the profile ne(r) 

i e nearly monotonous. By the end of the ionization p~se 

fl", .-J 10 _) I,-J 50 kA, Te .2- 4 eV, Jp"" 0,2. The 

greater fraction of the Joule heating bein« spent for ra­

d.iation and. charge exohange losses (Qrad.c7Q% , Qcx·20%) . 

AtT~%2 eV 

Te(r), j (r) deoreaee lIlonotonously at the rad.ius . In this 

phaee the role of ther.al cond.uctivity and <liffUeion is 

small, therefore , the uncertatni~ of the transport ooef­

ficientl used in the model is insignificant. Of great ~­

portance ie a correct aOQount for radiation and ionization 

10lses ~08tly depending on the neut ral diltribution. 

To prevent disruptions we muet choice the current rise 

rate i so that next cond.ition have been fulfilled: i ~ I/f'JK 

In accordanoe with the 

6 • 106 A/e i . 
1.2. 106 A/s 

oondition the i is given by 

at I < 0.6 KA (2) 

at 0.6 <_ I < 6;.4 MA 

Two lIode8 of the current ri.e are possible: 1) at firat; 

the current incre •• es up to I _ 6.4 MA and then the ad.di­

tional heating ie switched on; 2) the current rise fro. 

I ~ 4 4A yp to I • 6.4 MA occurs during the additional 

heating . The second modo of operation allows to save about 

1 Y, I. The ad.d.itional heating at the lower current and , cor~ 

reepondingly, at the greater value of q{ a) re suIt a in the 

extra ripple losles. The current riee stage eimulation 

is pertoraed for the linear increasing of plasaa density 

(at t - J e n_ 3. 10 '3clll- 3; thie value le rather eqaller 

than the Yurakaai-limit). The calculations are carried 

out for pla~ with iIIlpuritiee (nox~ 2.10"om-3 , ~e· 

_ 5. 10'0 cm- 3 ) within the framework of corona ~odel (non­

et.tiona~ effeote are negligible). The iqpurlties dlatri­

button 1& tmifol"ll1. The relJUlta Bho. the basic ideMI obtain-

ad. in modelling of the T-l0 type d.evicee were also valid 
in the current riee etago. The adopted iapurities concen-

trations are suffici ent for the r eradiat ion of an energy 

flux and a periphery cooling. The profllea ne(r), j(r) .~! 

To(r) are monotonou s . During the ionization and. current 

rise phases the flux swing requirement ie 92 V.s (77 V.s­

inductive component, 15 V.s - active co~ponent). Heating 

to ignition 1e perforllled by the injection 01' neutl"'lLl 

atollls with the energy of the main componen t l'o.175 keV 

and Ptota1c75 M*, The beams are injected at the angle 200 

to the no~l. Dyn&lll.ics of the reaotor transition to the 

s.teaay-state operation at bigh initial density ill giv,en 

in Fig.2. Tbe tillle to pla .. a ignition 1. 5-6. and. only 

0.5% of the bea. power ill lost on the walls. The ripple 

lo •• es d.on't exceed. 10%. Another scenario with d.enBity 

rise dur1.na: the heating phale IJUgests that 10-12% of 

the bOaM power is directly d.eposited. into the wall 

during 2-3 s. The heating at the reiuced initial d.enel-

ty doe. not accelera~ the approach to the ignition. There­

fore the possible high rlaaaa deneity ie recomsend.ed by the 

b881nning of heatine;. 
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AJ'J.LftlCUL STUDY 01' 'llD!: .sCRUZ-07P L.UEB. 
BD 'J!BB l'U.IDLl COL1DIl'f PXRIPBERY 

~.P.Volkov. V.D.K1r1ll0v 

I.V.XurchatoV ~titute of Atomic Energy, 

)(OIlOOW, USSR 

An abrevtate4 verllion of /1/ is given t his paper. The 

follow1Dg probl..- are diaCUlIsedl periphery of the plasma 

a61umn - it. boundar7 - scrape-off layer - the wall. The 

atruoture ot a IIcrape-off layer inoludes a sink to the limi­

t.r along the f1eld. Cooling by seoon~-y electrons from a 
lim1ter plQII a leadins: role in the energy !link (except its 

oon~eDtive part), &a a partiole .ink ill determined by ions. 

Beeidu the di.oharS_ data (ll ,;t!, H) the Bcrape-off layer 
parameters depend on the poaition of the wall, transverse 
transpori and, fiNt of all, on the par1:iole ~ and ener­

gy QiCL ' Qea.. tlUX08 aoross the plaslll& 001= boundary. 
Theao fluxe. oan ooneiderably differ from those out coming 

:rro~ the plaama bulk ro.. I Qict) Qea.. due to the ionization 
and oharge-uchange ot neutrale, DOming from tJ:l.e·· wall and from 
the l:1Jd.hr. Tbe reoyol1n8 value "2(. can be' ·determinod all 

an average number of the particle returns into the pla~ 

colWlDl till it. abeorpUon (en.oueUon) "2c.::i ra.-r.t;t_.!. 
The neutral flux due to charse-ucJ:uw.se from the· pl.e.SDIIL 00-
lumn r;.c.. and other fl11%u are determined from the balan-

088 ill. 1'ig.l with dlllpl1.fy1ng aSBWIption """'e -=-"rt";::~ . 
~""R _ !-!(J.-';')-1>.r_ 
r;. ,- s"A+(i-Alw,-r.),Swr.J' (i) 

r./r.~ 1+('-A),R" (2-) 

r.dr.:AlI." (,) 
Q~/Q,= 29'(i-Q.Ia.)/C2~.",/r:.), (4) 
1:. _ Q./Q. l~ Q./~. 't 2. C.) 
~o - c;Jii/ro - q-W.-A)~~+i] -+ .AR.~k. ' !:!. sro I 
%;,= t.l ('-A)£H' A..fJ ' (6) 

where r~zAl../[fa"1-~] ,11 .11, t" .... 1W1A. 111 the particle flux 
fraction reaohing the wall, ~,$.... are the particle ~ 
sorption ' and ~ refleotion factors by the liJli:er and7ihe 

wall. respeotively, ~ ~ and i2 is the energy neceea&ry 
to ionii1ie the atom 01" h)'drogen and iJIlpurity ion. A fcrlllfac­
tor q (J'ig.2) does not depend on .. the outcom:ln8 fl\1%es TO 
~ and it ill de termined by value r"w ,by the parameter 
ot Bbaraoterizing the relative secondary electron oooling, 

and by the presenoe of thermodiffusion. The minimal value 
ot C(:i oorreepondll to the absenoe of heat conduction, as 
oL~j5" - to ite maximal con:ribution. Tbe plalllll& column albe­

do respective to ne.utrale A"'3. r;.(. /r~ is a function of 
a ratio between the ionization and charge-exchange rates 
ne~ the plasma oolumn boundary. It can be considered eQual 
to A~4" in ut1matiODB, but in the more pl.·so·ioe compu­

tations one should take into account its dependenoe on tem­
perature which i13 ot the order of that on the boundary "T'~ 
The rigbt"';band aidea (1-5) do not pre.lit;Lcall;:r: depend on4 

and Qo ' beoause"" one can neglect radiation GIR.. , as its 

contribution doee not exoeed 20% /1/. Por thellreoi68 esti­
mations, one should take into acco\Ul,t .Q"-[~Il,ACf".)]1',," CS). 

'I"' ... /"r" aB • function at the wall position r .... 
is mown in Jig.). Tbe boundary temperature is detenrlned, 

t!ret of all by the reo;roliD8 (~:: J correspond to an 

- ideal- divenor, $=0 - to the l1m1ter), AJJ. electron 
0001.1Jlg effect ..... (_-1) thermodifi'ueion and effect 

ot ~ran.port m.chaniam aoception (in termM of . ~ ) can 
be ooneidered aD oorreotions. In contrast to thie , the 
bountary deMit,. It.... and ecal:1.ng for a ooord..1.nate 7ft 

(and bence, the .orape-ott layer width ::c ......... :c,.::t(,;, .... "'.i)) 
depend signifi~tly on the value. of traneport coeffi-

cient.: l."- J... 
.... [S"'1.of~~ '-'F"'::] "';' (.) 

¥ ;(. .... r;;'¥ 'Ii'-<J.L :r..·lS-«lO"0 F., Q~ ~_, 1).--" J --: (1) 

where, the nwabers 1"11 1 t.. and F"rof(R.,1IH) are the 
diffusion factor on tem-aet by the power dependence of the 

perature and density 'l)=- P.tll."'T( • The Becond formfsctor 

s.. is given in Pig. 4. 
Pormulae (6) , (7) and (8) are scaling laws which allow 

also to obtain the main parameters of the layer. The depen­
dence h." /no for the Bol:un tranDport (1fI-='0, t-::.i., F.t~~91t11/1f~) 
at A"1qlj, . $",=- <;02- is given in Fig.5. Spaling'lum­

ber \'lo will be equal nA,.. if recycl~ng io absent (r"lll=o, 
~. rei ) QQ.~ QcJ a. ... tA. cI-=.!. • The position of the 

wall r..... and the proper,ty of a l i.m.1ter p due to their 

effect on the recycling, can chan8e the boundary density 

by more than the order of magitude. 
An expression for a scrape-off luye).' width differs 

fJ;'om ':CQ. by dimenaionleBB fflctor flit! Its preciBe 
value ie given in /1/, but in estimations it can be taken 

equal 2- ), if d!';:;5'" • 
POl'1llUlae (6-8) applied to '1-10 or PLT type toka-

mak (5"-0, ~w-=402, r.=10f S"SWI""s"1 Q.~WSllo..a/,~ ,H- 35""I:Oe., Tl,..trOsIol 
f.-='~tV,E.''''4otv I~= 10-1.. give values, depeudent on the posi­

tion of the wall. 

2. SttI £:c .... ~gs ... , 4s"clI ~ TA.~ 100w , ':/ ·IO'!";'!: t\a.! 10'''SI!f".J 

One should note that analytical express ions for the tem­

perature and denaity profiles for ~~~ a s well are 

given ~ /11. 
ReferenceB 

1. T.P.Volkov, V.D.Kirillov. Model periferinykh sloev 
pIe-amy tokllllilllca. Preprint lAE-JJ5B/B, 1980 , Mockow. 

~~------~-

G',------------, 

In Fig.2-5 D9hm tranDport with thermodiftu­

sion ( ~=L - .-), or without it (~=O ,----) 
ls given. 
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PLASMA EFFECT ON THE GAS COHDUC~CE OF 

A DI:'IERTOR CIiA.HNEL 

Yu . L. Igltkhanov, A.S . Y.u~tahk~ , A.Yu. Piga­
rov , V.I.Pistunovich 

I.V .Kurcha.ov InBtltu~e of Atomic Energy, 
1.10800'11'. USSR 

Abstract. The beckflow of neutral atoms from tbe di­
vert or volume to the main chamber~aahown to drop expo­
nentially with increase jn plaama density and inflow ~ean 
plasmo. velocity. The interpolation relationship for the 
gas conductance of a cylindrical channel with plasma Is 
suggested. 

Realization of th~ d i vp.rtor npe:m.tion with strone re­

cycling and pumping requirements depends significantly on 
the reaa conductance of the dl".rertor channel with respect 
to the neutral backflow from a. divertor volume to a main 
pls8lIIA, 3puthring of the divert or throat with charge-" 

exchange neutral. depends OD the level of "locld..ng" the 

backflow neutrals in a divertor vol ume . t~ 

It ie well known that in 8 vacuum. pipe or in'fpresen6e 
of sufficiently ral'efied pla8lIlB., when the neutral gas out ­
flow can be considered as Knudsen one , the channf:l resis­
tance is connected wi th momentum loss duo to collls1o~s 
of atoms with a wall . W1th the plasma densi ty increase in 

n channel , i onization and charge-exchange of neutra18 have 
a coneiderable effect on the conductance: ionization de­

creaaes ~~fn;onductance of a channel, the effect of charge­
exchange~ore complicated . On one band,at the col11-
sions due t o charge- exchange 
4ecreasing th~ ~Qnductanbe oenur~. 

a gas "oment~ loss 
On the other hand, 

chal'ge-exch.nnge of slow atoms with iQlll. iU hot plaslM. 

leads to the neutral mean free path increase and to a de-
crease in probability of ionization in the channel 
thus increasing the conductance of a channel. 

A quantitative calculation of_these effects on the 
channel conductance hae been carried out nume~ally ' withthe 
Monte~Carlo method. The cylindrical channel of radiue a 
and length L was ohosen as a model . The conductance of a 
channel Z was detennined as a product of the apperture con­

duc~anoe l.." and the neutral- pas8-through-channel proba­

bility, Z:=1'C , where C=CP&t/cp"" . c-
is the reduced ~lnductance defined aa the ratio between 

dir ected outflow 4' out leavi ng the channel M d in­
comina: flux of atoma CR .. .<: f" tf1Cat. • The ionization 
was treated as an aboorbtion, charg~ exchange - aa inelas­
tic scatterinG of t he neutral atom with a medium. Boundary 
conditicna allowed !o~ the diffUsive and mirror refl ecti on 
af atoms dependent on th!! angle and energy of an i.nci-
dent nel1tral /1/. '.che cfllcu!atioll s has been I!IIlde .tor 8.'0010 

of the D- T mixture . The temperature of the diffusiv ely ref-­
lected atoms was taken to be 3' eV (calculations had shown 

a weak dependenoe on this temperat ure) . 
The reduced churulel conductance C for var ious Vfl-

lu'es of plaslllll temperature Md density is gi ... en in Fig . 1. 
Distribut ion of the plasma parameters were taken to be oon­
atant along the channel nnd parabolic ono along the ra­
dius. The gilD conductance of thlt vacu~ pipe of tho 6flIlI'3 

siz.e caloulated by the Duslu!1an; fOI'mula /2/ ia plotted 
there for tho compRri ovn . These result u can be descri-
bed by the interpolation formula for the gas conductanc e 
ot a cylindrical channel 

. l ~ 1." ' <r(- L/LD )/{I+ iCt·!f)J(1) 
where, LD:: I a. ~ i a an effective diffUsion 
l engt!t connected ~i\J:t '*" ;-ll1aio!1D both in plalJlllD and with 
the wall . Here l U;'" N is"the thermal velocity of pllls-

I:lU ione; "Vi ~~«""i, I Y{"j.= n<6v"7~", - i oniT.a tion 
and charg~-exchange frequencies, r espect i vely. The t em­
~erature of neutral gaB is auppo~ed to be equal to t~t . 

ot' plasma. Yw = .J.. lIT / a. corrueponde to the neutral­
-wall collieion froquency. In the denRe plamna li.m1t L,,«L , 
the channel conductance is det ermined by col lisions with 
plasma, ,and the nautral atom prope.gation becomes the di:t­
fusional one /8/-. It I!xplains the appearance of the expon""n-

tial dependence of the conductanoe on the plauma dena1t1. In 

the opposit e limiting case of rare1'1ed plaBl:l&a ' ILIJ «1 . 
the fon.ula (1) convert e to the DushMn fOnNIa. "i'hen Lea.. 
the conductance should depend weakl7 ~ the tranavera&l 
d~enDions et the channel that i s provided by an additio­
nal tel~ ~ the denoainator in formula (1) . The coetficients 
~ and;M- a re chosen by the cethod of least squares and 

they are found to be equal #",0.94, .,< .0.59. Par not ve­
ry long pipes . L(a. ~ r . and at plasm densities up to 
1014cm- 3 the fOrMUla (1) describes ~he ~el conductanoe 
with an accuracy of 10.15%. 

The direct~d plasma flow effect upon the channel COD­

ductance i8 111u~rated in Fig . 2 . When plaemn is dense 
enough, neutrals can be locked in the divertor channel 
due to the preferable backece.ttering during the charge_ 
exchnng~ with ione of tho inQO.tns plaoma. 

Obtained in the case ) ~ L. the oonduotance depo~ 
donc e , exp(- M L/;.. )-like. on the pal'aII.eter .Ai:ocr Y../VT~ 
1. in a good tsgrMDellt w1 th the valU,1I giYon in l'i&:. 2 . 

References 
1. JAERl:MBb22, Jan. 1980j Japan Contribut i on to the 

DITOR (1980.) . 
2 . Du~hman S., Scientific founda~ions of vacuum 

technique, New York- London, 1949. 
3. Igi tkhanov Yu.L •• Kukuehk1n A.S., Stakhanov I.P., 

"Nuclear Fusion", 18, 1185 (1918) . 
1i'iPiUre captions 

Pig.1 Dependence of the reduced cbannel conductivity 
C on the mean plaama density. Channol parametern: 
le.."lght L=50 Cln , re.di us a .. 20 cm. Mean pla sma tempe­
rature 't is equal t o the tellleprature of 1llcoicmg 
neutre.lll To' Plasma rest s. 

Fig . 2 Dependence of c~n the plaema flow velocity Vo 
(P¥l".wneter /11-= 1:; ). Cur'lelJ are plotted fo r diffe­
rent values L/).. .T 
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4 rUBDILl!Y or COBllD! PROfl:LS COwrBOL IX 
J. fOua.u: BY :run PBLLB! II'JEC'!IOI 

•••• Y .. 11 ........ '<1A.la.D1IIb. 
IIl.U tub ot 81gb t.aperaturu 

u~sa J.oadelV ot Bo1el1O .. 

J.ocordia« to the re.ult. ot oonceptual 4.a1SD. tbe 
optt-l pla_ dam. t)' yal:a..e b • to~-r •• otor Id. tn aG­

d..rat. to~4al -.pat10 tield .11'181. 10 14ca-3 [1] . It h 
•• aw-td u.aallJ that 41aobarse oreat1oa a ••• 11 a. h •• t1n& 
up to tb. 1cD1tlon t .. peratur. are reali •• d .t th. d.ne1-
tl y&lu.. wI110b 1. lower 07 tb. ONU'. ot aa,gn1 tud. tbat 
0 •• ..otloned ahOY •• afterward. plaa-a doaa1t7 b.LQg 1n­
or ••• ..,. 18O.lIao. up to aoll1Del. Yalu • • On. OaD u ••• d pu.t-
fiItc for tbi. pa2'pO ••• llo .... r it OBl!. r.mit 1n a dioCDar-
S. d:1aupu.o. iIlatablll t1 d .... elo~nt 4 .. t o cun.nt du-
mt1 protile ploldDg cme.d b1 pla-. cooUDg 1n tb. outer 
re&iou when the dan.1t1 u:ceed. oertain critical Yalu. 
[2.~ . ru.l den.a1t7 i_area .. ill a tokamak challber. atter 
th. 4iooharse d.relo~eDt ie oyer, OaD be reali.ed aloo 
• , bi&h-¥eloo1tl iaJectioll ot deuter:l,ua-trlt1u. 10e pel­
l.t •• In tb1. 0 ••• it ia pooaiol. to control Domabo. tbe 
apaoe 41atnbuUon of a oold tual l8QU%'oe b)' ohaDgiD,g in­
Jeot1on panutera. wcb .. tbe pell.t Yelo01v, aDd. in­
JooUon troacp.eno,. IUId. ita ai.e. ~bua it: 1,e alop . . po .. lbu 
to influenoe eleotrqu t.~.ratur. aD4 curr.nt douaitl die­
t:riMlUona lIIbJ.ob ue p •• tl.Y r •• pona1ble tor '11 •• 4111C1lar­
S. dtuu.pUoll iut.abil1t,. dCIYelopaont. 

'fIl1a pAp.r inc.bl4ea the e1aJ.lation reauUa of tou­
mak obaaD.r fIl.l d.nult)' incr.a •• attar d1.o~g. cr.a­
tlon etase b)' the 1DJ.01iou or a a1a&l. pellet. ~he ob­
JeotlY. ot a1.Ie.1.latilJll ie 10 eat~te tb. d.epeD4ence o-r 
pla ... current aeBmit, aDd el.o traR tempera~e radial 
prot11es on 1n3eotion pmra.oterB. 

the sJ.lUllatlOA _ • . cona.uctea b1 JUIlI1& or asac.-t1_ 
4e"cmdent plaaapb;Jldoal IIOde1 .... ed on .uarg ana. _teri­
al bal&Do. equat10n. tor oharge4 and neutral part1cl •• 
witb aooount -ror reo,.cligg of the latter near Cb. wall 
[4]tor a preaent senerat1ou .Cokaaa& with -rollowiDg per­
to:nlSl1Oe • 

.;. _jor ral11u •• _ ••••••• • ••••••••••••• 1 
- a:I.D.or radius, III ••••••••••••• • • • •••• • • 0,3 
- toro14al aagnetl0 f1eld . f •••••• •••• • 2.0 
- "la-.. ourrent. 111 ••••••••••••••••••• 0.38 

It ..... aaMUlea. """ addi tioDal pla-. beaUII8 ... 
reaUsed bl a be .. of ta.t a:.1toDa witb 40 CII' eneru 
aDd 25 A elUTent . 

'lb.. -rollod.D& proou:a Bcena:r1ua .... cODa:i4ered. 
At the lnitial DO •• nt corre.pcDdiUS to tbe terwd­

nat10n ot pl .... OoiOMD or.atioD t~ inJ.otor of neutrala 
1. tur.meo on. )0 mseo lat~r. the er.rage t.o.poratnre of 
lOb rMcb.ing !i~1500 .V, tne peLl.t 1a l:aJ8CtoO into 
pla .... There .. re 4.5'1019 partlol •• ln the cbamDer oe­
for. WshotR. !his la correspondad to the averaged ion 
dene1t1 ot approzt.ate17 2.1013ca-'. InJection ot ~el­
let. oontaiDiDg 1.7.1020 , 2.5.1020 and 3.5.1020 partic-
1 •• 1ncroaaed 4ens1t1 up to 1014, 1.4. 1014 and 1.8.1014 

0.-3 oo:rr .. pond.1gg17· 
?ig.1 ebo_ J(t}/J(O) and r.(t).tJ;{o)d1atr1ba:tlolUl 

alOftg t •• cbaab.r radiu. tor tbe case of pellot inJeo­
tiOD witb lOne vltlooU)' of 1000 .... uc eorruponai.ng to 
the .oaeDt. t._40 Deo IUld t-15O "00. Ono oan see tbat 
In the o_e mOG 1:lle rog.1on of .Ita%1.IIwa pII%'1:1cle rat. 

1. looated at the oentral port10n et plasaa colomn -
tha pe~l.t co.ere a dlatance of (1.27 1,4) colomn ra­
a.1n8. SUbatent1.1 dietortlon ot plasma current dena1ty 
&Dd electron taperature prof11ee 18 oburred at t. 
40 "00. diatortion .ent10ned be1ng 1ncreased .tth tbe 
81.e ot injeoted p.llet. KO"iJ"er at t.1.50 msec j anI1 le 
are l11atr1buted III1cb IIOre unitorlRly along lOne cllaaber 
radiu8. 

~be .1m1lar dependences tor 1:he ca.e ot pe~let 
iDJection witb tbe velocity ot 200 m/e,c are dep10ted 
on Pig. 2. Kere 1:11. region of mu111111D par1;ical relea.e 

i8 locat ~tt at the ool oan out81de region, where plasma 
current and e~eotron temperature a.1.tortions occur, 
80 the oiatribution pattern 1a a.1fterant In pr1ncipl •• 
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RECYCLI~G EFFECT OH DIVERTOR PLASMA PARAMETERS 

A.V. Hedospasov, N.Z. Tokar 

In.titule of High TemperaluulI of the USSR Academy of Sciences, 

MOlcow, USSR 

The mllln dlvertor functions .... IU·be ' plasma flo .... neutrall~a­

tion for the follo .... lng el<haust of Ihe unburnt fuel a nd helIum 

and for the conformity of ... eaClor plalma parameten .... ith pumping 

Iylltem technical charactel.'istics . In this work the plasma tempe­

r ature a nd density in a divertor and conditions of luch a confo­

rmity are determined on Ihe bue of Iht! heat and particle balan­

Cel with r ecycHnll on' a collector pl ate. 

Char~ed particles neutrali~atton on the plate i. a lource of 

neutrab in the divertor l ayer. If there an: no essential magnetic 

field lines divergence a nd pllllma layer broadenins owtnfl to 

transverse dUfu.ton in the dlvertor chamber, the equations of 

contlnuety and motion along the maanelic fidd are al follo .... s : 

.!tirOO d(nV" Vo'dn V. de - Ki.nnQ, d t -- sdT-,",UnnQ.f!(11 

.... here 1 is the distance from the plate along the magnetic line5: 

n. , na are the plll.lma and neulrah densities: ko, kl a.:-e th'" 

cha rge-exchan.lle and lonl~ation constants : V, is the fOund velo-

city. Under the boundary condition Ve(O) . - V, Eq8.(1) hllVe 

lolu.tlon 2 ~,l: 

[r.Y~,l ; (1-~1 [n~o,l ., - '[nToi] (2) 

where fo= ,::"'" ) ft - nVe . 
The ratio nd/n(O) (nd 11 the plasma denllty at the fully io~aed 

region boundary) approaches to . Its maximum value A_ (1l:rr- ln 

the strong recycling lImlt- -net Vu (( - rf (0) . If recycling is 

abient (ndVed ... rt (0)) n (O) <:: nd' We assume n~"fn(OI (I ( fl.. A). 

The cold neutrah coming from the plate are io~l:r.ed~ charge-ex­

chang~d a nd 5(lme of them leave Ih plasma layer without collisi­

on •• The probabHltlu of IOnization (w 1 I, chll ... ge-exchange (w2 )' 

and leaving (w3) are: 

~ ('..M!lL.. V. "'1- 1'<1",_ V. ' "'. - 1-'JI\dn.._V. ' W,' Kdn...v. 131 

where Va il Ihe mun velocity of the cold atoms . K"I\;:+l4.u· 
For the cha rge-exclfanged atoms the plasma laye.:- is transparent. 

These atomi ca n htt Ihe diverlor plate and Intenect separlltr ix 

.... Uh probabilitie s 9 a nd 1 ' respectively. Future of the aloms le­

aving the pllllma layer depends on a pu.mplng mode . We consider 

t .... o diCfe rent callu: 4. The d lvertor chamber surface iI gettered 

with titanium or h a cryopane1. Neutrah hlUng it will be trap­

ped. In thil ca,e one can obtain Ihe following expre &5ionl for 

the pla5mll density and temperature In the divertor chamber ba-

led on the heat and parUc!e balances: V. 

T. ' ~: d~K , nd = \ 2 n\"nd. ~ ~:r: (I;"K~ 
where W" I_Ill.oJl + JW .. 

1-'t91J.l 
plate .u.t"face area being 

, Sp 

no h 

'" 
I . 

Ih. num-

b.r of nullpolnh. qo Is the Inll,l heat nux Into tht dlvertor , 

Jo ' ls 'the total parllclo;> flux 4Cr05!l the sepa ... atrlxe, & s:: 8 , la':. 2 

are heat tran. port I'ate& fo ... pla.ma and neutrals. l·e &pectively . 

[11: I- It Is the trapping efficiency of the divertor plate, a(. is 

the pitch angle between the magnetic field and the plate plane. 

For example for POX device l2l di . charge parameters are q · 230 
kW~ d '" 5 cm, Splln6. III LaSid/ q(a) '" 0.06' m', the particle out­

flux acrol.- the separntrix evaluated on t he base of the partic­

le life Ume Jo a 1.5 1021 5-1 . The divertor layer 11 transparent 

for both th.e charge-exchanged :leutrals and the atoms comi~, 

from the dlvertor plate (W, ltlo)l"O). A~cording to Eq.!-'l nd . Id 
cm-.J, Td 160 eV. 1.: The divertor chamber surface ha. the .room 

temperature. Atom' hlting It are thermol1~ed and c:o~e ba;k In~~ 

the chamber al moleCUles with the mean velocity VII'I . 10 cm s· . 

These moleculet are ' exhausted by turbomolec:ular pump ..... ith .a 

volume .rate V. Some molecules hit the plll.lmll layer with Se arm 

and dlisociat to Frank-Condon neutral!!. These neutr«h partld-

pate 1n the .ame proceues at the atom. Irom the pl a te. In thl! . 

case under condderation the platma temperature and density are 

given by Eq.U) but coefflc1entl 'It and It have another form ( _ 

• Oand the plate h saturated With fuel- tt .1): 

w- w 1-9w,-9,. K-¥ 1-9w ... CoJ .~,t.) . 2V . 
~ .. w i -Sw. • l-Sw,1 "",toW ~Vlltn. (S) 

As an example we shall con.lder a tokamak reactor with para­

meter s a·I.S m, q(a)_3, <10-60 MW, 10.10" . -1, d_20 cm and .Ingle 

~ut1-POh'!t pololdal dlvertor. Fig .l , 2 sho .... nd' Td dependencea 

on V with fOme dUferenr _Sp. If variation of the plate l urface 

a rea is Itipulated by do. var ialion t he value Sp.ln d,. ill con.tant 

and equah -'Bad/q(a). With 'suffiClently small 6. SpllJ 51 ,911 0.5. 

A decrease of TeI and specific heat loading Is accompanied with 

divertor pla.ma denllty rhe . Cold dense plasma can protect the 

ructor working volume from pollution by tmpurltiu arhing In 

t he diver tor chamber. Choo.lng the divertor plate lurface area 

one can obtain the plasma denlity nd within the range 1012 
1013 cm-3. 

In conclulion it will be no ted the following. Beyond the 

recycling region the plasma mean velocity Ved I1 given by the 
el<prelllon 

With sufficiently small pumping rate W - 2V/noSt Vmf$l. For exa­

mple .... lth V_S'105 Is-1 and Sp.3O rn', VedaO.02 V •• Thll .... ill le­

a d to a diverlor layer broadening a nd an increll.le of plasma­

... all interaction (3]. In modern dlvertor devlcel Ved .11 0.3VII [I] 

that may be explained by high probabllltiel of particle trapping 

on the surfaces and neutrab leaving of the dlvertor layer ac-

1.'051 the leparatrix. 
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MAGNETIC FWCl'UA'l'IONS. 'l'HBIR ROLE IN 'l'HB CONI'INEHENT OF HIGH 
ENEfIGY PARTICLES 

P.Peg<:>ran;o and B.Coppi 
Scuol& Normal. S\l,periora 56 100 Pha Italy 

The confin ..... ut and the subsequent th.rmalizatl on of hi \lh energy 

partlclu may provide an affective h,atinll machanism in a hi9'h tempera­

tura plalllll4. Thus an i..=portant question COnC.rn1n9 tha phydcI of 11, 

pI ..... approachinq th.rmonuclea r i llni tion is whether the charged fu.aion 

products induce osctllatio .... which in thdr turn spoil the confinement 

of the fUlion productll. and. thuI re&'Ca the rate at which their kinetic 

.ner qy 15 transf.rred to the thermal COIQpOne nt of the plas_ . In a 1!IoII,­

IIn.tically confined axhYIIIHtric plas_ s hear-Alfv4in oscUlations play 

a .pecial role .inc. they are able to raa",,,,,e. "ieh the f .. d .on prod .. "t .. 

vi. thei r _lInaUc ClU'lllture drift CIIOtion.. In addition th ... ",.ci11a-

tion. can couple to interchange""'u (i.. . to Rayl.illh-Taylor type 

instabiliti • • ) and th ... give ti .. to the so-called. ideal M!tn ballooninll 

inltabllity Ill. 'l'h18 in.tability occun lOh.n the pull of the ... pansion 

torce in the equiUbriWII confiqurati on •• s descr ibed by the dimansion­

le .. variable G'" (L/21r).I(B/r
p

R
c
)' is .tr onger than the reltoting 

torca due to the t.nsion at the _lInet1c tield lines .. hich i. rouqhly 

proportional to (kgLc)Z. Ber e Lc. anc3 Rc ar. the connection l.nqth 

Ind the radiuI of cur;vab.ln of the aquiU briWII. confiquration. h 

the ratio b. tween the kin.tic and the 1II.IIMtic pu •• ur.l. r; 1 • -dInp/ 

dr . I<w i e the .rfectiva parallol "av. numb.lI; and kgLc J.e 11, tunction 

of the dilo.n.ionle ••• h.ar par_t.r t and of G ita.H . Th. latter 

dependence .rh.s frea the d.fonu.tion ot the _\In.tic surhc.s in fi­

ni te B equilibria. ay r .tarri"", to the G-t plan • • it ha. be.n shown 

in (21 that three r8Qio ns can be distinlluhh.d, a fint and a .. cond 

stability r 8Qion for G < 01 It) and 0) Cl (.) r •• pectiv.ly,.nd a 

ballooning un.table one for G L It) < G < G ~ (I) , with GI (.) .nd Gz (.) 

as thr ... hold valu •• d.pending on thl sh.ar par .... ter • • Th. OICUla­

tions 1n the two . tability r 8Qions can be cher.ct .rhed. .s •• 1IItur. at 

lheer-Aitv'n and interchanq. 1IIOd... Their lpaC •• Ni till •• volution c.n 

be d.ICribad by acSoptinll the lIO-cIUed "ballooni ng " rapr ... ntation III 

.. hich is conv.nisnt in the Ca •• of oloUl.tione .. i th hr'l. tcroidal 

".v.nUllbar •• 114 lOnQ para llel .. av.lengths, In th •• e Itabl. r .... ion. the 

r.sonant interaction bet_.n the tu.ion productll and the oscUlations 

could be ·.xpected, in principle , to .nhanc. their fluctu.tion level at 

the upen .. of the tr •• expansion . n. rgy 141 .. h10h la contain.d 1n the 

lnhOQlO'lsnllOus dl . tribution of the fu.ion prodUCtl . 

• In th.la paper ... pr ... nt the concludon. r.ached throu\ltl • aeri.1 

o f inva.tillation. (bt.151 to ( 91 ) in which ... h.v. lXuU.n.d how eff.ctiv. 

la the re.onant interaCUOn bat_n .h.ar-Altvll!ln-intercha"",. olciU.tione 

.nd the chu'led tudon products in a realistio conUn .... nt COnU<;l'llra~ 

tion. In pIOrtloular "1 havs .ddle .... d oun.lY •• to the qu.stion .. h. th.r, 

in l uch • conU'luration. th.s. o.cUla tion. do .ctu.lly ... ilt .. normal 

1IOd •• [t o] and wh.th.r th.y can caul. I .ub.tlntial d.t.doration ot the 

conUn_nt of the ch.a r lled tul10n pr04uota. W. Und th.t a I.v.n d.t.do-

ration is not lik.ly to occur with the pO .. ible I xo.ption ot thoe. con­

Uvur.Uon ... h.re "opal •• o.nt" o.cillatione CM take plac., al lIight b. 

the 1:". 1n tudon r . aotors .xpeot.d to operata at Unite valu.. of 

the parla/llltar G. 

J'irlt ... oonl1d.r .h •• r~Alh'n-interchlnq. oscUi.t1onll in the 

alIasnc. of !ul1on produot. and filld that , in the two .table re'llonl, 

thdr spactnal la continUOll I and there an lID r aquia.r a19'runod ••. ""w-

• .,.r , in the •• cond .tability r 8Qion 1n a relativ.ly .. id. dOlLlin bord. ­

rtt\9 the bllilloonlnll unltaklle region, a "quali-discrete" portion of the 

lpectrUII 11 i~.ntiU.d , l i !lliler to that which il found in tl'llporari -

ly boulld quant\lll mech.nical . yetalle th.t have • finite probability of 

dlsint .... rati ll9 . 

Th.n ... v. peck.te In coneid.red, and th.ir propaqaUon 1. tound to 

experi.nc. e t.r.nd.nt ~plif1cation .n.1Qgou. to thet d.lcrlbed in Ra t . 

( I ll. More importantly, in che re9 ion where the quasi-discreto 

Spactr llll occurs. "av .. packeta .lso .xhibit an "opII l ."c .. nc" ""'PliU-

It il thus to be expec t .d that tha tranflition frQII a ballon1ng unatabh 

confiqur.tion tc • e table on., in the .. cond Itab111ty r . 'lion. 11 not 

pracil.ly defined sinc .. relatively Itron9 PLlIgn.t l c fluctuations ... y 

pereiat ... U indde the "Itable" r.'lion. 

Wh.n the fUlion product.a are consid.red and thdr "r.lIOnant" in­

t.raction .. ith the wave peck.t. id.ntiti.d through. "IDeIDOry- pre •• r;v­

inq " teR! in their ,vol ution equaUon, it is tound that the r .. o~nt 

&Plpl1ficaUon ot the ..... v. packltl 18 g.n.rally mall. Th1l ill du. to 

tu... interval only . The lerl9th o t th1a interval incra .... 1n the c ... 

or opeleac.nt fluctuaUona which c.n thUI be further IIIIP.l1ti.d by the 

rasonant interaction. Than the quId lin • • r .p.ce dlftu.ion flux ot the 

fUSion producta i. d. rived and tound (contr ary to the rasultl of Ref. 

(121 wh.re . ig.n-..oo.s have be.n uI.d) to be rath.r •• 11, again with 

the po .. ible exc.ption of the op.lesc.nt r . gicn, 

Th1l ana l ysh can be extended by .,q,licitLy ineludlnt;! the sourc. 

of "'QlI.Uc noh. in the pla ..... An 14aalbed. 1IIOd.1 can be us.d in 

... h i ch the only sourc. h lIiv.n by thllll fluctuatione o t'th. di.crat. par­

ticle di l tribution. Then, CO nslatont with the UuCCuatio?-dll.ipatlon 

theer ..... it la round th.t, undor r eallltlc conditions, the tllalon pro­

duct. \liv. the _.t t.portent lIOurc. of noiII,. ill the r.lavant frequency 

band .Ni for perturb.tione .. ith • pol. r int1on V.Ctor that ,ulU the 

MIlD con.trlinCl. The .n.embl. ,v.rall. ot the ."lUre of the tluctu'tlon 

Amplitud. DIIn lJ.a . Kpr .... d in tane ot the correl .tion function of the 

d i ecret. d.nltty of t.h" fUllol) productl. Th. latter l e proportional 

to thG . V. r all. d d.ne1ty of the fudon producu dividad by the r.l.vant 

cor rel.tion vollllU which ill rouqhly given by L/kl' tlera kJ. le the 

charact.rlatic .... v.nwcber in thl direction per pelldicul.r to the JOagnatlc 

fi.ld lin •• • ThUG, in vh ... of t he lullnel. Of this lIQurc. ten .. nd of 

the lack ot cotl.rtlnt neon.nt &IIIpl1fication due to the ab .. nc. of nor­

ul 1IIOd •• , tiI. stat~stic.l hvai of fluctuation of . hau-Altvin-lntar_ 

chang. o.cill.tions can b •• xpact.d to ba rath.r ._U, whIch confir ... 

the r .. lIlt obtainsd in tan. Of ".v.-pack.ts. ln addltioll It h .hown 

tha t the U.nSlant amplific.tlon d •• cribed i ll Ref.( I1I ought not to ploy 

.n loI'port.lnt role s i ne. it occur. only undu raUt .. r ilDprobllb l . illittal 

conditloni. Hare Ip.c1fic'llly the prob.llUty of th .. various I nitIol 

COndition. 1l000pln .. t ... xaotly tor the . ff.c t at the tr;ans1ant "",pUti­

ceUon. 
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PARAMETERS OPTIMIZATION or ENERGY HYBRID TOKAKAK REACtoR 

A.V.Komin, A.B.Kineev, B.Y.Seko 
D.V.Efremov Scientific Research Institute of Electrophyeical 

ApparatuS' 

A.S,Kukuebkin, D.K.Kurbatov, V. V.Orlov, V.I .Pistunovich 
I.V.Kurchstov Institute of Atomic Energy 

A.N.Karkhov, G.V.Levental 
H1gD Temperatures Institute of the USSR Academy of Sciencss 

U S S R 

A siMplified mathematical model has been used for 

parametric study of Energy Hybrid Tokamak Reactor of the 

type described in (,). In t be model ire took into ac(rount 

the approitmate values of the expenditures on the blanket, 

magnet system, faet deuterons injection 81ete~ and the 

group of 'systems which cost depends only on the power of 

Hybrid PuSiOD Power Plant (HPPP). 

The following values were taken ae independent va­

ria.bIse I the main geometric 1'&11,188 (plaana minor radius 

Q , .1nveree aspect ratio A, dl1ptlcity E. ), the ma­

in plasma p&r8llleters (preeaure p , t.peraturt! T , tri­

tiu. abundance in plasma), 80.e p&r8llletere of reactor 

eye t 8Sl (axial I118gutic fleld B • the energy and power 

of injection). 

In the model we took into ~ccount the main constraints 

pos!d bl plasma (energy balance. quaSI-neutrality. maxi­

mUll1 plaama preesure pm ,safety factor q, ), tpe l1.mita­

tiona caused by mat~rial properties (maximum neutron flux 

Urn. ma%itDUm magnetiC field Bmon a superconductor). 

and limitations due to maximum available thermal power 

Pm • 
-r1t.rion we have .chosen the m1liimum of As an optimi zation ~ 

the relative redueed expenditures per kW·br at the energy 

deliv"ered by the s;rstew F I 

F: ",,/2A: (e'/CA ~ n· ?'l!j, )/( 1 ~ n '1T/7') 

whe.J'Ct ~T' i!A' Z - the expenditures lIer lr:W'hr netto 

at HPPP, Nuclear Power Plant (UPP) and in the system with-

out fuel component for BFP. n _ net to thermal power ra-

tio of BPP and HPPP accounting expenditures discontinuity 

~A 1T is lIPP and Bl'PP efficienoy. :Pig. I shows F 

on 2/2:" dependence for n .. 3.35 that corres­

ponds ~o the blanlr:at paraaeters used in the work. At the 

o?ntemporary level of Nl'P fuel component t ,. 0.2 - 0.3 

th. 
at a ratio of spec i-eyet8m conslder~d is competitive 

capital cost not larger tban 2 .1 - 2.9. 

~e following It.ltation values w.re chosen for the basiC 

reference variantl Pm. 7.5 G •• pme> 0.05, Um- 1 pi 

~2.-
The weak dependence of F on fusion reactor para­

meters (Mg. 2) permits· to choose the par8llleters accor­

ding to phYsical and technical criterie. rhe smallest 

value of minor radius 0.- 1.5 m can be chosen as aD. ad­

dit"ional criterion. Together with thill the other parame­

ters of fusion reactor will be: A .. 4.5. E" 1.8, cv- " 
2.6, B _ 4.8 T (Bm- 9 . 3 If), T .. 8.6 keV, p - 4.3 JlPa 

(i1 ~ , :6'1020. - 3 ) . 

Opt~um for the accepted &lcator scaltns is an ignition 

type of a reactor. Ignition injection powsr ie '40 KW at 

350 _ 400 lr:eV beam energy. 

Neutron flux on the wall is l imited to the aocepted value 

of llrn = 1 KW/m2• Optimum thermal reactor power is 6. 4 GW . 

Optimum HPPP parameters are: electrical netto power 

ie 1.6 GW; Pu production ie 3.9 t/year; !PP total electric 

power is 7.8 GW. Wit,h estimated economical characteris­

tics the u..stcm under consideration is competitive at NPP 

fuel component ~ - 0.35. The structure of inveetment. to 

separate B7PP systems is the following: blanket and shield 

12%, electromagnetic system 1~, fast deuterons inj-

ection system 6%, energy conversion system and automa­

tion 3~, other eysteme (including constructions) 30%, un­

forseen expenditures are taken to be 1O'.C of the invest­

ments sum. The increasing either of chosen limiting valuee 

Pm' Um, ~n'l practically does not affect the economical 

characteristics of the system, wbether the decreasing of 

any of them spoils the system economy . 

The sensitivity F for tbe change of ecoDOlIIical pa­

r8ll.eters (in percent ratio of F to corresponding parame-

tcr change) is: for blanket 

0.02, for injector 0.01. 

0.08, for magne t system -

The ambiguity and obscure character of the calculations 

allow to consider them as preliminary estimations only . 

Nevertheless, a number ot definite conclusions can be made . 

1. The system comprising hybrid tuel producing reac­

tor and DPP is close to a competi t ive cne . In connection 

with the groTlth of expenditures per fuel component the 

system .ill be competitive in near future. 

2. The given specific expenditures for electric po­

wer produced by the eyetem are to a l arge ext ent defined 

by the amount of expenditures on IPP . !he UDcerta int1 of 

econoaical evaluations of separate HPPP systeqa 1n1luencBs 

weakl1 the final eoonomical charaeterietlcs of ~e QTlltaa . 

3. !he econoaical characteristics of the opt~ua 818-

tem are practically stable in the re.ng1I 7 - '0 G. of fu­

sion reactor tbermal power. In ths given power range the 

optimum fusion neutron flux on the wall ia about ''''/a2 • 

!he magnetic field in the vicinit7 of superoonducting co­

illl does not exceed 10 T in opt~ ~8rsion • • 
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P.ARADnIC llllYSIS OP POOR PLll'! BASED OJJ LA,SER PUSIOB 
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D.V.Bfr .. ov Soientific Reaearch Institute of 
BlectrophJaioal Apparatus 

V.B.Rozanov 
P.B.Lab.deY Physical Institute 

of the USSR ~cademy of Sciences 

u S S R 

~e paper deaori~. the etu47 ot the electricitl cost 

t1 .. ,.ndence on the paraaeter. ot laser fusion po~er 

plant. !he .iapliest model ls used accounting the fol lowing 

.aiD systems of the plant: la~er, power supply, cavity. 

blanket, power oonvereion system. 

!he preliaiJlary analysis haa lIbown that, proceeding 

tro. the up-to-date knowledge, economically the most favou­

rable plant would be the installation witb CO2 laser and 

liquid protection of tbe cavity walls, produoing both el ­

ectric energy and plutonium for Buclear Power Plants (DPP), 

Accordingly henoeforth we computed GF value for a comple~ 

comprising a hybrid power plant, a nuclear fuel processing 

plant and BPPe that utilize this tuel. 

~e dependence of pellet energy gain Q = 'to.'F/Wt on 

laser energy 1NL { W'F - tusion energy} ... as approximated 

by the expresllion: Q = Q _X_2_ x- WL 
'" i + X 2 J ~ i"'". -:6-"(':-,4(-:if.=J 

CaTity radius R{N)- 1.9 Vw,:(1'(3)/IJT"/1/ wbere tJT is 

tuel temperature rise per pulse It.ited by allowable , stree­

aell in fuel elementa. Kicroexplosion repetition rate was 

oonsidered proportional to the time of free fall of liquid 

protection material in the cavity /1/: 

«<HO) . q.,.6/ff(;.". k.,-,. 
Performing auallsis ... e accepted as the basic tbe ver­

eion -.1th the following paraaetere: G(~ • lOO, laser effi­

cienoy ~/L. 0.05, laser lifetime (the number of pulses 

after .bich the laeer eyetem is to be replaced) .t\i _ 106
, 

IIpecifio laller cost was taken .inimum considering t he eati­

.. tions known /21 CL. 100 tlJ. '" • 1. LlT- SOo. !be 

variation J / lA wbere 114 is oont_pora.r;r RP electrioit,. 

ooet wa. studied b,. changiDg one o~ the parameters. 

At the Tery largeG2Hw~1ooo the eleotricity coat co.eB 

close to RFP eleotrioity oost (718. 1). LaBer power plant 

is inoOllpetitin 1:t Q..;f 100. When QHw-:::: 100 tbe complex 

under oonsideration appears to be oompetitive only if tbere 

i. not less than threefold prioe riBe for natural uranium. 

J.t '!L -- 0.05 0111,. a ..all traotion ot energy produoed 

b,. the oo.plex i. spent tor laser suppll_ In conneotion 

with ~s the electrioitl ooet dependence on laser etttci­

eno,. appeares to be .eak. !he laBer oost i8 about J~ from 

tbe total expenditures tor the complex. !hat ill -h;r tbe 

double inorease in laller oost .ill result in ~ increase 

ot electricitl cost. Laser lifetiae doe. not influence 

gnatl,. ! value at "1>108 pulses when laser system ope­

ration time is not less than the standard time of expen­

ditures justification. 

It is possible to attain the oompetitivness of the 

comple~ at (lift-lOO increasing microexplosion repetition 

rate by about an order (Pig. 2). ~1s will result in con­

siderable complication ot the reactor design / 1/. 

Te perform high tuel produotion rate the cavit,. radi­

us should not be too large, and tuel elements at the lIame 

time undergo large thermal stresses. If to provide fuel 

elemente lifetime (to be about 108. pulses) it ia ne cessary 

~o d1.m.1n.111h d T. then e~ectri01ty coat COn gl'"OW oor.o1do-, 
rabl,. (Pig. J). 

G-13 

Consequently, laser power plant that is in competitive ­

nees close to HPP must simultaneously bave high pellet en­

ergy gain ( ;:.. 100). high enough laser pulses repetition 

rate ( ~1 Hz), long laser and fuel elements lifetime 

(?106 pulees) and comparatively low la.ser system coe t 

(~100 S/J). 
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REACTOR ASPECT OF 11 STELLARATOR WIT!! A CLOSED HELICAL 

HAGNETIC AXIS 
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~'/lculty of Ellgi£"!cring. Toho ku University 

Aoba Acamaki. Sed4~ 980, Japan 

It has been shown theoretiaclly by many authors rlJ 
that 11 stellarator with a helic~l magnetic axis is one of 

the most premiss!ng dev i ces to confine a high beta plasma 

for nuclear fusion. s ince it is the only stationary torus 

where the magnetic well configuration is compatible with 

the ~hear of field linos. While 1n these theories it has 

been assumed that the field configuration conne,cted with a 

linear helica l axis have a perfect helical symmetry. in the 

toroidal s ystem there ace four methods to recover its sym­
metry, that ia, 11 large period number n, the pitch angle 
about 45 deg. of the axial helix, a small amplitude oscil­

lation of magnetic surfaces with respect to the pI"incipal 

normal clirectlon of the axis and a small modification of 
the axis to the simplest closed one 12] . Thus it may be 

worth while to examine the reactor aspect of such a ste11a­

rator with a helical magnetic axis and in the following it 
will be shown t hat the drawback of the three diroensional 

arrangement of the toroidal field coils is moI"e than offset 
by the potentiality of a stable and statior.ary confinement 

of a high beta plasma by the profiled toroidal coils only 

without special poloida1 coils. 
Firstly, the profile of the toroidal coils is given by , 

pI +tbP J cos2&+ (3/2) tbObcOS + (1- t b/2) 0bkp 'cos3 0+ . .. . 

- b1coshn, (1) 

where p, w_e+~a and s are the coordinates of Mercier's sys­

tem along the axial helix with the curvature k and the tor­

sion~. t b and Ob are the ellipticity and the triangular­
lity of the profile respectively with the average r ad ius b . 
n is given by cb-tanhn. Aa for Eq. 11) it should be noted 

that thi8 is a general expression, referring to the geomet­
ric centre of the profile an9 ia independent of the magnet-

ic axis of the plasma column . Therefore., by the circulaI"-
izing transformation of the coordinate system, given by 

(21 

the expression of the profile becomes as follows. 

ab' (3) 

Now it is obvious from Eg. (3) that the aveI"age radius 

of the profiled coils must be smaller than/that of separat­
rix surface bs. 1/3~)-l/2Ie-n/2kOb)-l 

Secondly in the following will be investigated the 
positiona1 equ ilibrium of the plasma column, where there is 
a rather wide Vllcuunl region between the plasma and the inner 

surface of the t oroidal coils as the boundary condition for 
the equilibrium solution, to be used for the blanket of the 

reactor . Some examples of the solution of Shafranov ' s 
equation for plilsma column equilibrilllll insides and outsides 

the column arc shown in Fig.l in the case where Eb- O.4, Ob-
1.0, kll - 0.2, kb_0.4 and beta value- O , and 15 , are given 

and where the plasma limiter ie adjusted to make ka being 
equal to 0.2. These results of computor calculations agree 

very well with those obtained analytically, where ta-O.lB, 
0a- l.2 aoa k~. O.OS on the periphery of the pl lls~ column kll 

~0.2 and £0-0.24. 00-0.6B and k6-0.0B on the magnetic axis 

for the example in Fi9.1 . 
Next it is very interesting to show that the vacuUM 

field , which is characterized by to' 00 and k6 on the axie 
and is necessary to confine a high beta plasma, can be pro­

d·uced approximately by the currents on the profiled t.oroid­
al field coils 9ivcn by Eq. (1) . In Fig. 12) , the magnetic 

surfaces nested by such 30 line curren t coils per period 

wit.h Eb-0.4 and 0b-l.O are i llustrated for comparison. In 
most . examples· so fllr calculated it was known by experience 

that the vaCUUln field £0 and 00 by the profile coils are 

nearly equ~l to the halves of tb /lnd Ob respectively. And 
if the discrepancy between these values is not neglig ible, 

it ·ma)'...be necessary <lnd (lufficient to superpose a vert.ical 
field produced by a sing~e cIrcular current near the genera­
trix circle of the heli~ or to make the toroidal field coil 

on the boundary surface somewhat sinusoidal, as will be 9iv­
en by [3], 
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where St is a small ~plitude of i-mode component on the 

boundary surface of Eg.(l). Thus the modularity of the 

toroidal system may not be in jured ao much here, since no 

special poloidal field ooils inter linked with the toroilal 
field coils are not employed in any way. 

Lastly, in order to make the charasteristic features 

ot a fusion reactor of a stellarator type with a closed he­
lical magnetic axis clea r , the main parameters of the device 
of Zero Phase INTOR class are listed in Table I. 

Table Main Device Parameters of Asperator Reactor 

Average major radius(Generatrix circle) 
Average plasma radius· 

E11ipticity of plasma column 

Trianqularity of plasma column 
Volume of plasma column 
Toroidal magnetic field 

Average radius of torodal field coil 

Ellipticity of toroidal field coil 

Trian~ularity of toroidal field coil 
Radius of axial helix 

Curvature radius of axial helix* 
Per iad number 
plasma temperature 

Plasma density 
Avera9c beta value 

Energy confinement time 
D-T thermal power 

R_l) m 

110-1 . 04 m 

ta-O .lB 

0a-1. 2 
V-392 m3 

B.- 2 . 64 T 
1>-2.08 m 

Eb-a .4 

Ob-I. 0 
r -2.6 m 
k21 _S .2 m 

, -S 
T-IO keV 

~f;~. !xl0
20

m- ) 

f E-1. 4 sec . 

PT-IOOO MW 

Plasma rad i us and curvature radius are assumed here 
to be near ly equal to those of Zero phose INTOR. 

[I] L.S.Solov ' ev and V.D.Shafranov: Review of Plasma Phy • • 
vol . . 5, Consultants Bureau, New York . 

[2] S .Na9ao and Asperator Group : PI"oc.7th Symp. on Engineer­
ing Problems on Fusiol, Research, Knoxville, Oct. ,1977. 

[3] S.Nagao: Research Report, IPPJ-26, 1964, Institute of 

plasma Physics, Nagoya University. 
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PROPOSED SCENARIO fOR BURN CONTROL IN TOKAKAK REACTORS 

Associazione EURATOM-CNEN sulla fusione, Centro di frascati, LP. 65, 

00044 - Frascati . ROIne , Italy 

INTRODUCTION 

A COlnbination burn control scenario for a tokamak f us i on reactor 

is proposed, whereby the tel!lperature of the burning plasma is feedback­

-s tabilized around the lower (unstable) equilibrium point. Adjustments 

in the equilibrium temperature, it is suggested, could be obtained by 

feeding small amounts of high-Z impurities into the plasma. Small, 

random deviations from the equflibrium would be controlled via compres­

sion-expansion in major radius of the- plasma, whereas larger perturba ­

tions - conceivably all of the cooling type - would be controlled!!.! 

the additional heating. The feasibility of the proposal is investigated 

on a profile-corrected , zero-dimensional , linearized model, whereby 

separate energy balances are taken into account for electrons, ions and 

<l-particles. The control-theory aspects of the problem are studied in 

terms of the conditions of obBervability , respec tively ="trollability , 

of the system. The proposal appears to be viable if enough precision 

can be obtained from the dhgnostics, and if the perturbations, for 

whiCh the intervention of the additiona l heating is required, are not 

too frequent, nor too large. 

MATHEMATICAL MODEl Of THE BURNING PLASMA 

The power-balance equations for <l -part icles, electrons and ions are 

written, respectively , as follows: 

dEa .. G 

dt 

dEi - r -. v [ 
dt e1 e 

(1) 

where t is the time; En , [e ' Ei are the total energy contents of the 

a-particle , electron, and i.on species, respectively; G is the power source 

associated with the pr~duction of o.-par ticles; L is the power loss from 

t~e ele~tron species (assumed to be mostly due to radiation from impuri­

tles); Veo. is the (volume averaged) ene.rgy equipartition rate between 

electrons and a-parlicles; ~ei is the (vol uUll' averaged) energy equiparti­

tion rate between electrons ~nd ions; Wa , We ' lIi are the variations of 

the energy content, respectively, of o.-particle, electrons and ions , 

which result from the mechanical work associated with the compression 

or ~xpansion of the plasma; and Pe' Pi are the fractions of additional 
heatlng power that go to the electrons and to ~he ions , respectively . 

Besides ' the approximations i twol ved in the zero-o;I imens i ona 1 trea tment, a 

numbl!r of other appro~imlltions <ore implied in the writing of EQs (1): 

the olvrtic power input is 'neglected, compared with the a-particle power 

source; the direct power losses from the a-particle and ion species are 

neglected , compared with the electron losses; the direct energy transfer 

between u-particle and ions is neglected; in the coupling term between 

o. -partic1es and electrons, the mean electron energy is neglected compared 

with the mean a -particle energy ; and, finally, the electron and ion den­

sity profiles are assumed to be equal (thus neglecting the a-particle 

contribution to charge density), and the temperature profiles similar 
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(which allows to write the ion-el ectron coupling term as proportional di­

rect ly to the difference between the total energies of ions and electron~. 

As the pressure profiles of o-particles, electrons and ions are assumed 

to remain al ways self-similar, the mechanical work terms W
a

, We' W
i 

can 

be giyen the following e~pression: 

W 4 Ea,e,i dR 
a , e , i"'-1~Q[' (1) 

where R is the (variable) major radius of the plasma. 

The steady-state (d/dt ~ 0) solution of EQs (I) is found, correspond­

ing to the unstable thermal equilibrium. Then the Eqs (1) are linearized 

around this equilibrium with respect to the Btatll pal'wMes [a' El" Ei . 

We point out that the dependence on the latter variables of the various 
terms on the right-hands1deof EQs (1)'iS both direct , and through the 

plasma tel!lperature and density. In partiCl,tlar , dependence on density 

entails dependence on R, since, assuming the conservation of the total 

number of particles conhined within a given flux surface, the plasma 

density is seen to be proportional to I/R2. Hence, it becomes necessary 

to relate R to the state variables, which is done by investigating the 

conditions for the horiZontal equilibrium of the plasma column. In terms 

already of the linearized quantities, one obtains : 

RI B 0 El 
(n - nc) l( "~r - b 

o Xo 0 
(3) 

where, as usua 1, the subscri pt 1 den~tes the perturbations, and the 

subscript 0 the equilibrium quantities. In the latter equation one has 

introduced El" [0.1 + Eel + En' and db/dt · (dB/dt)/ByO ' where By is the 

value of the vertical equilibrium field taken at the distance Ro from 

the symnetry axis. Furthemore, n is the decay inde)! of the vertical ' 

field. ne is its critical v4lue for horizontal equil i brium . Bp is the 
poloidal beta of the plasma, and 

SR I'.i 3 
X • 1n a + T - ""2" + Bp' (4) 

where a is the minor radius of the plasma, and \ is the (energy-related) 

coefficient of internal inductance of the plasma column. 

APPLICATION TO INTOR PARAMETERS 

An application to INTOR parameters is carried out. with the follow­

ing results. In a typical, representation case, a growth time of 1.37 s 

is found for the thermal inshbility . Within the framework of modern 

linear control theory , it is found that the system satisfies the condi­

tions of good observability (with respect to a t;lulllber of considered 

diagnostics) and good controllability (with respect to the "l1trier- re~­

resented by the variables db/dt, Pe' and Pi)' Thus, in principle, such 

standard procedures as asymptotic aLate cdimatio" and ,":ld" eYl1thellill 

are applicable, allowing for an effective, fle)!ible control . finally, 

the following practical conclusions are tentatively drawn . Because of 

the engineering constraints on the radial shif.t , the compression-expan­

sio.n method appears to be acceptable only if enough precision can be 

built in the feed-back system, so as to maintain the bu rning plasma 

within about 1:1: deviation from the equilibrium in the power balance. 11'1 

this case the required temporal swing rate of the vertical fiel d would 

be contained withi n the very modest amount of 0.01 - O.OZ tesla/second, 

and the radial shift would remain below 10 cm. Occasional, larger pertur­

bations of the cooling type could be counteracted by the switching-on 

of the additional heating system. Since, for the control of a ID:; un­

balance i n the plasma power equilibriUm, from about ZO to 30 MW of 

additional heating power are to be fed i nto the plasma, it is hoped that 

perturbations of such magnitude can be kept infrequent during the plas­

ma life, otherwise practical problems would be foreseen in the applica­

tion of the present control scenario. 
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In t he develepment of ener ge tics on the basis of the 
d+t - tuslon r eact ion it I s assumed, that it will be P08-
s l~le to r eproduce the tritium 1n the ~lanket at the ru~ 
sion renctor by ~ean8 of the reaction L1 + n ~ t + He. 
Ths 90urC~ of the neut rons is tbe ius lon r eaction itself. 
To reproduce the fue l f or the liven reactor, to replace 
unavoidable 109ses and to provide tuel for the s tart of 
new reactors the breeding f act or has t u be greeter t hon 

unity. 

In tbis paper the interaction of 14. 1 MeV neutrons 
fr om the" fUsion reaction with the particles in the pluma 

Is dhcu&sed ~Ii.th rel3pect tD the reprDduction ot tritium. 
Thereby it i s rsalized, tha t the primary neutrDns have to 
~e multiplied by s ome (n, 2n) -reac tions which have all 
nesative Q_values . 

The interactiDns Dt neutrDns pDss i .ble in the plallJl;lQ 
ot fus ion reactDrs a r e compiled in tab.1 tDgether with the 
cross sectiDns and some kinematic parameters Dt relevance 
fDr the present prDblem. From all reacti ons cDntinuous 

Tab . l Neutron reacti ons in the rusi on plas ma 

Reaction Q Threshold E""" ~in Cross Section 
n 

(MeV) (NeV) (~leV) ( MeV) (barn) 

(1) c1.(n ,n)d 0 0 14.1 1.51 13 . 64- / 1/ 
(2) t(n ,n)t 0 0 14.1 } .52 13 . 86 /2/ 

0) d(n,2n)p - 2. 225 3.na 11.8} 0 13 .115 f}/ 

(4) t(n,2n)d - 6. 258 8 . 34- 4 7.5 0 0.1+0.05 / 4/ 
(5) t( n ,3n)p -8.483 11. 31 4.8 0 (10":3) / 4/ 

neutrDn spec tra ari se. The upper and IDwer limits of their 
energi es E~ax and ~in after tho first interaction are i n­

dicated in tab .1. 
The elastic scattering (1 ) , (2) leads to a' smaller 

mean energy and therefore te a decrea sed ability of the 
neutrons to oultiply themselves . The deuteren break up re­
sults in ad~itionsl neutren preduction and in a relatively 
SDft (unknown) neutrDn spectrum. 

The tritium break up (~) , (5) causes l ossos of fuel, 
which hove tD be replaced by additiDnal breeding in the 
blanket. As the Q-value of the break up is -6.258 MeV the 
spec1;1-um of the secDndary neutrDns i s SDft (unknDwn). The 
crDSS section data are very pODr. Fr Dm cDntradictDry in~· 

formation in literatur /~/ the values indicated in tab. l 
~Htre esti mated . 

A suitablc measure Df the neut ron interaction in the 
plas ma is the ratio Ili/Nn ef the number Df interactions Ni 
of type (i) to the number of prDduced neutrons Nn • Both 
number s ore defined in unit volume and time and are measu_ 
red in [ cCl- 3see - 1j . Ni fellows from 

Ni = ({ Pn 6i ' (6) 

wh ere 9 i s t he denaity at ene Dt the iuel component s fem-~ , 
~n tbe neutron flux [cm- 2see-1] and6 i the c r ODS section 
of reaction (1) [barn] • 

The neutron flux 1s a function of t he source density 
of neutrons Jln , of the size and the geometrical cDnfigura­
tiDn of the sp ac e filled with plasma and of th e pos1t ion 
in the plasma. For the present diseUssi Dn it i8 assumed , 
that the fu9iDn takes pl scs i n a sphere Dt r adius R with 
uniform sour ce d~n5ity Nn • I n this case the element ef t he 
neutron flux in the centre (r ~ 0) . which ar ose in a vol _ 
UJlIC clement r 2dr d f sin-& d-i> at radius r is equal to 

d~n(O) '" .&,- Nndr d'PlIinl9-dt9. 

By integration over the vDlume of the sphere one obtains 

Pn(O) = tlnR . 

The neutron flux at the surface of the sphere results from 
the full number of neu~ron8 generated in the plasma 4n3I1n 
dlvldetl by tb e sur face ~lr R2 

Pn(R) = t HnR. 

For the furthe r estimati Dns a uniform average value of the 
neutrDn flux for the vDlume of the spbere of 

Pn 
By i nsertion of (1) 

obtained: 

was assumed. (7) 
the ra t i o searched for is 

(8) 

Thie relation gives the probability of the interactien 
of a tusion neutron within the plasma volume . It depends on 
the cros s sections, on the fuel denSity and on the r adius 
of the plasma only. It do net depend on special conditions 
of the rusien like the t emperature or the peried of burning. 
In tab.2 the ratio · N1INn i s shown fe r the cDnditions in 
different fuaion r eac tora. In usual fusion machines with 
magnetic con!1nement the plaema ie completely t raneparent 
for neutrons," In the casa of inertial confinement it is aa­
s umed , that pellets with an initial radius of about 1 mm 

Tab . 2 The r atie Ni/Nn fDr the conditions 1n different 
fusion reactors 

9 (d+t)(cm - 3) 2·'0' ~ 4.6.,022 4.b·,0 25 4.6" 026 

R (cm ) 100 0.1 0.01 '0 . 0046 
yR (cm- 2) 2_ 10,6 4.6. 1021 4.6 · 102} 2. 1: 1024 

TOlWlAK solid 1000 x 10 000 x 
hydrogen so 1.hydr. 1I01.hydr. 

Reaction Ni /Nn 

d(n ,n )d 13 . 32 10- 8 D.H 10-3 .0 .074 0.34 
t(n,n)t 0. 43 10-8 0. 99 10-3 13 . 099 0.46 
d(n . 2n)p 0. 09 10-8 0.20 10-} 0. 020 13.093 
t(n , 2n)d 0. 05 10-8 0.1210- 3 0.012 0.053 
t(n ,3n)p 0.5 10- '1 10- 6 10-4- 5 10-4 

and a dens ity ef solid hydrogen shall be compressed by a 
factor Df thousand or more to reach ignition. Under t hese 
conditiDns the interactiDn Df the noutrons in the plasma 
already cannot be negl ected. At about qR _ 2} 1023clll- 2 the 

sum of the Ni/Nn reaches unity. That mesns, in the average 
each neutr on interacts in the pl asma . In these conditi ons 
the losses of tritium attain about 5 ~. At greater ~R mul­
tiple scattering lesds tD a further decrease of the mean 
neutron energy. The increasing crD SS sections of elastic 
scattering at smaller ener gies caus e a faster incroasing 
of Ni/Nn . On the other hand the neutrons become unable to 
perferm br eak up reac t iDns. TherefDre at greater qn tho 
rat i os Ni/Nn fe r the break up r eactions aaymptoti eal11 ap ­
proaehe constant values , which fDr the tritium break up 
amounts between 5 and 10 ". The ratio of the break up .; 
rates for deuterium and tritium is almDet cDnstant at a l l 
peHet 81t.e~ qR. At very great qR the neut rons will be 
thermalized. This effect helps to heat the plesma /5/ , but 
the neutrens IDse their ability to multiply themselves in 
the·. blanl£et. In tbis case. the. breeding factDr attainable 
surely will be SMaller than unity. Therefore the useful 
s ize of the pellets in principl e is lilllited trolll the point 
ot view of t he balance and reproduction of tritium . 

In the caee Df inertial cenfinement the interactiDn of 
the neutrons in the pellet wi ll plsy s notable r ole with 
respect tD the fuel balance and has to be taken inte ac ­
CDunt in the design of such fusion reactDrs . More accurate 
cross section data especial ly fDr the t r itium break up and 
measurements of break up neutren spectra are needed fo r 
more quantitativ~conclusions . 
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1 . An analysia of reactor ~pects of di:t:terent divertors 

for tokamak s:LO,'ed that one of ' the most promis aive concepts 

is the bundle divertor /1/. The bundle div ertor,in its s~­

p l es t form,haa the drawbac.:s of a large fie l d perturbaticfl 

and bigh strcsses.Further pro5~CtS of the bundle 41vortor 

will depend on optimization of its magnetic configuration 

e.nd engineering design. 
In this report we present the basic results of a study 

of the l ocal hybrid 4ivertor wh1ch were done in AhPl'I in 

the fr~e-work of design of tokamak TB-O.A main peculiar­

ity of this divertor is tbe usage of local poloidal mul­

tipole windings-to pi ck the diverted magnetic fie l d lines 

up f rom the surface of torus-and solenoids 'l'dth the special 

orientation of coil s - to take the diverted bundle of flux 

aw~ of toroid~ field windi nss . The d esiGncd divcrtor hus 

the Iildv ant8Gcs of :l small pertur'.:latioru; of m60letic fie ld 

in a plasllla and co;aparativel y 1 0Vl stresses whicil allow the 

to •• a.mai.: operation at magnetic f ield up to 4 T . 

2. The stagnat ion line location,whicb is characterized by 

i ts distance from the torus axis,Rst ' i& t he parameter of 

the l ocal toroidal divertor(e.g.tbe bundle diverto~/2/ ) 

which defines the lev e l of tield perturbations nnd fo r ces 

~ -- -.. ":t:-
I 

Fig. 1 J!'1e;. 2 

on w1nd1nga ot divertor as well . In conventional bundle 

divertor thie dis tance can be vari~d ~n some extent by ti l~ 

iog of divertor ceils. Further possibility to increase thi s 

distance i s connected with an application of magnetic field 

B~ perpendicular to the torua sUrfac e tor additional lifting 

ot diverted nagneti c flux. 
The field B~ at the torus surface can be created in dif-

f erent ways . Tbe stwpl est one is to put the elongated current 

loops (fi g.1a) alons tbe f i eld l i nea OD the tOru3 surface. 

I f the flux litt1.ne; 1e produced on a small part of torw;, a. 

sort of bundle divertor confi guration with the strong per­

turbations of toroidal tield i. created. With current con­

figuration of tig.1 b type thess perturbations are much 

smaller, but at this CASe t;l~etic tiel4 lJ..De. go up UI4 

4DWD.yet the divert~d bundle of flux isn 't pulled out. , 

The field null r egion is nccesRe.r"J fo r il for..:atioa of 

diverted I)undle of flu:·; .::>ucll re:oion can be created witb the 

help e t current loops pres.nted on fi6.1c.1n tbis case the 

field lines are pulled out as in tbe case 1 b but a current 

dd' produces a t oroida! field null region OD some distance 

t rom t he torus aurfac e . It. slIIall solenoids with the tilted 

coils can be used tor remowal ot diverted tlux out of to-

roidal t1el~ co11.s /3/ 8.!ld t or increase of null nction of 
curront dd ' 'as "ell . 

3. The coil configuration ot the hybrid divcrtor for to-

kamak TB-O is shown on fi~.2a.ln our preltminarl desi~n 

w. bave \Ued l ocal Ilultipole ';'ind1n&s on fiE: ~ 3 . '1'heslt 

wiDd1ngs (1-disd. and 2-triad) produce nulla of different 

o~er and different f i eld perturba tlon<: as well. A space 

needed for installat ion of 4-coil solenoids WQS obtained by 
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a change of one ot 20 circular toroidal field colls wi th thu 

special eye- glass sbape coil . Toe important feature of 

multip olo windill6s confib"tlratioll wus the s.rr~ement o! those 

wind1Dgs on the torus s urfac e according to the pi tcil angl e 

of magnetic f i eld line8 . Suc~ arransement decreases excursio n~ 

of magnetic tield linea inside ot the s eparatrix . At co~­

puter ca lculations of r.\ngnetic field cor.:fi6uxativ,t o l' di­

vertor ...,e too •. into (lccou.-:.t t:IO poloifu:.l fi&id of p l:lO!lll 

current (q(~):2.5) and a vel~ical ~etic fie ld for hori ­

zontal position contro l ( ~ ... ,, 2) . '1'hese calculations s!l.owed 

that l'/ith botH kinds of multi~\cl e win.::i::l6s th~ lluS:lctic 

field confi(.'Ul.'3.t10n alw.lo:;ou~ to t::e bU:IGlc div<::rtcl' cO.ilf"i­

t;Uration is c;"cat.1d , --'.!c installutlcn of .;oloida.l Ir.u l tipo l e 

1 

2 

\'/i1ld10:;8 he.5 helped 

to increase the otas-

nation poi nt di~ -

tancEl Ret and t , lfl 

eye- gl ans coil t o 

reduce thc toroidal 

ficld at the at~-n3.­

tien point l ocati on . 

I. DilJ.11QX con:ti-

curation CL'l b e 
created ·oy Cleans of 

4-0011 so l enoids wit" 

5trol~ly tiltod f irs t 

col1 n a.lso(fiS . ~b ). 

But i~ thi~ case ~tcG-

Pig . , .. natien point diot<)...'1ce 
Rst 16 emaller than tor the hyJrJ.d divertor . ~hc pru:illIIctcrso:' 

these d tvertors arc prencnted. in . 'a:llc 1; tor tHG CO"lP<ll':!.C:;' ·, 

we now listed. t::Jo Iltlra;:J.eter .l J- :'l~E bUildle divertor also . 
aefCl'i:ncc& 

/1/ . Itl'l'OR,Zero 1'haso , Ilia , Vicrula (1')SC) . 

/2/ .1' . E.Stott , e .:!. ,'l1bon ,A. . Gibtlon , Huc l. Fus . ,:!2, ;:'( 1';l?'i ) 

/ 3/. J.. a . l'coprneBC!-:!lii I O.n , :G:ij1}:r:or. .!I.r .JjLl:lIii . ~ , ~ . SI!CCP, 
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HIGH POWER ECRU AT THE SECOND HARMONIC IN TOSCA 

MW Alcock, P A Gaisford", 8 Lloyd"· , A W Morris .... , W A Morris, 
R Peacock, DC Robinson, M A Protheroe· and Y Wen .... • 

Culham Laboratory, Ablngdon, Oxon , OX14 3DB, UK 
(Euratom/URAEA Fusion Association) 

·Royal lIolloway College, Unive rsity of London 
· . University of Oxford, .. · .Peoples' Republic of China 

ECRU expe r iments at 28GHz, power levels of 

20~ 150kW and at the second harmonic have been performed. 

Theory predicts strong absorption a nd l o cal heating and 

both are observed. The loop voltage can b e decreased by 

50%, the plasma energy content i ncreases and a current re· 

dist r ibution occurs. 

INTRODUCTION lIigh \?ower ECRII has been applied to plasmas 

in the 1'OSCA device [ l J with ~"'lcm, a pulse length of up to 

2ms and at a power level of up to l50kW f r om the low field 

side of the torus using the circularly polarised TE~2 mode . 

The objecti've of these experiments is to increase beta, 

contro l the current dist r ibution and investigate current 

drive. The r egions in which auxiliary heating has been in­

vestigated were 0.4T < B~ < 0.6T, 6kA , I , l4kA, 2 . 5 x 

1018m-3 , ne ' 1.5 x 10 1 m- 3 , The plasma positi"n was 

controlled in some experiments with a fast feedback system 

with a time constant of 40us. The e ffectiveness of heating 

at the second harmon ic has been conf i rmed experimentally[2] 

and local efficient heating for an optically thin plasma at 

the second harmoni c predicted(3] . The theoretical calCUlat ­

ions which include wall reflections indicate that strong 

local heating for the X-mode at small radi i 1s ravoured by 

a geometrical effect of the flux - surface and r esonance 

configuration. }'igure 1 shows the variation of t he p r edicted 

heating prof:lle with inc reasing central density for the X­

mode . The profile moves outwards at higher densities due to 

the presence of the low density X-mode cut-off. 

EXPERIMENTAL RESULTS Figure 2 shows a numb-er. of the 

characteristics..; associated with the hea ting pulse, namely a 

decrease in the loop voltage by up to 50$ ( e . g. 1.6V to 

0,8\'), 1I.1l ;nr.rea~e in the plasma current of typically 10% 

(associated with a decrease in plasma inductance), no change 

In the plasma density (in contrast to hea t ing stud i es at the 

:l'u ndame n tal), an outward 

displacement of the 

I >. ·1 
/ ", •• l olO m 

plasma c.olumn, an increase U",Ung I P" • 25 ~w 
in the local soft X-ray fQ!~ 

(Wlct) 
emission (E~lkeV) in the 

resonant region and an 

increase in the cyclotron 

emiss i on a t 35 GHz. An 

increase in the transverse 

energy of the plasma is 

also observed with 11. dia­

magnetJc loop. No s igni fi-

cant increase in the 

emission .or impurity radia-
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observed. The cyclotron 

emission is observod with 

a super hnt<,H'odyne det­

ector employlng a local 

o.<; cillnto l' tunable from 

!'!B_,IOGllz. The emission is 

typically oIH,crved to 

j nCI'Clase by a factor of 2 

01' 3 upon injection or a 

100kW pulse from th(, gyro­

tron. The rise and fall 

t imes are usually compa l' ­

abl£! to the bulk cnel'gy 

confInement timcJ'i. The 

rol e of superthermal 

electrons i" not yet fully 

established "artly because 

of harmon; c. overlap and 

the initial ellll~;s i(ln in f j o: .2 is 

,,·ig . ~ Vi,wlnrgc cilcl'aci.Cl·i"ti,,1' 
al.'s.x:iuted ",it.;, 6·CI1I1. (Al"1'OIo':l I!hot.m ba>ok ~UIll:".7C.) 
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correlated with the presence of high energy ele ctr ons , as 

observed on a Si(Li) detector . The soft X- r ay emi ssion ob­

servell vertically at seven spatial posit i o ns simultaneously 

indicated st r ong local he ating c l ose to the cyclotron 

resonance as shown in F1g.3 . The width of the heati ng zone 

is typi cally 20mm and the local heating i s observed at 

1I'f' < 5 kG ! r~SOmmc~ 

! " , 
f " 
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0.5 50 
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""ri/w,:,,,, . 

densities both above and be l ow the X-modCl 'cla - off value, in 

contrast to theoretical pred i ctions which Indicate that tunne l ­

ling through the evanescent layer is not expected to be 

Signi fic ant , fit these temperatures ('l.300eV) the emission ~;jgnal 

is approximately proportiolial to T2 so that a substantial ri!;;e 

in local t e mperature occurs. The power dependence of some of 

the discharge characteristics is shown in FiC,4 . The dependence 

is clearly not l i near for the diamagnetic conductivity and 

local tempe rature and some form of saturr.tiOIl is indicated nt 

t he hiche r power levels . Further details on the local heating 

a nd the influence of the angle of the incident radiation are 

described in an accompany:i:ng puper. 

Pre ion isation using a pre-pulse from the ;:::yrotron 

reduces t.he initial loop volta;:::o but unlike expel'flUent", at 

the fundamcntal the V.sec consUlnptiol1 is In,.;rca:,;ed. Sca t ­

toriu" Ily thc hentinG' waves off dC!nSily fluctuatlons i s 

observed on the microwave i nterfe r omet e r at 1.4mm and at a 

1'rcqucncy of .... HUll; 

• 
CONCLUSIONS Substantial bulk heating o f the optically 

thin p l asma in the 'rOSeA device ha" been ous<lrvf'n " t t he 

"econd ha l'manic of the cyclotron fr equency bo t h above and 

below the X-mode-eut - off. Local absorption and current re­

d i stribution e f fects are observed. 
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'l'he first e-xpe!'irnents on <' - f o l d plasma compres sion by 

lncrco.ein6 loo.enstie field were car rie d out . The i nitiol 
- ( 7 c l 1 1) - J d condit i ons were B

t 
.. 2.5+4 kG , n e '" O • • 1 . ;J x 0 CII1 an 

I ,. 70. 100 leA . 'rhe compression of d'.;msity pr ofil e and the 

l~CN!aDe of ~. cn temperature correlJponded to adiabatic law. 
Pla3l1la paramoltenl !:obtained ofter -=o!llpre~aion did not chan­

Ee to the end of thc disciwq;e (t;:c 10 me) . 
The main purpose of the Tuman- J tokamak is the inveo­

t.i ea tion of plasma compress:!.on ill !:linor radius and combi­
ned compreB9~on in minor and major r adii . ?o increaae 
plaama parameters be!ore coopreasion the RP- heating will 
be used in ohmic hesting stage . /1 / 

In the first experiments pla sma compression was in­

veotigoted only in minor radius a s the r esult of Bt in­
crease . At present toroidal field magni tude in compre ssion 
st s ge is li~ited by the strenght of vacu~ vessel . The in­
vestiBotiona of plssma compress ion were carried out in ~HD 
stable ohmic ree;imes with re l atively low magn e tic fie ld s 
(B~" 2. 5 ... 4 kG . Ill" 70 ... 100 kA. q l ...... 2+2 . 7) /2/ . These r egi­
mes were chosen to obtain maximum compr ession. 

Adiabat ic compression wao ca r r ied out i n the s tatio­
nary (;tnge of disehorge ( Pig .1) . Duri ng ~ zJ. 7 ms toroi­
dal fi eld Bt wes increased i'r om t he initial to the maxi­
mum valu.e (comp!'eoolon coefficient ot .. B~/B~ .. 2 ). Atter 

tha t passive "clamping" waG ulled wi t h t ime constant 'Zi:t ~ 
z55 ~e (Plg . 1. Bt ) . During thia time plssma current woe 

suppor ted appr oximately constant (?ig.l , Ip)' At the mo­
ment of compreosion the inducti ve r ise of loop volta ge wee 
ouoerved . confi rmin8 the current channel compreeBion (PlgJ 
U/?/Th'J tim6{lrocramccd vertical field and feedback syat e/ll 
confl~ed plasma coluon near chambe!' axis during comp~ea­

eion (lR - Rot:G 0.5 cm, Pie . 1) . 
An electron density wae measured by 2- mm i nt erferome­

ter. Pie . ' ohowe the oacillo~ra.m of nel which corresponds 
to the center of the column . The incresee of nel during 
COlDprosaion aJlproxiroatea to the cal culated val ue for the 
fro~e!l plasma (nel:::::1 . J5 - J C;:; ) . 

We did not obocrva not i ceable decrea se of ne after 
compreol3iOn despite the Bt decl'ea ne . Sawtooth oocill e tions 

,oboerved he fore compression inc r ea s e the i r period , decr ea­
~o WlJplitude and dioappear during Bt growt b and up t o t he 
end of thl,l diochal'S:~ , It ahould be noted . t ha t effective 
compression waD possible ()nl~' i n the l i mited range of ini­
tial plasma denaitieo (ii. =(1 +2h10 ' J cm- J f or B~. 4 kG 

13 ..... '" 0 and ncm (0 . 7+ 1)xl0 cm 3 fo r Bt = 2. 5 kG) . When denoity 
excecdeo these 1.10gnitud ce the ir,teneive mm oscillations 
o~urt sr~wing ~t the initial eompre~~io~ ~ta~e and prevent 
compressio n. Typical oDcillations of ne I and So;; for those 
reGime:! are ohown on PiC . 2 . 

For diffe~'ent ;!loment!! of cOlDpreaaior. the electron 
density protiI~9 were cbtai~ed f rom ~eaeureFoent of nal on 
dif"fel'ent chof'de (Pie . } ). The radisl density distributi on 
for the mOlDeat or the tOl'oidal field maxi muill is more nar-
1;'0." than denaity profile befo:->;! comp:-8aaio!l . The dotted 
line nhow~ dcnsit] profile for the compression of entire-­
l:t frOl.en pl3sma. SO::le difference con be explainec by 
plcama dif!usion. 

Ion t cmperl\';tn'e was defined accordin& to the slope 
of enc rgy OPp. ct !11m of chlH'ge -;!:r.chaI!;!e neutl'ale in allergy 
ranee from 500 to 1500 c'! . 'rhe Illcsl.lUrCmelltrl show (Pig . 4) 

tha t in the pla~ cent er i on hea t ing corresponds to the 
C 0 2/3 a diabatic law (Ti ITi ..... c;:(, .... 1. 6) .· It should be noted , th.lt.t 

i on t emperature increas e fol l ow8 t he incresse of compress­
ing toroidal f ield . I t indicates , t hat the .ffec t of addi­
tionsl beating ls connected ... ith compre esion 80 far a. ion 

energy time 'eEi e:xcesds noticeably z:: • One C8Jl s ee from 

Pig.4 , tha t there l s no es aential decrease of Ti after com­
presaion at time i n terval t ~ 10 illS, that ol eo proVIt8 l arge 

TEi value . 
A qua l i t ative es t imation of s lectron temperat ure di s­

tribution ill compresaed plasma column can be made on the 
basis of spa tia l profilea of t he intensity of spectral li­

ne s with different ion1 ~s t ioo po t entisl e ( Pi g . 5). One can 
eee the strong burning ou t of i on CV ( Ee; '" 392 eV) :1.n a 
central plasma r egi on . The increas e ot r adi ation of ion 

OVII ( !~VII A 739 eV) wes aleo obs er ved (Pig. 1) . 
Thus exp erimenta showed t hot while the toroidal mag­

net ic f ield ia being i ncreased 2- fo I d , the compreeaion of 
density pr ofile and the i on hea ting correspond to a di aba­
tic law. Pl asma parame t er s obtained during compreesion are 
re t a i ned approx~tely cons tant ~o t he end ot t he dl echar­
g • • 
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A.P.lotte PhJsico-Technical Institute, Leningrad, USSR 

Expert-ants on the plasma compression b1 increasing to­

roidal magnetic tield are carried out on ~-J tOkamak1• 

To stud1 the behaTiour ot the ione under compression, the 

charge exchange atomic flux waa analyzad by a tiTe-channel 

analJzer 2. The anal1zer detected the atoms emitted by 

pl.8mB along the major radius. It was also pOBsibfe to 

scan the plaama col u.n oroas section acrose its vertical 

axis Witb.1.n .:t 15 ClII or 0.6 aL, The plasma t.o be compressed 

wes p~duced by obatc heating disoharges 3.4 which were 

induced in rather small toroidal magnetic field B
t 

3.0 kG 

and 4.5 kG. '!he plasma current was 70 and 100 ti, the SB­

fet1 tactor at the 11a1ter qL • 2.5, the mean plasma den­

sit1 De 0.7 1013 and 1.5 1013 
0.-3 respectiTely. During 

the oompreseion the toroidel aagnetic field increased 2 

- ' - . -

Pig .1 

I1g.2 

tt-es for ~ompr • ).7 illS and 

then decreased exp&nantiall1 

With the t1JM: constant 55 ma. 

Pig.1 shows that the 1otan8itle8 

of a flux of the charge exchange 

atoms with different energy are 

practically indepandent ot the 

distance r between the discharge 

ohamber a:d.s and the line of sight 

of the analyzer. This featuro is 

typical for both the ohmic heat-

1ng and the compression stage. 

Ion temperature waa derived from 

the slope ot the spectra of the 

charge exchange atoma in the en­

erK1 range above 500 eV. Typlcal 

spectra are shown in Pig.2. The 

atomic flux attenuatiOn in plss-

me end the energy dependance of 

the charge exchange rate coefficients were not taken into 

account, but the estimates ehow~d that the influence of 

theae faotors is le8s than 10 - 15 %. Protiles of the ion 

temperature are shown in I'ig. 3 and 01- for the moment juot 

before cODpHseioll (Tio ) and tor the mu1.r.lum of magnetic 

field (Ti co_pr) ' Ao is sean, the 10n temperature does 

Dot T6r7 Within the scanned plasma region. One must bear 
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10 mind that the real temperat ure profile ~ differ ~. 

the observed one due to the fact tbat the analyzer detec­

ted atoms produced trom charge exchange of trapped ione 

and emitted by plasma in a meridional plane . The distri­

bution function of these ions may be other than tbe Wax­

wellian one corresponding to the mean ion energy 10 the 

point where the charge exchange occurs. A f'urt,her study 

Is necesoary tor reconstruction of' the real ion tempera­

ture profile. Ae to the measurements in the major radius 

direction, the distortion of the distributiOD function ie 

the looot in this caso, and we assume that the ion tempe­

rature observed in the centre is near to the real one un­

der the present experimental conditions . 

200 

100 IpKAGH C 
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?O. 0 

Pig.S shows that during the 

compression tbe ion temperature 

increased 1.5 and 1.6 times (tor 

Ip _ 70 kA and Ip .'100 kA res­

pectively) and remained at this 

level for a significant time. 

Prom the absolute 10tensity 

value of charge exchange atoms 

l,C. it folloW8 that tbe neutral atom 

o 10 20 t,ms density 10 the plasma centre 1s 

Pig.5 1 109 and 0.7 109 cm-J and dec-

ressee 2 - 3 times after the compression. This gives the 

ion lifetime f'or charge exchange .z::x . I/na<~xlf>WhlCh 
is equal to 18 'and 26 me in ohmic heating discharges. 

PUrther, since the plasma density ne juot before compres­

sion is stationary 3, it follows from the equilibrium 

between the atom ionization and 10n diffusion processes 

at the ~ddle region thet the diffusion lifetime ~ ia 

equal to 28 end 45 ms. Taking diffusion into account the 

centre plasma density muet increase under compreeeion as 

De comprlneo a BcomprfBoexp(-~ompr/~)' This ratio is 

equal to 1.15 and 1.85 tor the two regimes and qualita­

tively consistent with the interferometer plasma density 

measurements 4. 

In the earlier TUMAN-2A experiments 5 the ion tempere-

d ing ()2/J ture ur compression incressed as ne compr/neo ' 

which gives us 1.45 and 1.50 for the present expsl'itnent. 

Within the experiment accurscy these values a r e conBiat~ 

with the ion temperature increaee measurements under com­

pressioD on TUMAN-3. 
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THE ECRH-EXPEIUMENTS ON TUE T-l 0 TOKA1iAK 
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Bobrovaki1 G. A. I Bu~1n V.V., Vas1n N.L . , 
Vertiporoch A.N •. VinogradovQ N.D. , Vlaaov s.n. I 

Gegechkory N. fJ . I Gorbunov E.P., Dochenkov A.S., 

Yes1ptchuk Yu.V., Efremov S.L. , Zaverysyev V.S., 
Il'in V.I., Kislov A.ta . , Kovrov P. E . • Luk 'yanDv 
S.Yu . , ldaJ::illlov Yu . S. , llotkin G. E., Parall V.V., 

Pimenov A.B., Popov LA., Razumovn K.A., Rant­
sov-Kurtinov V.A . , Stepanenko M.M., Strelkov V.S., 

Tarakanov A. V., USOy V'.O., Plyagin V. A., Fyach­

retd inov A.N •• Chromkov I.N. 

I.V.Kurchatov Inst1ttite of Atomic Energy, 

Moscow , USSR 

The ~xperiments on plasma heatLng in tbe T_10 Tokamak 
at second harmonic of EOR are described in this paper. The 

HP-power waD guided to plasma through four ,waveguidea 
placed- in the same cross-section. The wave was M inly 
ord.illary ( "" 70%) polarized and was put along the major 
radius fram the outside. The wave lengtb was J.6 mm, the 
total power P

HP 
was up to 0 . 6 'MW and the pulse duration 

At was up to O. ls. Most of the results described here 
we s perforaed at ~T~ l. S T, Ip ~ 200 kA, q(~) == 2 
with bottom carbon limit er in the three regimes illu­
strated i n the Teble: 

Regime BT(T) :Ip(kA): q(~) ;PHP (UW) !bt ( a) ii (lO"cm-J) • 
I , .5 200 =2 0 . 50 0 . 05 , . 5 

Il 1.5 200 =2 O.JO 0.05 , . 8 

III 1. 5 200 =2 O.JO o.oa J 

Under theae conditiOlls the ordinary wave absorption 
a long B single path is not more than 1-~: after rsflec­
tion wsve depolarization takes pleoe . These features led 
to SOme peculiarities in the experimental r esults . 

The maDt properties of the diocharge in the r egime I 

are ohOlm in Jo' i!; . l. 
The soft X-ray s peotrn give the evidenc~ of the ~­

wollian character of electron diotribution both befors 
wld after the HP-pulse, at leaat, up to 6 keY (Pig . 2) . 
The Texincreaoe in the regime I waB a bout 0 . 5 keY. The 
Tex-profiles measured in the regime III are given in 

Fig . J . It is seen that the ptofiles did not eharpen 
during the HP-pulee . Neither t he rs-val ue , nor the 
sewtooth period changed within the experimental accurn­

cy. , 
The increa£le :rf the plaSlllll energy c: measured by 

diamagnetic loop:.: in all the three r egimeo 10 ahown 
in Fig . 4 . It is clearly ueen thnt the otBtionary staae 
was not reached Oil thl;! course of the beating in the 
regime L To calculate the lIP-power nb::lOrbed in the 

plalJl1l£l , Will" t he balnnc e equation WIlO uoed: 

Y;, ~ct ~ W;F ~ P,.ad -I- %E .,. de; ~ 
The energy conf·inement time"Z:'"£ Wl!.S calculoted by 

the nome equation ,dth 1'lm,cO jUllt after the HP_pulse 
and "OB supposed to be constant during the puloe. The 
\'JIfP- '~alu e lurned out to be 0.2)=0 . 05 , 0.11=0.02 and 
0.17::0 . 0'/5 MW irl the regime:J I,ll and III.respectivc-
1y. 

'1'he incretl.oe of the impurity ion line intsnsity 
(Fig. 1) and of the Prad-value gave the evidence of 
impurity influx increase with the ECRH; incrcaoe in 
neutral outflux wa3 alno observe d. The impurity irl­

f l ux ill believed t o be the result of poor wall coodi­
tiona and of the aboorption of 0. considorable fraction 
of the HP-power in the chnmber walla and at the plsSlla 
periphery . Tbio ouppollition is Bupported by the experi­
mental ~act that the ne-value wao observed to increBoe 
at the column periphery, while the ne(o) ~u s constant 
during ECRH,no a rule. 

'ro locat e n zone of HP- power abeorption \"fe eeti­
mated the local energy balance in the re£ime I, using 

the meaeured profiles of Prad and To' The coefficient 
of heat conduet::vity, te' was oalculated just before 
HP-pUlse and -as aupposed to be constant during the 
pulse. The results of the evaluation are shown in 

Pig. 5 . 

The :re (Te)-f'Wiction was esti.mated in regillle II 
for ra15.5 cm. The heat oonduotivity coefficient appea­
red to be the same befor e and after ECRH-puloe and was 
equal to (l ,65±O, )x10,7 0.-1 seo- l . It meane that if 

Zl' (Te)-dependanoe io B'Uppoeed to be -to!' ..... Te~ 
follows cl.. ~ 0 . 5. 

In conolUsion: 1) the effioiency o~ BeRM increased 
with the inc:eaae of ne ant r eached a t leaat 50% for 
cen t ral regions at no- J.10 3cm-Jfor the aecond harmo­
nic ; 2) the efficiencl increaeed during HP-pulse at 
large HP-power (PHP ::: 0 ,6 )(\1 ) and reaohed ...... 5C1.'; 

J) the 01.. -value 18 not bigher tha.n 0.5 if -t e 
ia 8uppoeed to be proportional to Te~ 
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PRELIMINARY ALFVEH WAVE UP!RlKENTS IN Tilt TeA TOKAH.o\IC 

C. Bup.nn, A. de Chlllbrin , A.D. Cheeth .... A. Hey.. F. Morm.nn. 
I! . Joye, R. '-eller. A. Lieni. J.B. Li l ler, A. Pochelon, A. Si.,ill., 

II.C. Si_, J .-L. T0111".to . nd A. Tunel 

Centn de Recherchu en Phy.ique de. Pi ...... 
Anociltion Euratom - Conf~dll!rltion Sui .. e 

Ecote Po l y technique FU~rale de Lau .. nne 
CM-ID07 L.u .. n"" I S .. it~erhnd 

The TCA toll. • .,.1I. i •• new expuiment .. hich h .. been duilned to 

Itudy the excitltion of Alfv~n .. Ivel. The construction .... completed 

.nd co .... i .. ioning ... 1 belUn during the latt er h.lf of 1980. The .,.in 

plrllleten of the toka1lluk .re .. folio .... The toroidal field h ... _­

"i.,um of 15 kC • • nd p i u",. operation h .. been .t 8.2 .nd 12.2 kG 10 

hr. The ... jor rad ius i . 61 C1II and the limiter ndi ... is 11 c., (R/. '" 

).6). Pi ..... cunentl up to 12} kA h.~e been obt. ined .. i th pul .e 

lenlth. typicllly 100m.ee driven by .n .ir-cor e tun, former; the v' ­

lue of 'Ihty factor qL durinl the curnnt phte .... c.n be var i ed bet­

.. een 6 and 1.2. Pelk elect ron denliti u .re in the r.nse of neo. 

0.5-4.5 10 19 .. - 3 cOHelpond ins to va\Uel of neR/B. up t o 1.9 10 19 We­

ber-I. The toru. ;. not l e ttered .nd oper.tion h .. been in both h"ydro­

,en .nd deut e ri .... A typic.1 di , char,e is Ihown in Fi,. I . nd det.iled 

delcdptionl of the exper illent c.n be found in Reference I. 

The prindph of exciting Altvi!n V,V"I in. pi ..... di.char,e 

.. one method of r . f , h oatinl i. noe: new I nd h .. been revie .. ed in ae­

ferenee 2. SOIIe .xp~d_nt. h.ve . Iready been carcied out .nd .re re­

vie .. ed in Reference 4. Recent 'dvlnc~. in theoretic.1 underst.ndin, 

u.ina both .n. lyti cll ( 5) .nd nu_deal 0) approach ... h've becn ""'­

courasins (Iec Re ference 5 for full bibliolraphy). At pr ... ent, experi­

.,entl Ire beinl c.rded out on the TCA tok ... nk at La",'nnc. Ind on the 

Pretext tok .... 1e. .t Au.tin. 

Anl lyti c.1 c. lculationl have . hown that the excit ation of the 

.. ode n - 2. 1"1 • I repre l entl " lood cOlllprollli8e bet .. een the antenna 

coupLinS efficiency .nd the dept!) of the Alfv4!n re.on.nce l urhee in 

the pl .. .,I. We h. ve, therefore , sta rted our experi .. ent l .. ith .n . nten­

n. confi!ur.qon which excite. n· 2, 11 - + I .. ode .. The conaiderable 

probl"", of in l ertin, .nt~nn.e of I fi"ed helicity into the torul il 

avoided by u. ing pvrely poloid.1 .ntennae con,i.[i"8 of n.ked Itlin­

le .. ltee1 pl.tu. Fisure 2 Iho ... the .nt enne confilurltion which we 

h.ve i nultled. The frequency of the mode e"dted, eorre'pond;ns to 

the 10c. 1 Alhln Ipeed. i, in the . ... nse 2 - 5 Iffiz Ind .. e have .tl rted 

oper.tio~ It a frequency of l.1 Iffiz. The induct l nce of the .ctive part 

of • Iroup of three .ntennle i. 11 nM .nd .. e requice therefore OtI l y 

'" 500 Y .cro .. the Intenn.e to excite. current of 1000 Amp!!re •. The 

extern. I circuit, includin, the current connection. to the exterior of 

the tOrUI. incre',cI the illped.nce conl ide r .b ly. In order to .Ixi .. i&e 

the ~r tr.n.fer to the .ntenn.e. uch Iroup of ) pl.te. to r •• p.rt 

of I tuned circuit phy l ic . lly close to the toru •. Con.iderlble att en­

tion .... nece .. lry to en.ure t he correc t tunins of .11 eilht nntenn. 

circuiu. eapeci . lly cORliduin, their hiSh Q vhen unln.ded (150). The 

lenerator i , an .uto- o.cillator u. inS 4 high po .. er triodu for indulC ­

rid hest inS . nd i s fed from. line generator .. hich prov i des suffi­

cient enerl)' for. )0 allec r.f. pulle. Without pl al1ll8 lnldinl. the ge­

nccator Cln .t prClent provide 500 ..... p!!ru in e.ch . ntenn. group. 

The T . f. lupp ly .... eonnect .. d .t the end nf March thi. yelr, fol-

lowin l .. hich .. e h. ve ... de l ome e"plorHory invc.t i ll.tiona and we de-

Icribe briefl, OuT obae r v.tinn •. It i. to be hoped that by the tiM of 

the conference .. e .hall hlYe ... de • complete .tudy of thi. configun­

tion. 

Whrn the Intenn.e .re e.ci ted, .... .,el.ure cffecCl both in the 

r.f. ClTcuit Ind in the pi ..... t high .nt"enrta current. We oble r ve 

con.ider.ble increlle in elect ron den. it, .. hich confu .... the interpre­

tltion of other obnrv.tion •. W .. ne I Il r Se incre •• e in the vilible 

impurit, line Fell' •••• 11 incu .. e in the line On •• nd Iarle 

incre .. u in both bolo.eter Ind .oft X-ray l i,n.la. In Iddition, .. e 

!lburve I con.ider.ble incre.", in Ti' The pi ...... re,istance il found 

to incre .. e durin, t he c . f. pulae clu.inS •• hortening of the pi .... 

:luration. Mo.t of then eHecll e.n be roughly reproduced by •• hort 

, .. -puhe. In lener.l, they Ire not line .... ith .nt enn. current or 

.. ith itl .qulr •• I nd .ec. to hIve . thre.hold. There i •• ome indic.­

tion th.t the den.i ty incre.n .... r educed dter partic"luly in ten­

livc di.chl.se cle.nlna. Ch.naing the antenna potentiala by Iroundin, 

the., or lectins the., flo.t had no f;Off .. ct. Finally, the den.ity in-

er ... .., h" been found to vary .. Ith pi ..... current, being • .,aller I t 

lo .. or h i lh vllues of qL' and to vary .. i th plum. d~n.i t y, .gl in be-

H-4 

ins ••• ller u 1001 or high vdu ... of n". 

In cant r ut vith [h"le Oblervation., the """"fe.nt , on the 

loading of th" .nte" ... during I [oklllllk di.chlrs" h ive ,ho,," littl e 

dependence on the Intenn. "urrent, l"II"ltinS lhlt the effects di,,,u.-

• .,,1 above ar .. not the .,in 10ur e"l of 101din8' Ik' hIve "I ril'd the va­

lue of S!/lI o by a r ac tor of 8 .nd ob..,uC' • niplin& of t he .nt .. nn. 

10ldin& a t 10" .. "lues, whcn' .... predict the srenCll 10l dinll_ The 

IOldin, i •••• \1 compared .. ith Chit predictl'd by the theory, how"ver. 

At 1nl" " 1 1 .. u of S!/po ,"bere our Alfvh Blode i. not prue nl in the 

plal"' , ''';' . tlll oblerve ..... 11 10lding. Oh.i" diuipltion of the an­

tenna i .. ,ge curren t . can expl,; .. the .i~e of thi. absorpt ion. 

The nduious efheta of the r.f. p"lIe .... y be due to a direct 

interaction of the electrost .t ic r.f. potent ill .. ith the pl u m., pos­

.i bly s n r.f. glo ... Since our antennae are I hielded only in the toroi ­

dal direction by vertical .c reen., we .re pt pruent designing 

electro.tatic (or pl rticle) lereen to cover e.ch .ntennl group c","ple­

tely. Tuu on a prototype Ihould hue been curied out by thc time of 

the conference • 

To .u .... rize ... e h.ve ju.t begun t e.t. on our .ntennl ton£1,ur'­

tion , re,ulting in both po. i tive (con't'nt .ntennl lo.d inl) .nd negl­

tive (IU and i.,pu ri ty in flu", .11. 11 .nten ... 10Idin,) obll!t"Ynionl. 

Thi , work .... . upported by the S .. il. Mltion. 1 Science Found.t i on 

.nd the Swi .. Ene r lY R ... e . rch Fund. 
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TUUOl.!'In' RATING OF WELL-CONFINED P!.ASliA 

IN THE TRIAI1-1 TOKAHAK 

S . Itoh, Y. Kawsi, N. Hitaki. K. Nakarnuta, Y. Nakamura , 

• M. Klkuch i. O. Mttarai , T. Wstallebc 

Research Institute for Applied Mechanics, 

Kyushu University, Fukunka , Japan 

Abst~act: Dispersion relation of low-frequency ion acoustic iootabllity 

is obser veil and critical drift velocity is confirmed. 1\oIo-co",ponent 

ion energy spectrum formed by turhub.nt h~lItlng relaxeo to single one 

Introduct i on 

In high-f:ield tokault TRIAH-l (B
t 

- 40 kG, R - 25.4 COl , a - 4 cm) , 

a comparatively smsll toroidal electric field puhe (Ii, 10 V/COl) is 

applied to a well-confined high temperature tokamak plasmB (Teo " 200-

~50 eV, T
io 

- 80-200 eV). Efficient ion heating of the tokomalt plaSllla 

is observed and the turbulently heated plasat/ls are well confined, lrlth-

Out anomalous ·l08s ea [lJ. In order to investigate the mechanism of 

turbulent heating in this experiment, measurements of Ume evolution 

of electron and ion temperatures are performed by Thomson scattering 

system ;lnd neutral energy analyzer and the diapersion relation of 

instability .. hich is excited by the turbulent heating current is ",en-

aured by a ~ """ .. ierowave scstterlng method. 

Electron hea ting 

F1~ure 1 shows the loop voltag .. (V~II) and the pls5ma current (l!H) 

induced by the heating pulse . The resistive hump, which i s 1nd1c~ted 

by an arrow, is observed nnd th .. plssm8 current iR slightly reduced at 

the same time. 

By applying the heating pulse, the el"ctron temperature increaae9 

only on tbe pla .. ma surface and the skin structure with a bout I cm .. idth 

e.xiHS for 0.5 msec nfter the pulse 19 tumed off [21. the tlme vari­

ation o f the electron temperature at the skin lsyer (r - 3 . 4 cm) dur ing 

the heatinl\.l'Ulse is shown In Fig. 2. The abrupt ineresse of electron 

temperature coincides with tlle appearance of the resi~tive hump aod 

the density fluctuation <ieoeribed later . The threshold current for the 

anomaloua electron heating i~ about 7 ltA and it follows that vd!v th '" 

0.39 in our experimental conditions, where vd/vth is the ratio of the 

drift velocity to the electron thermal velocity . This value 1" compa-

rabIc to the c~itical value of ion acoustic inatahility [3J. 

Ion heating 

As the ruult of the turbulent heating, the bulk ion heating te 

observed all over the pIa_a c r 09S section after 100 \lsec from the 

triggering of heatlng pube [2]. Within 100 \lsec hot ion taUs are 

clenrly observed in energy spectr<ms of charge-e",change neutrala. 

ptef~tential heating o f this hot ion taila may be explained by an ion 

acoustic tu.bulence model. The energy of hot ion component is grad-

ually _transfered to the bulk o( plasma ionH wlllilu r ii ( Io"~lo" co111-

Bion tiDle) as shown in Fig. 3. Accordlng tn one-dlmen8ional Fokker-

Planck equation, how"v~r, thia energy transfer io per[or1lled Irlthin 10 

l.ii. Tbe raised 10n temperature returns to cbe initisl temperature in 

0.3-0.4 msec which is anticipated from the neoc1llsoic31 theory . The 

hot. ion tsUs a re observ~.d in the plasma "enter region alread y at 10 

\lsec. The .. ave transport to the plasma center .. 111 be investigated by 

a 2,"", microwave s"attering . 

Denaity fluctuation 

In the ~ mm .. icrol.';;lve s cattering experiment, the H"attering ang l es 

of 30"·, 75 ' , 90 ' and 110' are ~elected to obtsin the dIapers ion re1a-

tion of inlJ{:ab llit iea and"" measure "aveR propagating almost perpen-

dicubr to the toroidsl ""'goeric field lines. Figure 4 show8 the 

dispersion relation obtained ft01ll the POll"" spectrums of density fluc -

tuations for the vorious scattering angl"s , The observed dispersion 

relation Is in good agreement wHh thl! theoretical curve (solid line) 

of the lo ..... frequency ioo acollstic instability. wich is calculated 

nWller:ically using the experimental parllmeter s, The fluctuation leve18 

increaae with increase in the turbulent heating current, Moreover, 

froOl the analyo1a of the diaper don relation, it is show that the 

low-frequency ion Elcouatic instability ie always aco<llponled by the 

high-frequency inn acoustic instabllity. Therefore, ion acouatic tur-

bulence plays an -important role for the obaerved effective ioo heating . 

It is concluded that the effective ion heating 15 attributed to 

ion acouatic turbulence by conU.",ing the critical drift velocity and 

the dispersion relation of ion ncoustic instability. The energetic 

10ns res ulting by the turbulent heating are ",,11 confined and its ene r gy 

is tranafered to the bulk 10no. 
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LOI'm:HIlBRID H&A.TIRG K1P&RLoU:UT ON THE TJ.!-l-uH TOlWJAK 

fiatloT J. t Jakubka K., KopeokY V., Korbel ~., Kryeka L. , 
Kagula P., Stockel J., " !acek P. 

lnatitute ot Plasma Pbyeice, Czeohoslovak Aoademy ot Sci. , 
Pod vodarenekou v!!{ 4, 182 11 Prague 8, Czeohoslovakia 

During prelt.1nary experiments on the plasma heating 
in the LHR region in the TM-l-1dH device HP power up to 100 
kW at ·the trequenoy ot 616 14Hz has been injeoted into the 
tokamak by mean8 ot a loop fed by a ooaxial line. The pro­
oe8S of HP field-plasma interaction has been found strong­
ly nonlinear in the whole 3-100 kW power range . It takes 
plaoe predominantly at the periphery of the plasma oolumn. 
El~otron deoeity inoreaee dur1~ the becting prooeec hac 
been reduced by working at various temperatures of the li­
ner up to 300°C. 

The parameters of the TM-l-MH tokamak are a8 follows: 
R-o ,4m; a-o,075m; Bo • up to l,6T; Ip.15-30kA; bydrogan. 
Tbs results of our beating experiments at f42fLH-l.25 GHz. 
PHP-40ltW oarried out on this tokamak have been reported [1]. 
Under euoh oonditions the inorease of the ion temperature 
up to A Ti/Ti- 1 W88 meaeured. The nonlinear character of 
thie praous with a threshold power of 20kW has been found. 

Recently we started the LHR heating expsriments witb 
the klyetron p~er source up to lookW at 6l6MHz (PHP-(l-) 
Poa)' Due to amall dimensions we could not uee the wave­
guide grillf2,3,4]. A 8imple loop coupler with the front 
dimensions 4xl,5cm has been used, s~larly to (5). Prom 
this at 50 kW of HP power the power fl~ deneity of 5kW/om2 

and vaouum eleotric field intensity of several kV/om in 
the vioinity of the ooupler oan be estimated. The ratio of 
osolllating velooity to the thermal velooity of electrons 
vE/vTe ;!: 5, which gives the oonditions for the highly non­
linear wave-plaema interaction. This is oorroborated by 
the broad downshifted frequency spread of HP speotra (Pig. 
la,b). We eupposB that 'h. 
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L.P. spectra are generated by 

the decay parametrio ineta~ 

bilities. The threshold po­
wer for this inatabilitiee 
seems to be lower than )kW 

(the l Owest power USed i n 
our experiments). In Pig. l c 
ie shown the power dependen-
ce of t~e temperatures 
the bulk part and tail 

0' 
of 

energy distribution function 
of iona 8e measured by C.X. 
S-ohannel analyzer. The thre­
ehold power for the beating 
effect, it does exist. muet 
be lower than the l oweet po­
wer used. 

The total energy of the 
plasma loop was evaluated 
from the diamagnetic meaeu­
remente. In the ~ig. 2a,b , c 
~re given \be t~e depeudau­
cee of the kinetic preeeure 
P.... of .the radial ehitt II R 
of the plasma column in a ty­
pical tokamak disoharge and 
of the eleotron densltr ne(O) 
on the axis. Tbe dsohed li­
nee oorreepond to the OH r e­
gime, the full · lines are the 
values during the Hr heating. 
The picture 2 corresponds to 
the case in which a substan­
tial increese of density du­
ring the HP pulee i8 the pre-

dominant caulle of the inoreaee of 1'~ and radial shift AR. 
Tbe increaee ot Ti can ~e c&Ulled by the higher t~sport 

of energy from eleotrons to 10n.. The elec~n den~ity in-

crease is due to neutral gas releaee from liner walls un~ 
der tbe intense bombardment by energetio psr1icles during 
the HP-plasma interaction. 

Thie density increaee during the HP heatine pulse has 
been removed by working wi t h the liner at elevated tempe­
rature, up to )oooC. The effect of this procedure WSB si­
milar to the gettering with titanium evaporation as used 
see e.g. (2]. Tbe density does not incr ease in thie cBee , 
ae shown in Fig. 3. Than the resul ting Incresse of the JI".1-

netic pressure can be interpre ted ae the inorease of the 
temperature of the bul k ions of the plasma column with 
correepondence to C.X. neutral measuremente . However, due 
to strong nonlineer absorption at the plssma periphery, 
the heating efficioncy f or the ion component of plasma 
remains also in thie oaee relativeLy low, of the order 
of ten percent . 

Authors would like to thank Dra . Klima and Preinhael­
ter for et~ulating dieeueeions and the technieel etaff 
of the TU-I-HR devioe for the ekilful aesistance. 
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PLASMA HEATiNG BY WEAK TURBULENCE lri TORTUR I ~ 

A.W. Kolfsclloten , It.J.S.M. Brocken. O. de Groot. T. Oyev')ar, 
H.J. Vdn der Helden, LC. de 8rl/in, C.J. Bal"th. H. de Kluiver. 

Assoti a tion [ura t Oll- FOH. FOH- I ost1 tuut voor Phsmafys iea , 
Rtjnhuilen. HielMcgei n/Jutphaas. The Netherlands. 

~ 
The TORTUR 11 device is a small tol:amak (RT = O.46 m, a~O. 085 m), 

wh ich has been designed to study turbulent heatlng of a plasma. After 
a brie f description of the device, the mode of operation to i nduce 
hea ti ng h discussed. For the heat i oq of. tol:amaks by current- dri ven 
turbulence, LIp to now, high-frequency fields have been used ( 1 ,2 ,31, 
requiring high e lectric field strengths. Indiutions exist however for 
a proport iolWllity of the induced e lectric f i eld [ with the character­
istic frequellcy , 'f, of the heating pulse [4\. The use of the lowest 
possibl e frequency,necessary for provoking the anoma lous dissipation. 
will reduce the loop voltage to acceptable values for large -sized de­
vices. Anomalous heating effects for differellt values of the induced 
electr ic Held and frequency will be presented. 

The TOIlTU I\ 11 device .nd Hs opo r . ti on 

The main parar.leters of TORTUR 11 are given in the following table: 

.ajor radius RT ~ 0.46 m work i ng gas 1:!2 
copper shield radi us as" 0.105 11 peak ~glletic field B. ,. 3.5 T 
l iner minor radius al ,. O.Og] m 6ensitles (0.3- 1.5) 1020 .. -1 
li miter radi us a ,. 0.OB5 m mu. plasma current ' ElCO ,. 52 kA 

The vacuum yessel consists of a thin (O.IB om) inconel liner . A 
residual pM!ssure of 10- 6 tor r is achieved by means of a 450 1/5 tur bo­
me lecular ptntP. Prei oni nti on is brought allout by a 2.7 Mllz osc i l1a tor 
connected tD the stainles s stel" l Iilniters. A small fast capacitor 
(750 \IF. 5 kY) induces a preioni ut ion plasm. 

Toroidal cu .. rents are subsequently i nduced by an electn:llytlc 
capacitor bank of I Farad . 500 Y, with a rise time of 1 ms and a tota l 
pulse length of 4 .5 illS. 

A Taylor discharge cleaning procedUre is applied fo .. a few hours 
befoM! each Nn of discharges. Following Murakami's scaling . clean dis­
charges are thell produced with effecthe Z- va l ues below 2. The dis­
ch"'("ge evolution is followed by a nulfber of dhgnost ics: 

b A C02-luer interfl!rometer for pl a~ma de llsi ties . 
'! Elect .. ical lleuu~ments and external picl:.-up loops. 

c A Mlby laser Thomson-scatteri n9 -apparatus. It provides the values of 
elect .. on densi ty ami temperatu~ at r - 0.005 .. and r . O.06 11'1. 

d) The i on temperature is measured pass ively by a t ime-of-f ligh t el'lel'"9Y 
anlllyzer. 

e ) An ac tive ion be~m probe for 10cIII ion hmpe rature measurements . 
The neutral par t icles a .. e detected by an B-chifllnl" l electrostatic 
anal yzer. 

f) Heasurement of pla sma osdlhttons. 

A four-Channel soft X-ray detector and 11 six-channel polych"OIlIHor for 
e.c.e . measurements are in prepa .. ation completing the diagllOstics . 

At any p~se t t ime a fast capacitor b .. nk. (lOO IIF. 50 kW) can be 
fired, inducillg extra plaslla currents. Electric field s can be varied 
from Q.I - 2 tV /I;I . with rise time~ va .. hble from 5-25 us . An e)la!llple 
of the addition of the e)ltra current on the e)listing toroidal plasma 
current is shown in Fig. I. 
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Fig. la. Torol dal currents vs 
tilDe. 

Turbulent heating effects 
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FIg . lb. The additional cur .. ent 
i n detail. 

Whe"neve .. the to .. oidal phsma current changes at a s uff iciently 
high rate , weal:. turbulent illstalJ1li t i l!s of var10us na tv .. e can grow and 
be maintainl:d at a margi nal le~el during macroscopic times . During 
this quasi- stationary ~ tate rapid hl:ating of the pldsma occurs due to 
anomalously high re~htivity. 
. With a t urbulent heati ng current ITH oaao(I -6/2a)enp\vd , whereo5 is 
the skin width. nDS t hl! plaslila density I n the skin and v4 hI! electn:ln 
ddft ve locity. it can be shown t llat the following relatIons for the 
I fIOII'Ia lous conductivity, c . and the Induci ng electric field tlold 131: 

• _ 1_ I T< 
uooS: iH TH/~ l « cc lassical 

(I) 

(2) 

for a Sinusoidal puis", aI TH,'H ~ 2~ f ITH" 

Oep-I!ndi ng on t he prl!'1')iling plaSI1l<l para:;oeters as TefTi and rCl!/f!. , 
sl!verd.1 types of instabilities ctn be driven i nto a weal:.ly turbu ent 
state. For the pUdml!ters in TORTUR elt~t .. o~ t~tic i lls tabilities of 
s~rongly mag~etl zed plasmas. (f"/fpe > l) witl1 lctW ratios af TeIT; 
"tIll occur[ 5) . lhey are var ious forms af oblique 10n-!coustic alld ion . 

cyclotr~n i ns tabilities depending on the pM!clse pa"ameters at stake , 
Qulte gell(>ral1y . regardless of the type af instability durirlg 

ma rg inal stab ility, a slowly varying ratio. y, exists between'the drift 
vel ocity , Vd' and a char"'c ter ist ic ll!locitY as e.g. Cs (cS being the 
ion-acoustic velocity cs· (kTe / .. i) ). 

For the cur"ent-dr i v(>n tu .. bulent state to exist E/f shoul d satis fy: 

(3) 

for a hydrogen plasma, where ,," represents the fractional energy lass 
out of the s ki n dudng heating, to the wall as well as to the plasma 
centre . 

The dhslp.1ted el"lergy in the ski n call be shown to be: 

1 R-r 2 1 
W(t) • {1I0d" a ' rn (t) rr-um' (4) 

The increase of the electron and ion temperature in the skin fol. 
lows ta be: 

11 11 (I-G) 
A(T+T

1
) ,,~ __ I_- (5) 

e sk Z4~1atnpse (1.6/2a)2 . 

The rapid heating of the TORTUR plasma ill the current r i sing 
phase du .. lng the discharge of the ele,trolyt ic capaci t or bank can be 
E!)lphi ned i n terns of anomalous dissipation p .. ocessu. The alllbient 
elect~ic fi e ld strengt~ (t a 20 VIrAl and frequency (f _ 250 Hz) yield 
a .. all o Uf ... O.OB. whIch is hi gh enougb to ascertain a rapid plasma 
heating. Electron tefllpe .. ature measurements have been performed with 
Thomson scattering at the edge (r • 0.0& m) and nu r the centre (r • 
0.OO5rA). lon·temlleratUNl data are avai lable throughout tbe enti re plas­
IM cross-section , deduced from till\e-of-f1ight measurements . and at 
various poSitions frOllo all I~tive bea. pn:lbin9 techni que. 
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The increaSI! of Te at 0.06 • 
and at the axis i s shown in Fig . 2. 
reachi ng val ues up to 300 eY . The 
ion tempera tu res attain values of 
180 eV lIear the edge and higher 
at the centre at a time rate al­
most undelayed as compared .... it ll 
the electrons. The rapid elect .. on 
and ion heating can be e)lplained 
i n terms of cur rent -driven elect .. o­
static instabilities . For typical 
TORTUR parame te .. s the electrolytic 
bank has t '" 20 VIm, f "" 250 Hz. 
I & 50 kA; a a 0.085 m, yielding 

skin area 6 .. O. 06 m. 

Fig. 2. Te vs time at r • 0 .06 rA 
and r ,. 0 .005 rA. Thomson· 
light-scattering da ta . 

Accordi llg to Eq. (5) , t.(TetTi)sk can reach a value of 550 eY at n • 
5><10" 11. 3• t aking <!- ~ O. Thl! eXjlQri menta l data give (T +Ti ) k '" ilJ30eV 
at t • 1.0 ms and hI gher at the cen tre, indica ting smalt waif los ses. 

In Fig. 3 the increase of Te 
is shown at r • 0.06 m after ap­
plication of a higher field 
strl!ngth. high-frequency cu .. r ent 
pulse as shown in Fig. 1. 
For the .. e leva nt parallleters the 
allOllla lous heating should occur 
i n a sl:.i n area 6 .. 0 .015 m 
(£ .. 700 V/m; f" 50 kH z, 
I '" 50 kA). The heating is 
t~~nsported i llwards froll) the 
skin , ar .. lvlng at r z 0.06 m 
a fter a delay of some 20 ).IS, 
which can be exph ined In terms 
of n011l<l1 transverse beat con­
duction. 

~ The elec t .. on t l!nlpera­
ture evolut ion with and .... ith­
out the hi!lh·frcquellCY heating 
pulse at r • 0.06 m. 
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An •• ID s t udy on pla~ma equillbrilllll has been performed for various 
fOT1lls of conc.ilYe current profiles [6\. One of tile equilibriulI cases is 
that oo"respondin9 with an ~l-ast shearless plasma . TIII5 situation is 
~lso rl!alhl!d i n the I!)lperiment when the high-field c.urrent pulse is 
superillposed on the al ready flowing curr l!nt (qa ... qo " 2.4). Gross in­
.stabil i ties have not been observed I n that case. 
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A.~.Ioff. PUyalcal-!eehn1cAl Inatltute,Len1ngrad.USSR 

Abstraet: Additional beating in tokamak by gyrotron mierowa­
ve senerator 1s doscribed. Energy input from the interior 
alde of a torus 8110w8 to produce heating in rather deoaB 
plalllllll ( DO ~ n

er
).Rumarlcal calculations of wave trajecto­

ries ara cono18teot with experimental dnte obtained. 
B1actron cyclotron r080nance beating (ECRn) in tokamak 

usually 18 supposed to be suecesetui in ~ denalty range 
no <: nor (00- central electron dens1ty. Dcr- critical .1_ 

etron den.! ty tor frequenoy u.; I used for beating). If tha 
wave 18 launched in an extraordinary mode trom the stronger 
magnetic tield side ot a toroidal disCharge, !CRE in a more 
dense ploema becomes possible. In this case the eVaDeeCeDee 
regioD tor I!. _Ye appeare only it DO > 2ncr ' and two dit­
terent mecbanisms ot _ye absorbtion are o~ importance: I!. 

cyclotron absorbtion under gyroreeonance co~dition,~ -GJce 
/ 1 / ,lDd I!. linear transto:nllation into a plaB1118. lIernetein 

2 2 2 wave under upper hybrid condition, W • W cs + 4J pe 
/ 2 /. In experiments dOBcribed !CRB using the wave launch­
ing trom internal and ex1ernal sides of a torus was studied 

in a wide denai ty range, 0,5 ncr < no < ~cr' Previous 
resulte were published in / 3 ,4 /. 

~-1 tokamak ( R. 62 cm, a_ 15cm, I • 30k~) was provided 
by the gyrotron gene;~tor ( . J - 29,17 GHz, 211!S pulse, BOkW). 
Ohmic heating power aleo was about 60 - 80 kW. The microwave 
energy _s tsd by two circular WBveguidss, ~ 32mmi operatinG 
at 802 mode of a _v~. Bnd~ ot wsveguidos, properly shaped , 
served aa antennas tor wave launcbing into a plaema. ~­
t ernsl 1I'8Tf1guide excited mainly the ordinary wave,directed 

':1?rmally to_the lIIa8.?eUc f1,eld, w~le the . intex:na.l one exci­
ted the wave ,directed at 420 and polarised normally to the 
~tlc field. The arraDgeQent ot waveguides in a discharge 
chalDber ia shown in !ig • . 1. 

the decr.aae ot • ;~op voltsge A ul and the increase ot 
diamagnetic signal ~ nT dur1.ng ECBH indicate the rise of el­
ectron telllp~ature Te. Pig.2 shows ICJUI pulse and signale ot 
Ul and ~ of. Diecharge conditions are: Bo-9,7kG, Do.1,3· 
.10 13em-3.1 , 2 ncr,internal WBveguide. To obtain tbe data on 
Te,soft X-ray radiation weo analysed by the set ot berylliUM 
tilters and IIl1crowave emission at 2 W cowae lIIeasured by the 
eupergeterodyne radiometer,tunable over 44-67 GBz range.O&­
cyllogrBmo ot eott X-ray tlux and microwave radiation tempe­
rature True aloo shown in fig.2. Changea in Ul and liT during 
ECRH are observsd only it toroidal tield Bo.s,7-12kG, when 
Ulceresonance is inside 8 pl~ama volume ,and it Bo.5-6kG, 

when 2 W ce resonance exist.In tbe last case,influence of 
ECRB ie observsd only in a low density plasma, n <0 , 6.10 13 

CIII-J • Pundamsntal UJ cereeonance heati ng is etfe~tive in a 
rather dense plaBma, espec1all~ when tbe internal wavegpide 
ie ulled·.Pig.3 ehows the dependence ot 4 iiT on the mean els­
ctron density ne' ( ne- O,6ng) Diamagnetic signal 1s a1lll00t 
constant, 1,4. 2.10 14 sV.cm-~, although s density variation 

la large, 0,5 llcr < no < 2,5 ncr ' Loop voltage decrease du­
ring ECRU also ls constant, Ll Ul • 0,5 - O,6V, in all densi­
ty range. Intsrnal antsnna is about 2 times lIIore eftective 
than uterual one.(t1g.3~. Large .a ~ and ..1 Ul eftects 
ot lORE in a rather denss plasma, no;" ncr ' distinguish 
our ~eults trom BOIIIS tnrmer experiments, where external an­
ergy input was used / 5,6 /. 

tae constants ot .6 Ul and od liT ars about 1mSec and 
are close to the elsctron energy life time 1B ohmic heating. 
Probably, these signals repre~ant bulk slectron heating du­
ring ICnH. Sott X - rs1 signal increases strongly during 
!eRR, but ita time eonatant is about 3 mSec (tig.2~. So, it 
demonstrates the influence of BCRH on tbe tatl of elsctron 
diatribution, and measur.ment ot Te by X - ra,. energy spect­
rw:II ia wrong. !rhere ie also a large incrsase ot ! CV ce I01c­
roWQve radiation during IOU, and this sipal oontains a. COIII-

H-8 

ponent with time constant ot 3 IIISec. But in many eases ther -
mal component w1 tb 't .. 1 mSec is also obssrved ( fig. 2 ). 
In tig. 4 an example ot radisl protile ot microwave tempera­
ture ~r during ohmic hsating (O.B.) and ECRH ia shown. It io 
deduced tro. measurements in 9 frequency points 1n 44 to 67 
GHz rana:e, at ne" 7.10'2 CIII-J • Low tr.squency part ot a profile 
is distorted by a radiation ot runaway electrons. Thermal and 
nonthermal componente ot A Tr are oeparated~ Increaee of Te 
in the centrol part of a profile i8 about 50 eV. So far as 
ECRB power was 64 kW during thie measuremsnt, etficiency of 

BCRH ie O,B eV/kW. 
Data on Te radial profiles enable us to evaluate tha por­

tion ot total microwave power, which is spent for the plasma 

h •• ting, ? =t!:; (!Jiff -1ff-).;: Cl dO ",, 
• h" h are puwer~ o£~iC an~ ~lcrowaTe heating,~ o ecr 1 
takes into account the decreaoe ot Poh during ECRB . 
Energy life time is supposed to be the same tor O.H. and ECRH. 
( Ot course, thie eeeumption may be not correct ). 

Numerical simUlation ot EcRM in ditterent density condi­
tions '!fas undertaken. Real radiation pattern of internal ,·.an­
tenne, retraction in plasma, .retlection and depolarisation 
at chamber walls were taken into account in calculation of 
the ray trajectories. Cyclotron absorbtion, transformetion 
into a plasma wave and plasma wave absorbtion wsrs included 
into a code. It was shown, that in a denss plaamn ray tra­
jectories reached cyclotron and upper bybrid surfaces atter 
some reflections, and in real conditions of our expsriment 
wave transformation plays tbe main part in energy absorbtion. 
~dial distribution ot absorbed ensrgy tor no-o,6.3 ncr 
io presented at fig.5. A simulation abows, that it na>ncr, 

zone ot energy abeorbtion moves to the periphery, but etill 
remains at r/a .. 0,7, when no. 3ncr ' 
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lJUJ.IERICAL SD&ULATION OF lOll-CYCLOTRON HEATING 

In D2 +Jlle ++ JaXURE IN TOKtJ4AK 

I.A. Ko van, II.V.Cbudin, R. V.Shurygin 

I.V . Kul'chatov Institute of Atomic Energy, 
Moscow , USSR 

Abstract. This paper includes numerical calculations 
of antenna radiation resistance and dynamic of plasma hea­
ting in D +)He++ mlxure with using fast wave. 

Hecently Bome successfUl expcrimento on r.f. power " 

injection in tokamak plasma at cyclQtron frequency of re­
BOnSnce minority iona . The analysis made in /1,2/ showB 
that a use of D + )He heating technique has 60me ad­
vantagec over D + H technique. These advantages are the 
following: the poasibility of more efficient basic iODS 
heating due to collioions j simple control of )He+ llo~ 
ionceiltratlon, the poasibility of antenna radiation 1'e­

alBtan~e control, lack of charge- exchange, frequency 
reduct.ion. This paper considers the possiblli ty of supple­
mentary plasma heating using JHe++ icns in tokamak with 

adiabatic plasma coroprcssinn IJ/. 
The ca.lculution of antenna. radiation resil.ltance is 

made on the assumption of cylindrical geometry. It is 
conl.lid~red that faat wave io excited in plasma contain­
ed in conducting sheath with radius r=b by current layer 
located at r=a. Radiation resistance is determined aB 
Ra'" 2?/11. where P ia power absorbed in plasma, I -
is antenna current. To define plasma fields an equa­
tion for H:- component is used : 

fdsl,.rA!!!;'" .,. (!!!~ _.!!'/A _i';t"'-:O (1) 
r I 4,. ,.. qr r J 

it is assumed that H(r,t) "" if a(r)ei ... G~<l,,~.·t.Jt 
where 

A - t - .,: 
- 9 1_ (£-,,:i 

9 
.B :: gl_ (£_4})"l. 

B, g are the components of cold tensor. Using equa­

tion (1) with appropriate bound conditions we obtain: 

H'-() 4. I"·' () h',") <.h,(Q) 
~ I' :: -r tilt tH... O«:.I"<Q 

~i'"(') =4.Fj'- h e,) ,:(.)',.h.(u) , , 
1 C lI: 6or... Q<I-<c 

where ll.elK .. ~.I,I-h:nl\~ .. l J..:::-"W- 8(0)/.&( .. ) 

h1' h2 - functions which a rc determined by numerical in­
tegration of equation (1) in 0< t"' < a and a <:r < b 

domains. 
It should be noted that the above equations do not 

allow for absorbtion since Hermitian portiono of tenoor 
are uoed. Let us inject the absorbtion artificially, re­
placing 4 t ... - d.". ~ .. tf~".. Value O~,... remains the 
.{ields finite when resonance (A .... -O) is reached and, 
also, a phase shift between antenna. current and plaama 
field E~- appears. It makes it possible to determine 
the work which the antenna current makes over the 

plasma field, 

,,' • • .L TI r ;'-" E ,. dv 
........ t - 2 I<.e J ~ 0 e 

Value li_ can be found from the energy consertation 
t... W Wt ... 
~ .. t ="---a; 

wher~ W~,.. - avarage field energy, Ql - is quality. 
Q1 ia dctermed by longitudi.rw.l damping ft..! 141 

taking into account r . f. power absorption in wave 
transit vie. ion-ion hybrid la.y.Br 

where Vg11 Vu are faot wave group velocities, 2 Q 

is a distance between walls, ~ .. o . 9 is coefficitlut 
of wall reflection. The parruneter ! - f tl.tw derived 
from Buden's equation 15/. Assuming that 1, m mode con­
tribution.ia additive Wl expression for radiation reoio­

tance can be 

R ~ ~'.!!. 91O HZ~' 'I'. ...£=.-- [o~"l 
q c. R e,... fI,. ~... A~ ...... ~ft. ... 

wh·ere K~ ... is II factor ' in Fourrl~r aeries of antenna 

curren~ At", · -t tf" I lP" .... " [~'.cQl- -l; ~,(<l)J[A h:(<t) I ~ ~.(Q) B J 

For the purpose of this oalculationil the tollo_ 
wing parameters of initial tokamak Btage are uBed 
IJ/ : C=J2 em - plftsma radius, a~35 . 5 cm, b-37 am, 
R~106 cm , Bo = 20 kG, W • 1.28 K 108em-1. A parabolic 
profil e of pla~ density is aSBUMed. Four halt-loops 
are used as exciting struoture. Fig.1 shows a radia­
tion resistance of such struoture as well as one anten­
na depending on plasma density. Four antenna structure 
produces discrete fast-wavs eigenmodes more effiCiently 
than one antenna structure. 

To calculate the dynamics of plasma heating a sys­
tem of balanced diffUsion equationil inclUding souroe 
Qre and Qri in equations for Te and Ti is used. 

These sources are obtained by determining seoond 
moments from Coulomb ool lisiona l terms: 

Q -S-"'St (v)dV r.. 2 r .. 

where ~ is index of basio ions and electrons, r_ 
is index of resonance particles. In this case rSBO­
nance ion distribution functions are aseumed to be 
ae in 16/. Fig.2 shows the curvee Qr;/Po as a fun­

ction of dimeDsionletls po;orer ~ "" PIP injeoted in 
plasma ~or JHe++ a~d H+ ions. The po~er supplied 

from reSODano. pnrticleo to electrone can be derived 
fro.IQ the equality: 

where nr , ~ and zr are density, mass and oharge 
of resonance ions respectively. Fig.3;4shows Ti and T 
t1.lQe evolution when 900 kW power is injected. ri als~ 
shows temperature increase on pla sma axis depending 
on the power injected. The heating rate is .... 6£Y... 

K'W·tlJlr:J 
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nD2IOiL 01LOtrLA'fICII8 O!' PLAfJIJ. SF HEATDG 

WID:IR fiE !LI'YII ~cr llilGB m !. TOIWIAX 

O.S.Boordo, V.Y.GoriD.. ! . G.n&i\;rUko (The Institute of 07-
bernetic. of tho Ukrainean !ca4~ of Scienc •• ) and 

!.G.nu.o'Y (Bukhlllli Iutitute ot ~a1ca UId Technology). 

tt.e Va1_ of' Bort.t' lIM1a1t.n He:pu~lio •• 

~ JJ.:t'nn trequenc7 range (.Q:::-~Hz{1 -£iW41trn~tl({~! 
Hr tiol48 &re used to achie .. ad41tional beating of toka­

uk and .tella.rator pleaaa [I. 2.,,4J. Yorlt8[2, ,,4J repre­
sent qualltati'Ye reeulte ot studie. on SF field distribu­

tions based on 80ae ~ical •• tiaatea iD. aooordance 

nth tbe geometrio optics thOOI7 for the wa'Ye. iD. aD. In­
bomog6D.eoa,a plasaae. '!o woe th:i8 .ethod 01: heating in V8.l"i_ 

oUB-seale machines one needs mare acourate data for heating 
aDd HP field diatributioJl8 along tbe radius t7Pe in inhomo­
geneous plaaaa. 

~8 pr98ellt paper deals wl th caleulatiolUl of bound.a:r7-
'Yal ue problaa for SF fielde in a plasaa o711nder wi th a pa­

rabolic profile of deuit,. =0(1-.a:) and temperature T in 
a unifOlW atat10D.0.r7 aae;a.etie field H~,. Ha' ! set of equa_ 

1 t - n.2.v_ 
tollS ro rotE-CltE=O (I) 

br the aoapenent. Er:\f ~(r)= exp t(kri!;'1'tn!p-.Qt) 
hlUll been iDtegrattld where ~'e dielectrio constant tansor £ 
coaponents are I w'J. { [aj ~ 

f,,= ~ He[s,Y(S.~+ir>'Jrn s,Y(S,\ ;F.~;~-'I 
~ Z . ~ ~ 

~~!:l"r,nn; err",et,.""t.,t=e-i,=o. nere SI!:=/!i;"lft ; 
YCS)=-i1tW'lShe plaa.a dispersion :t'unction and the factor 

o (~i expreases p18Blla iD.teraction attenuat10n with re­
sonanee electrODe as a result of electron distr1bution 
funetion Q,uaailiD.ear relazation. TeMor £. i. 'Yal1d if in .. 

homogone1 t7 soale. for fields and pl aama are much mo~ tban 
!1?ation radii for electroDIJ and iOM, aDd. if the followi.Dg 

eoDditiona W~lclCS <<kzCrJl<<CA.\tL«(VPi..; Te> Tt are aet. 
A. launc.hiDg S78t81ll. is represented b7 a thin helical 

Hi' c1r<luit,r.b in rad1\1..8, ntA t:he Otl.lTOllt surface densiq 

J~i' d" eXpi(k,nnt~ -ntl; md.=k,&'J • . 
Sol utions'for'vacuum fields ha'Ye been soUght via the ~e-

tic H= vq> and eleatric f",,-v4' potential ,whero (:i·=k;-~) 
'P=['1\IJ:er>+<v..l<mill!r)] expt(k,%+nt'l'-.2t); Q< r< &. C. 
~ absorbed ~er (W) cfD be .zpre.eed 'Yla ~tic 

,o ••• t101. '1'_. <I'.~ ~J.l'm("~) _pl1 twl.BW=~"Rf(f,.i!;'r--~:JoII'_ 
Equation (I) has been represented as a set or the Sth 

order ord1.aar7 liD.ear differential equations . 1l011D41U7 con_ 
ditiona at the plasaa_Tacuum interface have been deterainod 
b.T matching of the Dormal aagnetic and tangential electric 

coaponents of HI fields . In oomputation HI field aaplitu4ea 

y"the absorbed power den.ait,-P.='ln£'iiIEzl1.3.l.ong the ra­
dus and the coetficient<R 'Yuua veraua the c:onverslon 

point poe1tionr;;:a'l_~A)t.(OrQ) han been dofined. 'tresG­
nance. at ~«1(71g.1 shows the first three of them) coincide 
_1th natural frequeneies of inhomogeneous plasma over tbe 
ilfTen rllJl80 [4]. The calculations have besn perrorm.od for 

two .eriee of diaeuio.D..lells paraaetera 'tQ .. 1;I.5; ~:.0.}2, 
ReI wlI" 

0,0,2, +,~=I.8'lrY; }.I05. The first set of paraaet"ers ia 

aeut for (Pij5:.Ij2) gall-e1Seod tok.u.aks, while the second 
set ls tor .ed1 ...... "i.ed ones (l'"ig.3), the valuos orj\\ ",0, 03 ; 

O,I,0,};IlIa .. I;2 and the oonvertion poiD.t (O.i~)(e = r¥a~o,q) 
beiDg 'Yariad. 

SUlIIUBY*I.:ror ·weak abeorption (~~1) ill 1D.ho.ogeusoulI plaeaa 

there i.· a .et of AlrTen reeODanc9S correspond..in6 to homoge-

neou.a plasb. ones Q2=k;c;(O'{1 tKt,P;S) [3,4]. 
2.. '!'he BJl' field etructure qua1itatiTe17 correspoDds to the 

fIJ' field convsrtion into a ahort_ave lengtb mode theOI7[3,4}. 

,.'or optiaal abBorption (~«1) frequency should be cbosen 
'i"tbill eJ:act Haon.a.nces Talue.e" (absorbed power being relea_ 

sed at the centre of plaeaa).Tbe convertion point in the 

range of If-:::> o,eQ,ie another oondition for ae.xi:aal ebso~ 
tiOD (the a~.orbed power _111 be concentretsd in tbe Tici­

nit," of the point rore ). Tbe beat heating coE!.ditions ere 

reO.5a for eaal l tokaae.b &Dd XCo.,a for Ilediua one •• Q: 
4. Tbe RP field rotation should be positivel,. dir.ctK1'If>O. 
With the direction being opposite the abeorbe4 ~er de .. 
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creases by twsoty times foe small tokamake 85 a result or 

convertion attenuation due to plasma gyrotroyy . 
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AIlALTSIS or TlU; FlNlTE~LENCrn lCRH ANTENNA 

v . p. 8h"tllaga~, ~~ A . ~. Messiaen~ R.R . Weynants · 

Lahor.ltoire de Ph~s ique ti es Plasma. - Laboratorium VDnI" Plasmafyai.ca 
Association " Euratom-Etat be ige " - ASSOC;3ti c "Euracom-8elgi sche Scut" 
Ecole Royale !iilirair .. - B 1040 8russels - Kon i nkli jke Milita i r c School 

Abstract The impedance of a finite'"length lCRH antenna of th~ "all 

m~ tal" type is computed using r he class ical i nd uced em! method, and 

properly describing rhe antenna end effeccft . I n the "ase of broad and 

~hort "ntennae the resulrs indicate a s trong reduct ion of coupling 

with respect to the predict i on. of infinite antenna theory. 

r. ISTRODUCTION. The early work concerning the co mputation of the 

impedanc e of t he pres ent all ble td lCRH a"ntennae 10'<'" do ne in the 

framework of infinite H ri p- line theory [~ - 4]. Hore r~ cently , 

attempts [5, 6 ] have bee n made to acco unt for t he finiteness of the 

a n tenna l ength. i.e . t he finite width of the ky-spect r um a s well 35 

the antenna erod effects (refer to Fig. 1 for the geometrical defini­

tions) . Whereas Ref . 5 expects on ly a slight decrease of the coupling 

resistanc,,!, with respect to the infinite line analysis, Ref. 6 predictJ 

pos sible inc rease ll o f the aame quantity of up to a factor of five. It 

i a to be 'noted that t he above conflic dng reaults a re obtained frolD 

models which only differ in the as.lIIIled plas!I1a density and antenna 

current profilea . In the pres ent paper , we outline how a consistent 

t reatl:lCn t of the finite-Iengtll antenna could be "",de, fr o", which the 

correct expre ss i o n of the antenna impedanc e can be derived and whid, 

allows to exp l ain the above conflicting resu l ts. 

In antenna theo ry. a consistent .olution o f the radiation probl~ 

is usuall y {1] arrived at by consider i ng a voltage e xcitation across 

a ga p , as the energy s ource, a nd applying the m~tallie boundary condi ­

tions o n the antenna to detet'1llin~ the correct fiel ds and the sell­

consistent surface current J R fJ • ii at the anlenna " udace. Since • 
~ucll a treatment is very cOlDp li cated, one fr equently uses as an .1pP'O-

x im~ti on the so-called induced cmf method (see e.g . [8i ) where one 

considers the excitation to be the ~ntenM current itself - nssUlurl 

approximate ly known - instead of the a p plied voltage . This lDethod has 

been implicitly uud in (l - 6]. In the case of the ICRH antenna 

(rig. I), tile excitntio n current induces a TE!z field (/z ",caning 

that transveuality i. defined with rupect t o z, the Bo direction) 

whicll ex tends beyond the aeree n into the plasma. Always when t he 

chosen cu,r"nt profile is .uch that fJ.J ~ 0 (i .e. when con~ i d~_ri ng 

propag:aion e£f ec" or " hen neg lecting t he _cur rent f""ders sho"'n in 

rig. I). a TIl/
z 

field, of essentia lly electrostatic nature, exists 

which is intrinsicty linked to the TE/
z 

field It was sllown in [2) 

that s uch a fi " ld is con fined between the wa il and the electtostatic 

screen "'hich can be modeled by a layer of anisotr<>pic conductivity 

(,, _ - 0, <> _ .). 
yy zz 

As in the induced emf me thod the curren t profile i.s as s umed, 

one should look outaide o f in context for a cons istency clleck of th i s 

assumption, in particular concerning the propagation constant 8 of the 

u 5u"",d s inusoidal curr ent distribut i o n . A possible means for doing sO 

i. el<amined in th is paper and is b"sed on the ~imulta"eous con$id~ra­

tion of the TE! z and TIl/
z 

ficlds . In the quasistat ic lilD i t they can be 

used to divide the reactive antenna ene.gy in an inductive ~nd capaci­

t i ve part from which B can be derived. 

n. MOl)!';L . The g.wmctric"l con figuration, incl~ding the plas,"" density 

variation, i , silo ..... in FiS' 1. Thc exciting current is de fi ned .u } -
(Jx ' \. 0) with J/y , l;) - o(x)(y(yl - Y(Y-2"~ )C{l 8 ~y J(7.) 

J x(Y'z ) • y(x)(6(y-2 .. y)cu. 2S"'
y
-6(y))J(z) 

where y (~ ) and 6(x) Dre the usua l 5lep and d e lta functions. 

0) 

en 

J(z) is chosen according to previous theory[5J; propag"c; on is neglcc-

t e<l along t ile feeders . After fourier .,nalysl $ in £he y a"d z di r eccio". 

the vacuum field can be derived from t he components 
d2B dJ 

obeyinr, _ _ z _ p1S R ~ ( ik J _ ---1.) _ - p (fJ " i) 
. dx 2 z " Y ~ d . 0 z 0) 

d 2E k" dJ 
and E (IM! part) obeyi.ng _ _ z _ p2[ • _ (...2. + 

z Z dx2 z ... t o dx 

k" _ 
i k J ). - V. J (4) 

Y Y "'&0 

... tiere pl _ k ~ + k~ - k~ . 

Metalli c bound ~ry cond i t i ons are ~pplied at the "ail .1nd Ez R 0 on tile 

Icreen. Thi5 las t condition ensure s that o nly the TE / z field pas.es 

througll the I cUen so tllat only the ..agnetosonic ",,,ve has to be r etai­

ned i~ the plasma when ... e a5$Um~ that single pa.s absorption p r evails 

[2, 9J. As can be easily s e en fro," Poynting ' & theorem the ... ork of tile 

applied cu((qnt on the field is given by 

p R - i Iv E.j- dV (5) 

t he integral bein!: ta l<en Over the vacuum relli.on and yielding both the 

active ( real part) and reactive (imaginary part) power delivered to the 

medium. This expression can be identif~ed t ZAli, the po",erdelivered to 

rhe sys te", by the source, with 1",· j~ J(d, 2"y ' z)dz 

thus providing a comple te ~valuation of the antenna input i!l1pednnce.The 

above po,",er integra l can be computed froOl the Fourier spectra by .. eans 

of tile P"neval theorelD. Tlle . cons i stency o f the B value OBSlIIIled in (1) 

and (2) can b~ checked after invoking ,frOl1l transmission line theory[8] , 

i 2Al~ Ri R f~"y 1112 dy - i~L I~Wy 111 2d Y - 2~"'C I~Wy l ~fl2dy (6) 

and making a term by term identification wi t h the constitutive terms o f 

(5). In particular the TE contribution to the reactive power i a identi­

fied wi t h the induc tiv e term and the 'll! contribution with th~ capac itive 

term of (6) . These equivalences a11o\l also to define a s pecif i c(i . e. per 

unit length) resis tanc" R, inductance L and capacitance C. B i. then 

given by wlLC. 
111. RESULTS. The evaluation of the power integral ahows that as long 

808 the current differs frolD zero at the antenna tipa the feeder cur­

rents cannot be neglected . In [9) it iD shown in detail that the conee­

quence of such a neglect ia a n infinite value of the inducdve energy 

and an overestimation o f the loading resiatance. Thia explains the r e­

sul es of [5). If this IDOdel is used with a current that van i s hes at the 

ante nna tips, as in [6 ] , a r ea sonabl e value of the loading r esistance 

cnn be ob ea ined but a uc h a current ia of course not 8. realistic asa, .. p­

t ion in tile case of t he u.ua l short-ci r cu ited antennae. I n addition to 

a correct value of the loading r e sistance R unde r a ll conditions. the 

present IDOdel allows t he c","puta tion o f an equival e nt specific induc­

tance L a nd capacitance C. Preliminary resulta, analysed in detail in 

[91 obtained for B ~ 0 indicate that the ove rall effect of the finite-

ness of the ante nna is a r eduction of coupling increase of Land 

a nd d<;crease of R. This is sllown in Fig. 2 ",here . for " set of typichl 

plasma and geome trical condition •• we compare the valu~. of Rand ",L 

with the co rre sponding values . denoted R2 and ",L
2

, obtained from the in­

finite ananna theory [2 ]. The strong dependence on antenna aspect ratio 

" -:- sllow, the correct asymptotic dependence in contraat with the puzzling 

r~sults of [5]. The impo r tant reduction of R/L in the case of broad a nd 

short an tennae wi ll severdy limit the rf power, f o r a given applied vol­

tage , that can be trans f erred by such antennae . 
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P.iR!ICLB 'fRAl'l'IlJG UJlDER CYCLmROH RESCDfAllCE cmmniOHS 

!. B~ Kitsenko, I~M. PenkratOT, X.B. Stepanov 

Xharkov lnet1tute of ~B1c8 & Technology, Ukr.Acad.Sc~, 
Xbarkov, USSR 

In t he p~sent report it 1s shown that particle tra­

pping by an eleotromagnetio wave under oyolotron resonan­

OB oond1tion3 W-nWB (n.,1,.2) may essentially influence 

wave absorption and RP plasma heating in up- to-date traps 

and tokama.k reactors. 

The resonant parti cle motion in a uniform magnetic 

field and eleotromagnetio wave tieldcn flM('i(~:K."*KIf2 -rut) 

at W = nUJB is ducribed b,. the equations (see also [1,2]>: 

JV,f_ e K/, a" R E ei</l" i1i. ....., in K.f.. "jjp e ~J! 

ti.~ =~ a,,-t Il:! E e i C1>" 
dt: m 2." C;t 

d(/J " enK,. a,,-2 " -itA. 
(Ft.-,,=nWB-W+I("~/+mlAJ!. ?RetE-ffe (1) 

where <p,,:::;t:'II~-UJt+KJ.3 - Enel l.""'J-E"lIb"n9/G),5. 

Eel! =E){ +i€~ "'"EII ~~/c.JB J a==K.J. t!J./cvB<K IJ e=fj"e. 

The ratio· E..fJ IIEI depends strongly on the wave t1Pe and 

the parameter K" /"G. ~ (. Por the extraord1.nary _ve 

(W==-CUBe) and feat magnetoson1c _ve (at CV=W".:' i =~t) 

11'8 have E4f ....... K.j',E • for the ordinary wave (GoJ=VJ/Je.), 

~J-~Jt.EIfL/K". while for the lifven (ion-cyclotron) wa­

ve (W -:::::- CUSi) and fast III!I.gnetoson.iC _ve under proton 

minori ty cyclotron resonance EefJ -£ ( Jt. =- u:,./cu8 ) ~=ffm'). 
The partiole motion in the vicinity ot tbe centres 

( cP" =- 4lc ) on the phase plane ( a, t:/>" ) is described .. . 
by the equation 4> .. -I- .n.;;(4J,,-~)~he"NJ fl tr is the trapped 

particle 08cillation ~requency determined by the relati-

ons (W=UJa)1 I/:. 
J2 _ (&)%("" "E)'/1.> ~ a J'!J.)¥.>(-II:. UE) j 

v ~ CUB B I " {Kn W s } (2) 

where IJE",c£"fI/8p , da is the width o~ the particle trapp-

1116 region in the variable a . The width ot the trapping 

repon in IT, ia ( li a ==~.t tr,..n&/CJs ) 

d1fj, ...... K"l!J.dl!L/nw.s «.611"..L" 

If 1£ 1, where 

'l =( ~~" /Sl .. ) (7f, Id ". /, (6) 

the resonant partiole trapping results in strong di.tor­

t10l1. ot the distribution function in V;, in tbe region 01' 

width ,H!,. nee.r V, ={I4J- nUJ/JJ!",. (At 'I. »1 the oollisions 

H-12 
~maxwellizen the distribution function in this region). 

However, even at 7"1 nonlinear et~ects can in~luence 

the ~ve absorption due to conSiderable distortion of the 

distribution tunction in ~ • Using eqs. (2) to (6) l"Ie 

obtain tor 'I the folloWing estimates: 

_"" (",), 11<.)'6(10 "E)'/; q- WS Ve- 1 a'&tK;; {" Wa (cu=4J,,) 

I ~(".,)3k _, J"")'b(K",,,)'IJ '1- W" tiE (K.Yt) J a~rK,1 rw" ((')~CU6) 

~ tr(W')* -' "r ) '1"- ~8 If,LtT,! (Kllft) l [()-=: 2. c.JA (7) 

When the plafDDll with reactor parameters (n._J ""1f/1",~J 
T-IOKeVJ8.-50~G) at ~u-O,311:J.1a heated at u):::::CJs. 

( E - f KY /em )by the extraordinary WBv~, we have 'l~ 30, 

'If,.... 4, At!J./tIT ....... 0.1: using the ordinary wave givos 

7-- 0. 5, f/ .... 0.2 • .dl.i!(tfT~ ; the second harm.onic resonan­

ceW""Z~ves 7.- 1 and d~/lrT~O.l. 

Heating by the fast DIO.gnetosonic wave (E- 300 V/cm) 

at W = t..J&j yields ?-'/'- 5 "and d1& --u;. ... " using the 

minorit,. heating (W::>::c...)s,), '1 -1' ....... 10-2 sndd~~l7r: 
the second harm.onic heating ( W = 2W,,/J gives 7 -1 and 

L)~ ..... v;.J. 
When the plaema With flo_ l013CJ!1.-3 , 8. -20 kG, T -

300 eV is heated by tbe ion cyolotron wave ( E - 300 V/r:m ) 

we obtain 1(-10-4 , '/.'-10- 3 and d1f.L>1J.r; • 

The above tormulas obtained tor tbe homogeneous ma­

gnetic field can also be applied to tokamoke if the dift­

erence /W-W,,(R)/ie smaller than fl-tr while tbe reaonnnt 

particle is moving along the magnetic line of force with 

11i, ..... UT during the time .n;: , i.e. 

(8) 

Where <y is the safety factor. 

Puttingt-2, 1;,-0.1, R - 5 m ( 4 - 0.05, R-l m 

tor the Alfven wave) in the above examples we tind that 

the conditi on (B) is met when the plasma ia heated by 

the Alfven ~ve and the tast magnetosonic wave under the , 
prJton minority resonance; tor W<>tWs .. , n.;;. - E't CUt Ws. 

~t the resonance a W=:::nWSJtor the tast magnetosonic 

W{1ve J2:r « Et W, W&; wi th ?» 1. " 

One can negleot the nonuniformtty ot tbe wave field 

amplitude in eqs.(l) if' Jmt(I/l.Y,.<~,.. Th1s in-

equality holda in the abo e examplcs for the Altven wave 

and for the proton minority cyclotron resonance. 

The exampleo preeented eb~w tlwt the nonllnear ef t­

ecta are important for Alfven wevea and fast magnetoao_ 

nic waveo when the proton minority resonance is involved, 

but they can be esoenti&l tor the other wavcs under otudy 

as well. 
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H-13 
ELECTRON CYCLOTROlI HEA'rING OP HIGH. DENSITY PLASJdAS 

III LA"~GE TOKAJ,lAKS 

Yu .F,Baranov , V.I.Pedorov 

A.P.lafIe Phyelco-Technical Institute, Lenin8rad , USSR 

An eff icient Rbeorption of microwave power waB obser­
ved in the experiments on the electron cyclotron heating 
(ECH) of B high density plasma (n> ner - critical density) 

in FT-1 tokamak. For the interpretation of the expe~lmen­
tal data WB rleveloped e numerical code which enabled ue to 
calculate the energy deposition taking into account the 
reel antenna directivity. We used toroidal coordinates r, 

() ''I ' 
and 

where r le the radius i~ the minor crOse-aection, 
are the poloidsl and toroidal angleo. The radial 

profiles of the plasma density n, electron temperature Ta' 
toroidal mognetic field B' and current density i were 

choaen in the form 

( " ,)1" fl. =n" i-'l/a. ) re = 40 ""'f (- 'h y" ~ 
i ~ jD e/Xf (- 6 'L~,) 

roughly corresponding to the experimental data. 
The ray trajectories and the abaorption of the elect­

romagnetic-waves were calculated aa in Ref. 11/, but in a 

vicinity of the upper hybrid resonance we uaed the "warm 
plaema~ approximation 12/, The well known Bernstein'a dis­
persion equation 121 was used for the wavee reeulted from 

the linear mode conversion. 
Becau:;:e of the atrong refraction the electromagnetic 

wavee could reach ECR region in the high density plasma 
only after several reflec t ions from the chamber wall. Sin­
ce the wall wae roughly homogeneoua in (] -direction we 
considered the wave vector cQmpoIlent 1c(J to be constant 
during the reflection . A strong scattering of the wavea 
occured in the If -direction and we treated le " after the 

reflection as a random value , ae well aa the wave polari­
sation . 

The calculation revealed high efficiency of the ener­
gy absorption in t he PT- l plasma for the case of the in­
ternal wave excitation (from the hi.Sh field eide of the 
torus). For example, 90% of the incident power wae abeor­

bed at no= 2nc aIld about 75% at no~ Jnc' But the heating 
wae rather peripheral with the maximum of the abaorption 
at r/a = 0.7. For the plasmaa of large tokamaks (T-10 and 
T-15 types) the calculations ~avo also the peripheral ab­

sorption at no> 2nc ' At no< 2nc the heating of a central 
region of the plaa~a is poasible if the wave ie launched 
from the internsl side of the t orus. Fig.1 illustrate a 
such a poasibility for toleamak T-15 (Ro~ 240 cm, a~ 70 cm , 

B~" J5 kG, Ip~ 1.4 mA, no= 1.6nc ' Teo" 5 keY). We see 
projec ~ ions of the ray tra j ectories onto the minor croee­
section of the torus for the wave launched at various ini­

tial anglee rX.o .. arctg~ and the angle 111 '" arctg~ 
~ 7J

o • I n the cese the en~~gy ie abacrbed at r< 0 . 5a if 

Icl o / < 14°. 
, Another poaaibili ty ia based on the linear wave con­

vel'eion and subsequent abeorption of Berns t ein wavee. It 
is il l ustrated in FiC;. 2 . Here the pararoetere of the die­
charge are as follows; no~ 1.6nc ,UlH(a);ivu = 0.82, Teo = 
= 5 keV . The inc ident angle po ia equal to 87 0 for all 
trajectoriea . The optical thickness of a plasma in the 
ECR region for extraordinary waves at ;80= 900 can be eva­
luated from the fOl~uln 

of the ECR 
layer. This formula was obtained in the WKB approximation 
in n model of u one-d imensional-inhomoge~eoue plesma. We 
used the well known dieperaion equation wi th thermal cor_ 
rectiona of the order e<~ Y// (jJ~l' )2 (see, example Ref/J? 
and carried out the integration shifting the contour in 
the complex plane. 

In the caat! under consideration Cl! '" 0 . 04, so t hat 
the main energy absorption was due to the Bernstein'e mo­

de. The parts of the trajectories in the region of a 
strong abeorption are marked in Pig.2 by thick lines. We 

see that all the waves with 10(,,1<60 are absorbed at r< 
0.5a. It ie interesting that the picture of the wove 

propagation and abaorption just deacribed is rather insen­
aitive to variation of the plasma temperature in the range 
1 keV~Te.:S 10 keY. Thus, when plasma parametere are chang­
ing no adjuatments of the antenne are necessary in this 

case. 
It is advantageous from technological point of view 

to shift the antenna from the inner aide of the torus to­
ward the ECR layer (aee Pig.J). But the optimal values of 

the angles alo and ;Bo depend etrongly on plasma parame­
ters. Aa a con~equence, an adjustable antenna ia needed 
for the efficient plasma heating. ~or example , we can see 
from Fig.J (/,o = 87 0

, no= 2nc ) that the Bernatein wnvea 
are abeorbed on the plasma periphery, so the heating effi­
ciency ia connected with the cyclotron dampin~ of the ex­

traordinary wave, 'I'Ihich ia atrongly influenced at n --- 2nc 
by the refraction. 

In conclusion, ~e should like to point out that the 
internal excitation of the waves can reduce the density 

limi tatiDn of ECH. 
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ABSTRACT. Analytita.1 fol'ftJlae for the ~bsorption of 11 non-r:ehtivist1c 
thenul plasma of finite density around the electron-cyclotron hannonics 
for oblique wave proplIgation ~re presented. The absorption coeffictent 
is obtained frOll! the enerqy balance . and finite-density effects are ana­
lysed in terms of wllve dispersion IInd polarization. For 11 wide range of 
angles around perpen.dicuhr prooagation the absorption of the fast e~tra­
ordinary mode at the second hannonic is found to be stronger than what . 
would follow from the tenuous-plasma limit, pohrization effects being 
larger than dispersion effects. 

INTRODUCTION. A simplified analytical treatment based on the use of the 

enerqy bahnce hIS bllen 'hown to I'rovide physical insight in thl' ~h~nrp­

tion of electromagnetic waves around the electron-cyclotron frequency Wc 

in a thermal plnma !l,21. In p~rticular , the significance of polarila ­

tion effects. related with finite plasma density were displayed. Here 

this approach is used to evaluate the absorpt i on coefficient at frequen­

cies close to the n-th hal"lllOnlc. w ... nwc' n-'!.2 . for oblique propagation, 

I.e .• at angles e with respect to a static INgnetic field !o such that 

Nlcosel» (vt/c) where N is the wave refrllctive Index . Vt~{T/II)J is the 

electron therml velocity and c the speed of light with vt « c. This an­

alytical study is CDqllernentary to numerical analyses perfol"llltd earlier 

[3,41. 

ABSORPTION COEFFICIENT. Fnm the enerqy balance one obtains for the ab­

sorption coefficient 

(J. - 2!- ·~1~1 • [("'/4 .)f-· ~a·f]/I~I, (1) 

with! . !' + i!" the wllve '/ector (I!"I « I!'I), w the (rea l ) wave frequen­

cy . f - f(!' ,w) the Fourie r COOlponent of the wave electric field, f - de­

noting the comple~ con jugate of f. Furthermore, i~aiii~a(!' .w) ls the 

anti-Hermithn part of the dielectric tensor and ~ 15 the (total) power 

flu~ density. Assuming pro!?agation in the ~ z-plane with!o . il~l. usi~g 
the Wllll-known e~pressions (or the components of ~a to lowest significant 

order In finite larmor radius effects, and neglecting corrections of or­

der Iw - flwcl/ws..(vt/c)/Nicosel all ows to write the absorpti on coeffl~lent 

of the extraordinary (X) an(l ordinary (0) mode 

(J.~X,Ol(bI , 8) • 0n(e) 'n (III.e) ~~X .0)(8), 
where · 2n-1 2 v 2(n- 1) 

o (e) _. _ " __ :'l! [-.!) (Sin8)Z(n-I)(I+cos28) 
n 2n(n-I): cc' (3) 

(.) 

(5) 

,,' (XO) [H2n-3 lE -i[ 1
2J U' (8)- ___ ~ 

n 1+COS28 (4I1S/cH) (XO)· 
- N .. N' 

(') 

The function un describes the effec ts of wave dispersion and pohrization. 

From (6) it is apparent that ~bsorption is related with the de~iations 
from ci rcular, in the phne perrendicular to~, of the wave POhrlHtion, 

the component Ez contributing via the power f1u~ on ly. 

rioting that for the case under consideration the contribution of I: to . , 
the dispersion relations is small . one can evalu~te (6) considering just 

its real part, which furthermore can be taken i n the cold approxhution 
[SI. This implies 

E - lE [ ~. i(n-I) 1- n~ 1 f~X,O)], . (7) 
and y 

[
N(X,O»)2 _ I ~ (~)1 ZIn

2 
- (w~/wc)2 1 • [~)2 (X,O) 

. nwc 21n2-(!IIp'OIcn-S1n2B'tPn 1- flIIIc fn ,(8) 

with r 2]' 
P~ - sin~e + ~ L"l - [~] cosza, 

the functions fn being defined by (8). 

Using also the upression for the power flu~ which here, to lowest or-
der, reduces to the Poynting vector . Eqs. (6) and (7) yield 

(XO) N(X,O) 2n-3 (n - 1)2 [I _.!!...!...! f(x .oil
l 

Il ' ( e) _ n n d (g) 
n 1 + cos2 e [(a~ t b~)JJUsN(X . O) 

where [ !l-(w/r.... )Z1t12cos2e . ]' 
alii! 1+ p c n2[I_n2-1 f(X. O))2 sin2S (ID) 
n 11 ~ (Wp/flwC)2 _1I25in25J2 """"jjr n ' 

(11 ) 
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~. The dispersion an<! pol"artzatlon effects contained in the 

function u~X . O)(e). ghen by Ig). account for the finite-density effects 

in the wave absorption. For silllPlicity, let us fh'st consider 'luasi-per­

pendicular propagation . Le .• angl es of propagation such that sin~s >" 
4n2 [1- (wp/r....c)21 2 cos 2e. for which (9), to lowes t signifi cant order in 
cos 2s . yields 

uIX)( B)s [N(X))2n-3[1~ (!IIp/wc)l ]2 _ (X)( ,. ") 
n 1 nln2 -1- ,w/wc)21 Iln "2"' (l2) 

with NiX) "! N(X)(Balr!2) following from (8) . while 

IJ~O)(O) (n-I)2(tt10)rn+loos 20. (13) 

Frofll (12) it ~ppears that for the fast X-mode. i.e .• forw~ < n(n-I)w~ , 

the term withln the squ~re brackets. whi ch accounts for polarization ef­

fe~t~. increa~es Wi~h density, in contrast to the factor (N,X))2n-3, con­
talOlng the dlsperslOn effects. which decreases as the density increases. 
Thus. for the fast X-mode and quasi-perpendi cular propagation. dispersion 

and polariution effects. as a function of density, intrO(Juce opposite 

tendencies (note thllt for the slow X-mode. i.e .• for (n2 _ l)w2 < w2 < 

n(n+ Il!l.l~' polarization and dispersion both decrease u(X)(6 _ ~/2) ~s den-, 
sity increases). For densities s ucn that ..-2« n(n -l)w2 Eq. (12) yields 

(XI ,,' 
Iln (8~./2)sl-cn(wp/wc)2. with cn!ll (n-"¥2-Z/n)/(n2 -1) . the contribu-

tion n -lJ.! account ing for dis!ler~ion and -Z/o for pol arization. For the 

second haTlDOnic, cz--1k. polarization prevailing with respect to disper­

sion, and, hence. U~X)(B.I/2»1 and increasing with density. On the 

contrary. cn>o, for the harTlOnics n! 3. dispersion dOllinatin9 over 1'0_ 

iarizatiOfl so that u~X)(5. 1112) < I ilnd decreasing with density. Thus, for 

propagation close to perpendlculilr the absorption of the second harmonic 

(fast) X-mode is larger than obtained by IIsing u~X) s 1 as valid in the 

tenuous-plasma lilnit. while for the harmonics n!3 the opposite is true. 

On the other hand, for qu~sl-para'lel propagation . i.e .• for sin~O« 

4n2 /1_ {wp/r....c)2]2cos2 e. one has. to lowest order In Sin B. 

( 14) (X) "(X) J"'3 [ (" '" 19"~' (I \In (0) a III (0 « 1) • I-~J ill u/ (e-O). 

)J~X)(e_ 0) < r being a decreasing function of density for all the harmon­

ics n!Z . In this. limit f inite-density effects enter the wa~e ab~rption 

via dispersion only. which tends to reduce absorption with respect to an 

extrapolation of the tel'\uouS-plasllla limit II~X) _ 1. The case of the (fast) 

X-mode for ~rbitrllry angles of propagation has been investigated numeri­

cally [51 and u~X)(e) is shown in Fig. 1 as a function of B with ('" /w )l p , 
as a parameter. It'appears thac ,,1X){8) is larger than its value in the 

tenl.lOus-plasma I illlit (dashed curve of Fig. I) for a range of angles around 

glf', whi~h is t he wider the sllllll1er (!IIp/wcI2 is. The dependence. on 

(!IIp/Wc )2, of the IIbsorption c~fficient of the X-lIIOde for perpendicular 

propagation is shown in Fig. Z for n _ 2; 3. In the absorption of the 0-

mode finite-density effects ~ re -ostly due to dispers ion (cf .• e.g .• ( 13) 

for quasi-oerpendicular propa9ation). Hence. in gene,·al. the absorption 

is slMIl ler than what would follow frOlJl extrapolating the tenuous-plasftla 

limit . the only elception occurring for the second harmonic at small an­

gles of propagation where absorpti on is wellk [5 1. Of course. tile results 

obtained here agree with those found numerically [3 , ~ . 5 1. 
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ABSTRACT EeRH experiments at the second harmonic show 

~nting when the cyc l otron resonance Is on the outer 

flux surfaces. Above a critical power level this induces 

continuous m-I actiYity in the hcnting zone . The local 

heat conduction coaf fieieat is close to the I N'I'OR value and 

the parallel heat conduction may be anomalous . Attempts, to 

detect a wave driven current using. a variable anGled antenna 

( 1500) indicutes that the current is less th an 3i\/kW in the 

p lnsmas used in those investig~tions . 

lNTRODUCTION The r cnonance ZOD~ width for ECRH \~ 

erally muc h less than the plasma radius and loc~lised 
n • • 1,S ~ 1011 m- J 

P,1 . SO~W 
0.2 ems 

gen-

heat -

inG' is possible in an optically thick plasma, when the dir_ 

ectionality of the i nj ec tetl radiation is controlled. This 

is importan t tor current protile and instability control a nd 

heat co nduction studies. Even in an optically th in plasm~. 

when one mllst take accoullt of reflections thero! is a ge;o­

metrical etfact( 1 ] Which permits strong l ocal maxima in the 

heating profile thus allowing such investigations in small 

toknrnaks. Theory(2] also indicates th~t cyclotron waves 

should be s uitable tor generating a current i t the absorption 

is predominantly on one side of the resonance which is pos­

sible tor the X-mode in a smalltokamak at sufficiently high 

temperat ures with the waves launChed preferent ially in one 

t1irec tion. 

LOCAL HEATING EXPERIMENTS The sof t X-ray emission obser-

ved ve rti ca lly from a seve n chanJlcl diode array indicates 

that st rong loc~l henting occurs close to the cyclotron r es­

onance both Ilbove and below the X-mode cut_off provided the 

resonance is o n the outside of the magnetic surfaces. ·The 

emi ss ion assocl~ted with four di f ferent radii during the 

heating pulse is s hown in Fig.l. The Signal saturates iu some 

50)lS a nd fallS with a similar time constant. In the hi gh 

temperature zone continuous f luctuations in the region of 

50kHz are produced provided the input power is above some 

threshold dependent on the initial value of q. These 

fluctuations appear to be continuous mm l act i vity associated 

with locnl heating and cu rren t concentr ation producing a 

small region with q<l. These discharges have qa~7 and befor e 

heating q(O) ~ 2. The Dew magnetic axis is thus close to 

the heating zone. Evidently the transport processes in this 

casc do not permit sawtooth activity. The . width of the 

heating zone is typically 20mm at a particular toroidal 

field. It the toroidal field is varied then heating is 

detected at a particular radius if the resonance zone moves 

approximat.ely 30mm, - Fig.2. The existence of two sustained 

temperature maxima and the absence of a peak on t he opposite 

side ot the magnetic surface indicates the 2-D nature of the 

heat conduction process in the tokamak. We have used a 20 

anisotropic heat conduction a nd field diffus ion code with a 

local heating source to simulate this behaviour. Tne experi_ 

mental resul ts can be rcpr~duced by re~ucinE the parallel 
heat conduction hy 100 x as Shown in Fig.3. 
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Fig.J 1cmperatUI" and CUI'l"tInt 
pl'OfilB Qt//J()Cwtcd with anomalous 
paroUa"l heat aonduotion . 

From the heating and decay times and t.he width of the 
heating zone we obtain a loc~l average heat conduction co­

efficient of 0.5 m
2
s-

1 
in the hot core of the plasma Which 

is about Six times smaller than the average INTOR value. An 

alternative explanation 10T the failure ot the temperature 

to be uniform 011 a magnetic surface is that the ECRH pro­

duces perpendicular runal\·ay and elect rons wi th onergies 

Of ~ 3keV become trapped with large banana orbi ts of width 

"'1-2cm, which is·in accord with the obsol'ved ~bsonce ot 

local heating on the high f ield Side of t h·o plasma. No 

evidence for this non-thermal perpendicular electro n dis­

tribution has however been obtained. 

CURRENT DRIVE EXPERIMENTS Theoretical ray tracing and 

absorption calculations for tbe X-motlo in TOSCA at a central 

density of 4.5x l 0 18m- 3 and temperaturos of ~ indicate 

that a net c ur r en t of some 30A/k\V s hould be producetl. The 

calculations suggest t.hat the opl imwn anglo of injcction is 

less than 1<1
0 

and that al though the sinG'le pnss ~lJsorplion 
can be quite high (80$) the local CurTcnt produced on on~ 

Side of the re·sonan t layer is approximately cancelled by 

that on the opposite side of the layer. This should pro_ 

duce a substantial change in the current profile and is 

likely to excite mode activity. The dirocted antenna in 

the experiments produces its power in two lobes (normally 

at 120
0

), at +8
0 

and +48
0 

and can be rotated so that one 
lobe should be efticient for cur rent dTive. 

Typical discharge wave forms for s uc h an exper iment aTe 

shown in Fig.4. The heating is not as e fUcie nt as tor the 
usual :!: 20

0 antenna and in I"-I! 

! gcneral the soft X-ray emis­

sion is not fully sustained 

th r oughout the heating pulse . 

In both directions, the plasma 

cu:rent increases by typically 

10% associa,ted wi th t he de-

crease in inductance, and res­

istance but t here is n difter-

ence in thp. two directions of 

up to 300 rumps for 100 kW 

input. As with the perpend-

i cu lar antennae the high 

power ECRH does not produc~ 
r.un_aIYay discharges. 

CONCLUSION'S The local 

heating on the outer nux 

surfaces may be associated 

~ith anomalous parallel heat 

conduction or wi~h the pres-

ence of perpendicular electron 

", " 00 0• 
t:o.l0 

• 

, 
l. 
:1 

)\ •• L_"e,:;,=i, ;;;;~:;i-L~, 

'"':tr-:J\'" .. 
':". ~ "l . 
l~c"'0~ i!.. 

::.~!~ . 
·~I'" ..!'!."l&£;L .~ 

-------: 
• 1 I!" 

~"--L£l~ ""-" .'., runaway leading to a build up __ 

trapped elcctrons. The efficiency 

t or current drive In these ex-

pcriments appears to be low , Fig. ~ /XflCha.1'01l P,J().v"formo for 
/l diNlctcd antenna. 

possibly because the single pass absorption is low. 
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OBSERVATION OF CURRENTS DRIVEN BY RF WAVES AT 

TIlE ELECTRON CYCLOTRON RESONANCE IN THE CULlfAti LEVITRON 
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~ An observation of current generated by RF waves 

at t he electron cyclotron resonance is reported. The current 

is found to flow in opposite directions on opposite sides 

of the non- Doppler shifted resonance position confirming 

that the current is driven by asyrmnetric heatlrtg of the 

electron distribution funct.ion by Doppler shif~ed waves. 

Scaling measurements Show that the cu r rent (~30mA/W) is 

directly propo~·tiOllal to both the microwave power and 

electron temperature and inversely proportional to the 
density. 

INTliODUCTION During the last ~ew years there has been 

growing interest in the possibility of driv.!.ng the plasrr,a 

current iu a tokamllk reactor continuously usinK RF waves. 
In 1980 Fisch and 3002er[1] proposed a scheme Which reli3S 

on creating an asynmctric pl asma resistivity. In this Gcheme 

an elcctron cyc lotron wave, for example, is used to increase 

the perpendiculllr e nergy of resonant electrons moving in I"l 

pllrticular direction alor,g the magnetiC' field lines. The 
reduced collisionality of these electrons leads to an 

asymmetry oC the electron distribution function which mani­

fests itsel f as a current. The present experiments were 

designed to search for s uch a current. 

EXPBRIMENTAL ~IETHOD AND RESULTS The expel'iments were 

carried out us ing tho Cul~wm Levitron which is an axisym­

metriC toroida l system with a levit.ated superconducting rin3 
at major rlldiU8 30cm and minor radius 4.5 cm[2]. The ring 

current was 120kA and t he current through tho ce ntre column 

providing the toroidal ficld was 65kA. The helium plasma wns 
product!d by ECRU using a 10GHz microwave sour-::e. Power levelS 

of up to l:!pwlltts were used to form plll.smas with t emperature 
11 < 3_'." (Te) and densities (ne) I n the range lxlO <; ne .... 

and 3eV<;Te <18eV. For each set of conditions the profiles oC 

Te and ne were measured using a swept double probe. The 
microwave power was 100$ square wave modulated at 2.S8~lz 

and the total oscillating current flowing i n the plasma 

was detected through the vol tage induced in a .... 0 tUr n coil 

wh iCh looped the plasma i n the poloidal direction. The coi l 

siBnal was recorded digitally as was the signal from the 
microwave power monitor. Tbe 2.88KHz component of each Signal 

was then extracted by Fourier analysis. The observed coil 

signal consisted of a component due to the current flowing 
paralle l to the field and a component arisinB from the 

modulation of the pe rpendicular diamagnetic current due to 

modulation of Te and no' The diamagnetic component ( .... 15'.{, of 
the parallel cu rront) was el1min&.ted by n,aking measurements 

wi th 'nOI';nal' and 'roversed' toro idal 1.ields and avcragi.ng 

the · r esults. Typical signa.ls from the coil are displayed in 

the inset of Flg.1 showing that the cu rrent rises in about 

l5Vs afte r the microwllve power onset . This fast rise shows 
that the curt·ent is not carried by runaway e l ect r ons and is 

consistent with the skin-time of the plasma. The upper and 

lower coil signals show the reversal 01 tbe current when the 
pololdal direction of the microwave input power is revers~d. 

Note that the principal field is the poloidal field in the 

Levitron. 

.. 

OISfNlC( ~_ IUI'IG ""') 

Fig,l G\trzollnt v, zoolle prob, poeition 
The inset" ehot.nl tho coil oig>lCll for 
microwvo inpllt above Cl/Id. blll.olJ the zoi,,!] . 

! 
.lM ,,,, -..TOt ................. ' .... 

.. 

Fig.2 Cla-ZOOllt VOZOBIID 

micl'Olnllo poLIBzo. 
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The radial position of the ·currcnt WIlS located using a float ­

ing probe which intercepted 3mra of th e plasmll in minor ra"ius 

and 5cm in the toroidal direction and which served t o inhibit 

tbe current. (The probe adjusts its floating potential to draw 

an essentially randomly directed current from the background 

plasma to cancel the intercepted wllve driven current ) . Figure 

1 shows the 2.88KHz component of the coil signal as a function 

of the probe position in minor radius. Thc e lectron cyclotron 
resouance is 1.65cm from the ring. The data arc averaged 

over 'normal' and 'reversed ' toroidal field conditions. As 

the probe moves inwards the currcnt i s unaffected until the 

rcsonance region is approache d. ~t 2.1cm the net c urre nt 

hegins to fall and reverses sign until thc respnance is 

reached. At this point the net current swings pos i tive a"ain 

RS th~ probe moves closer to the rint:. Al thour.:h the pI'obe 
produces Il large perturbation of lie and Te as it PIl!;S(!S 
through the resonance r~gion the rcsul ts in Fi!;.1 cll!arly 

dcmonstrate that the curr ent fl ows close to the electron 

cyclotron resonan ce and in opposite dlrectiolls on e ither 

side of it. This behaviour is precise l y thllt pr edicted by 

the current drive scheme based on uSYJrllnelric heating by Il 

Doppler shifted w:.;.vo[3]. 

The currcnt was found to vary. linearly with microwave 

power as shown in FiC.2. Indnctive correction:> for plasma­

skin-time eff ects of typi ca lly 4'.{, and 30$ were madc tor the 
2.88KHz and a.64KHz data respectively. For theSC experi_ 

ments a target plasmll was formed usi ng 63wattli of unmod­

ulated 10GlIz microwave power In ordcr to mllintllin T (7.5eV) 
11 :l e 

and ne (2.9x10 cm-) constant as the modulated powe r \Vas 
increased. The solid line is at least s quares fit giving 

a current drive efficiency of 30mhlwatt. 

In Pig.3 the current per un.it power times ne is plotted 
asainst Te. The observed linear depende nclJ of the current 

per unit power on the rat-io Telno is \llllver 6all~' prcdic led 
by wave driven current theory provided the cC £ectl.vc wave 

phase velocj ty (vo ) normalised to the electron thel·Ir.:!..l 
Velocity (ve ) is constant. There Is some ev iden ce from 

nutnc l'ical stull~es of the direct 

absorption of e lect Ton cyclotron 

wavcs thnt this is indeed the 

case and that v Iv is close to 
unity[4]. Howev~r ~ni~~al 
calculations suggest that direct 

ECRH by the Extraordillllry wave 
is insufficient to explain tbe 

mllgnitude of the observed 

current. A more probable 
explanation is that the Extra­

ordinary wa\'e is first con .... erted, 

at the upper hybrid resonan ce , 

to Il Bernstein plasma wave whiCh 

u 
• I .U . • ~< ~ .. ,nou 

"/"'~.~"~' ./ 
+~ . 

• 
o.5l/:!~ 

. " 
T.I.V) 

~'ig, J Currcnt per unit 
poIo/ezo tinms dClluity VCI'sua 
electrol1 tcml'crat"Urc. 

t.hen propagates to, and is Ilbsorb0d at, tlw e l ectron cyclo­
trOll resonance. 

~ We have observed currents of n f\,lW te ll S of milli­
amps per watt which are driven by the absori,t1oll of Ill-' 

waves Ilt the electron cyc l o t ron l·e~OnD.llce. 1'be dil·cction 

of the current was found to revel·se on r ev!:!)"s:!.l o C the 
mtcrowllve propasation dlrect1.oll. 'l'he curl'~nts 0:1 opposite 

sides of the resonance were found to flow in opposite 

directions consistent witli the current being dl'lven by 

aCYrmletric heating of the electrons hy D~pplcr shifte d 
waves. The currcnt varle!:l linearly both with microwave power 

and Te/ne' The latter result Ilgr!:!es with the general pl·C­
diction of wave-driven current thcory tor constant Tatlo of 

wave phase velocity to electron thermal \'elocit y. 
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STBADY:'SUTE CURRENT GEIfERATIOlI BY CYCLOTRON 

;~AVES IN A TOKA1.lAY. 

V. V.Parail, O.V . Pcrl!verzev 

I.V.Kurcbat ov Inntitute of Atcmic EnerGY, 
Moscow , USSR 

An idea of gcmcl'Qting Il steady-state cUr;I.'ent by cyclo­

tron waVCB MO been ousg8sted in papers /1. 2/. It ls 
knolm that thCSi! wuve il practicllll4" have no longitudinal 
J:lornentWII and they directly increase only the trnnsverllc 
energy of resonance partiole~ . One cnn understand qualita­
tively the principle of generating the longitudinal cur­
rent in the pr oceOB on a baais of the followinS conside­
rations . AasWlIe that the cyclotron waves increau8 the tran­

Gverac energy of all resonance particles with "I z > 0 (for 
clarity ·we shall speak about the h eating of electrons). 
The frequency of electron- ion collisions ;).i drops ea 
~( .. cc: V"-~ 'rhua aftel' heating electrons with Vz >0 collide 
with iono more seldom than electrons with Vz < 0, ~.e . s 
non-compen~ted longitudinal momentum and , corresr~ndin8l7, 

a longitudinal current emerge. 
First , let's consider n steady- state electron current 

s;en~rat'ion by the t l cctron- cyclotron waves- (EC -WlLV~), Assu­
me that Vie have excited the electron- cyclotron oscillations 
which interact with electrono ill El range of velocitie::J 

VO ~ V; ~ C! in pla3ma. 'rhe kinetic equation for 
elect r ons can be Vlritten in the following Y/8.y: 

Y = St" (/) + St" fI) + : !v; (1{P('If,)%.) 
~here l ~ , 

(
Po 

p {1J.) = 0 
at 
at 

(1) 

1101'1 ~je aunlyze the most intercflting cass wbeo. v;,» Vr~ 

ns i t follows from the paper /1/, the current density CM 
bc oxpreslled in the following way : j ocP(Vo/'Z{yt. where 
P is the specific BC-wave power. First o:f all, note thllt 

the ope~-tors Stu (I) o.nd St~Jf) drop proportio-

nally tu 'll-3 with Il rillc in if , ~jl" qUll(li - linear 
operator dropo proportionally to U -2

• If we didn ' t \~ant 
to have a considerable amount of clectrons with higb ve­
locities in the device, VIe should choose the EC -I'lflVe po­
VIer and a velocity ~ so thllt the electron distribution 
function in a. ro.nge 2/- ifc would be quite 0. fJaxwel l1an 
one . Let's consider this condition to be met. Then, a so­
lution of the kinetic equation call be found BSl 

.ft=t(U)(ittp(V')c()~&) where cp(U) is a omall 
correction. We aWlsti tute .ft into (1) and take 
the integral over (1 ~,ith a weight C()~B • After a. 
lin~nl'izatioll (we solve a kinetic equation for electron 
with V-»v-..~ ) wC! obtain 

"n,e'W~.l1'" J ~J"'A.:!!Ji("t. <f' +!!) J(/I,~JH_ 
3fIf'lI,: at Zl'Iavl' ~z;u3 H av-JJ 

_n,e-''Iv~fJ+l}<f+ rrfiv12 [,,'(i_Il,,'I'i£,.j {2l 
2'-~ i'; v-J (.l , .t'V'J 8v- 1.J1/ 9v 

"- _ 3n7~ Tt 3/2 

lIere (.;e - -r&efZ.-n,,61A. ' Zi is the effective 
charGe of iuns, Solving the differential, equation ob'tained 
one finds; ~ 

(! Po '1:, 2.. r '/("Z,) Lr."'I_,,-'f,PlN 
YJ{v)- 'll2(ili' .. -) + ffl"U,-e 'lJi(/·~a )irt(V) 'aut'!' iPJ"iv), () 

The solutiun (J) :Ihould be joiK'ed to the solution for le 
in a rang~ of therunl velocities. One can consider, a.s 
,usually, thet in a ranc>:! where V' ~ V,e 

le -;:::. t (j ... -;rf!CI:I~f)) , where U is 
the curr~nt vel':icity wilich iu found from the law of con­
sC!l"'{ation of momentum , '1'he analyeis ehows that, when an 

1.lu:qual"ity i s met Cl;~/Urt/ > i + i:<. ' the current 
is no longer dependent on zr. and can be found from 

] =IOOU w R f1~ 
where the GUl'rent ill !;ivon in kA Te - in keV, R - in M, 
ne" in lO1Jem-J , P " in K#, 

ThuB, the main difference between (4) and the r ela­
tionships ubtained previously . ~ . g . fo r the current ge ­
nerated by lowe-r., hybrid. 1'/8.V~8 , ~,3 an absence of the depen­

dence I on 'l{, in C(1S0 of the current generat ion 
by EC-wave. This difference can t<e qualitatively undel'­
stood from the following cOlle1derations (see, Fig. 1 ).A t 
Q low power deposition , the distribut ion fUnction slight­
ly differs from a Ma.xwellian one in the region of RP in­

terntion. Therefor e, on17 an exponentially Small portion 
of electrons with the velocities ~2 ~ lJ'2 ~ 1.7,/ + zr,.! 
makes the main contribution into the current. The current 
i s generated due to a collisional diffusion of' particles 
into the hatched region 1.n Fig. 1 where V-~ v,;. This 41f­
fusion should be compensat ed by a departure of particles 
tram the region under di .oussion due to quasi-linear dif­
fus ion induced by the waves. From thi s an estimation fol­
lows: Yi!,I DC P (LJV) 2 

, where LJ2T is a velocity 
1ntel~al neceBsa~ for electrons to leave the region where 
the current is generated. At the EC -wave hes.t1n8 ll'l/"" v.;at 
10w8r. hybrid heat1n8 4V" ""tTn . Therefore , fUt/Ice or; 

cc (~/V·re)1.. • There would be ,no difference if a strong 
distortion ~ took place in the region of interao­
t ion ' Iith the waves. But in difference from the lo."er, hyb_ 
rid waves, an interaction betwt/en the resunance suRol-ther­
mal el~ctrons and the eleotron-cyol otron waves does not 
result in a r easonable steady-state distribution in velo­
citi~s: electrons are accelerated up to the relativis-
tic energies and that naturolly, cannot be allowed in a 

tokamak-reaetor. 
Let's diocUBS now the problem of generation n steady­

state current by the ion-cyclotron waves. The collisions 
between minority species ions which generate the current 
and the background majority ions , according to a law 
J.

i 
QC 'll-J • as well as those between the minority opecies 

and tllectrons, in accordanc e wit h n law )l~<,~ const, are 
the reaoon of the ma1n difference between this approach 
and the previous one rel:ated to the EC - waves. The ion­
electron collisions independent of the ion velocity 
allo'ls a tlllJl.eJl&.xJrellio.n distribution fUnction of the re­
sonance ions which, in its turn, is concluded by a re­
lstionship 1 oc: (V., / tT,.) 2 , One can expect that 
ths use of ion- cyclotron waves for generating the cur­
rent by the mi!.Lorit,y spec1es will result in a (v;,IVr.-).t 
_ fold increase in efficiency (i . e. in the ratio I/?), 
uo irom (1) it follows thBt the ourrent does not depend 
on the mass uf a current carrier in case of the heating 
by EC _waves . The maximum value of ~~ can be found 
from the following condit10ns : at 7f =: t'o the fre ­
quency of collisions between the minority species ions 
and the majority ions is equal to the frequency of colli­
siolls between the minol'ity species iOllS o.nd electrons , 

"/ '( )NJ { h > If.'' hence (U., 2rri) ~ /1/m w en V~ 11 

the electron collisions will be the main unes; as 
a reeult, nu current generation occuro), 
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TOR:lIDM. CUP.JU:N'l' DRIVE BY HEl.ICAL SLOW W"'VE STRUC'nlRE 

S . Tak ...... r •• T. Iloj1aa .... do T. Okuda 

Oe~t.IInt of Electrical En'.lineerin" • F .. culty of &n"ineerin'.l. 

Ha<jOya Univenity. Na<jOya 464. J .. pan 

The current '.Ieneration by the lDDIIIent"", at w .. ves h .... belln con"ider ad 

to .llow toklUl&k" to run in the steady state. Lower hybrid w.lVe l are 

&bIll to tranlf.r th.ir .-.entlD to ne .. rly collisionle"" electron. SO 

that the power dladpation .... y bft m.inimiz"d. Th" "xperi_ntal verit1ca­

tion oe curr ent '.Ieneration by lower hybrid w"ves has been trilld in 

various dllviC1l • . In the pruent I tudy ... as elDPloyed a well-behaved slow 

Wave antenna which allowed the toroidal plas .. " current to be driven in 

a quui-tokaJllllk machine!ll. 

Tho phand rin9 array hao been employed in order to ellcite trllvel­

Un9 lower hybrid waves in smsl! devic"s. whil" the phllSed wave9lllda 

.rray will be IIIOre re.listic in large tokama!< machines. In thi,. work 

heHcal " low Wllve Itructure hilI been employed as a slow weve antenna. 

The 9_trical I tructure det"nlline~ th" lon9itudinlll phne velocity 

which la '.liven by the followinq fOrlllula without plas .. " loadin9. vph _ 

pc/(21fll). where 11 and p are the radiu" and the pitch of the heUx. 

reepectively ..... d c la the li9ht speedl21 . When the plas .... la lo;oded. 

tha lonsitudinal rewrdlltion incnllses " lightly. It" increlM!llt. up to 

10 \. WII " found to be proportional to the nOrBalized "lectron density. 

talpa 
2

/tal
2 

... here blpe la tho electron p i llS_ frequency. The n .... ric.l 

analysi. on this 10lld.in9 effect ... ill be report" d e l ...... here. Trevellin9 

lower hybrid wav.,. were confir-d "":pera.entally to be IIxcit';d ... ith the 

he U c al anteMa wound around a <llass vacuUllO chll/llber in a linear te"t 

davice. 

The elCperiaoental 

appllntus for th<> toroidal 

current senorlltion il a 

shlple toroidal ..... chine with 

a vortical field winding 

IInd IIn air COre tran!tOl>Our 

(c.sm-II. It,. top view 18 

Shown in l'i9. 1. Th. "'"jor 

and ... i nor radii are R _ 3D 

c:m and a .- 3.5 cm. 

"' 

cUpflctively. Helical IIntennll. with two different lon9itudinlll 

... avelenqths are wound around a 91""S vacuUIII chatllber{ .\11- 1.4 and 1. 9 

.,.) over e .. ch qullrter of toroidal clrCUlllferenc". The lon9itudinal 

ph ... velocity i ~ 2.4 or 3.3 tu.e" "" lar"e as the elllctron thet"lllal 

velocity. UT /. )1/2. The frequency is 289 KKz so that taJ/1ol and w/( 
. l/2oe UI 
blcelolCi ) ... y be . uch IIIrger than unity. The toroidal _ognetic fiald 

.... lIche . up to 2 kG. The pbsaa WaS prorluc"<l by the r. f. _er fed to 

the heliCal Munnll. Tha ..... i_ available power la 35 kW lit a pulse 

leqth of 300 IJ •• The electron temperature obtained i. II round 10 eV. 

whila the peak e lectron denlity is uound 3 x lOll <:11- 3 . They lira 

_uured with a Langlnulr p r obe. The U .... evolutions of the loop voltase. 

the toroldll plaSlll.ll currenr. the r.t. incident and reflectlld _er. the 

o l ectron satur ation current. the viaible light emis"ion. the .. II'.I,,,.tiC 

probe signals .re ahawn in Fiq. 2. The loop voltage app<!ar ed at the 

mo .... nt s ot th" ri.e and the fall of the plasma current baCIlU •• o f tho 

e loctrolllOtlve torce duo to the mll<p1otic flux Change. The pl ...... a current 

of 10 ... was det"ct"d with Roqo .... kii coil. 

The selt-inductance of toroidal phsma column is '.liven by. L _ 

1J0R{ln (BR/II) + li - 2). where li is the intern'III put ot the .elt~ 
induCtMCfI which depend. on the current distribution. It la a n """,d to 

be uniton (ll - 0.5). Th" time HehcalAnlenna;.\o.1.9cm 

cSerlvativ" o r the currant 10 "'/301." 

qive. the loop volt"qe of 0.31 V. 

which aqrea" rol)'Jhly with the 

expert .... ntd ob.ervlltion. 0.1'" 0.2 

,. 
It .hould be noted th .. t the 

direction of the electron flow la 

Fiq.3. wavefo ..... of plll.ma 
curren t and loop voltllqo whon 
the direction of propaqlltion 
was reversed. B

t 
- 1. 3 kG. 

'001 -, ~ V_ 

~I ~ I. 
~~I ~ P. 

, , P. 
•• 
~ No 

~VblbleLl"''''' 

--y----L ~ItPl"Obe M_ 
,~, "" 
o 500 ~. 

Fi9 · 2 Di.chllrge p!~ .... "ters . Ar 

~~:::~~e is 6 x 10 torr. Bt -
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tha ..... " a s that of the propasation of trllv.llin9 I_er hybrid ... aves 

Md is independent of the direction of the toroldd ~qnetic Held. 

When the direction of Propa9 .. tion wu reversed by ChMqinq the . feed 

point of helical antenna. the direction of the current WII al.o 

reversed as shown in Fi9. 3. 

Fiqure 2 shows th .. t the .ign. of the .1I'Jlletic probe aiognah are 

difforent for the inner Md the outar preba •. Peloid"l field in a 

plal",a due t o the driven current was alao ex .... ined by s weepinq tho 

.. agnetic probe across the plas"", collSm. It 8haJed that the current 

cente r il shifted inside with re.pect to the center of the chamber . 

II/"Id lXIincides with the position of the !I\IIlIUlUJII of the elect ron dcn lity. 

It soould be emphasized that the lower hybrid Wllve drtVOB the plaslba 

curront not at the plas, ... surface b,!t inlide tha pills .... in the present 

e xperiJllent. 

The above r:esults have been obt .. ine d ... ith allch helical antennll. 

Thero ill alno.t no difference between the Ihorter wllvo ienqtn antenna 

Md the lonq.r one with respect to the mllgnitudo of the driven current. 

... hile thll quallli-linear effett la expected to '.live lIIrqe difference if 

both antennas produce the same pllls"lI . . In IIddition. eve~ if both 

antenna. arC excited s!aoultaneous ly. the driven current was found to 

be ne .. rly the s ...... as in the ca.e of the lin918 antenna under the 

candition of the 5 ...... input power . 

The power dependence on t he drivan current w .. s 11110 ou ... ined. -noe 

driven curren t 

increasel 

9radually as the 

input power 

increases . These 

llbo"e ob!lervations 

non-resonant 

current driv" 

the collisional 

contribution) 

doIIIlnlltes over 

the reso nant 

A 
.. 20 

I 

"" 
..... '. ..... 

• • ••••• ;0 .... •• ... ·U ·· .' . . ' . 
• •••• • • •• ••• '''J.I\·~~ .... ·.· .·.:·: 

J .... I :· .... ~; .... ' 
.' : t.' . ... . ' .. ... 10 

&-r~~W7~--~O~ •• ~.7.~--~~G 
-10 _~rd .... :.,:. :.:... . . .•... . """",rd 

.' 

. " .. '. .......... 1~iiii~~i[ .cw cw cw. 
-10 a:N CW CW erN. 

• . " . U 

wave-particle Fiq. ~ Driven curront a. a function ot the vertlcal 

inuraction (the IMqne tic Held. 

qUllsi-linear effect). 

Figure ~ shows tha influence ot the vertic.l "aqnetl.c field on the 

d riven current. It has been repocted thllt the r e.onMt elec~. can 

be confined for longer t~ by cMcellin9 the toroidlll drift with the 

vertiCil! .. a<p1etic fiel d Ill ..... sh<*" in the fI<Jllr8 the enhance.ent of 

the driven current was observed in • .,. c ...... _ever. tha opU .. u • 

_qnetic field does not alway. corn_pond.1 to the value pridicted by 

~th'e toroidal drift of reaonant el"ctrone ( "" 1 GIIUSS ). "'erefore w" 

cannot'say that the resOIIMt wllve-particle inter .. ction 1. cho lDIIin 

..ochanis. of th" current qenerlltion IIlthou9h thll torol.dlll .IIqneUc 

Held ripple is great in the pre"ent caae. 

Fin .. lly the superpclition of tha r.f . and the ohm.!c electrOOlOt i ve 

force MS been examinlld. Th .... dditiv" property waS denoon . trated clearly 

becaUI .. of the resistive pllls..a. whil e other oxporimontl in hi"h 

t .. mpera ture plaslbas show th .. volta9" tlrop Md th .. constancy ot the 

pl .. s .. a current rather than the current increllse. 

In conclusion the torold .. l current gencrlltion WIIS observed in .. 

limple toroidal machine by excitin9 travellin9 lower hybrid W'!lYel 

... ith helic .. l slow wave structures. 'I'tlll ob.ervod current may be due to 

the non-resonant: W<lve particle infe raction. The 9'!IIerated "urrant i. 

not localized at the plas"lI Hurta.,. .... bulk curre nt .... 1 obtllined. Th .. 

ud.v • .., """comt WiUj opti .. ized 1n ...,..., CII'a' by IIpply1n9 the vertic .. l 

.... 'JII"tic field. but its .... chMi"", la not clear. Th. luperpolition of 

the currents driven by the ohmic !iald antl the r.t. power 11 ob.erved. 

The current drive d .... to the r eaonMt ..... ve-particl . inte raction .ay be 

expected to dominate the c:oll iaional ona if the elactron density and 

its temperature increa.e. 

The present work was supported by the Ministry of Educlltion. 

Science and Culture. 9rant in IIid for e".rgy rasoarch (fusion). No. 

504020. 
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OPT IMIZATION OF NEGATIVE ION BEAM ACCELERATION SYSTEM 

CONSIDF,RING INTERACT I ON WITS RESIDUAL GAS 

::iveshnikov A. G. , Yakunin S .A. , tioSCQW State University , USSR 

3c!ll1!shko !J.}!. , Kul;ygin V.M.,IllStitute ot Atomic Energy , USSR. 

Inje ction of tIle fnst atom beams as !!. method ot energy 

~eposition into plasma has recived general recognition at 

the present til".e . The injector s are em'l.saged in the majo­

ritJ of big fusion facilities under deGign. The schemes of 

fast atoms ~neration in these facilities can be different 

dependent , e.g . , on the required energy of particles . In 

p~ticul~ . it one needs to ohr.a1n a beam of atoms with 

the energies greater thrm 160 - 200 keV the mos t effe ctive 

scheme O~ the injector will be that which envisages the 

production of nB53tive ion beam and its additional accele­

r3tion up to the nece~sary energy with the subsequent tar­

~t otrippiDG . 

This paper deals with the mathecatical method of op­

timizing an additional acceleration system, one of the pos­

sible parts of such injector. Initial assumptions for opti­

mization are the limi t1'ltions on tbe angle of beam di vcrge­

ns and a uesire to have the best effi ciency of the device 

dependent, among other things, on distribution of trajecto­

ries belonging to the secondary partioles born in colli5i-

ons between fast ions ~d a residual gas. 

In the mathematical approach the optimization problem 

is reo!uced to a senrcll for a mini= of Eio:nc funotion.u 

Fer) = ceF& ... CfiF'E -+ ClFe + d.. S'l (1) 

Here p=(r1)"" p"..) are the pc.rnmetcr!l of the ",dditional acce­

lcrstion system, to;. is a term characterizing an :mgular dis­

tribution of t he oain ion flux at the outlet, Fe is an ave -

r1l.ge enerr,:;y ;':"1ich is Clc quire d by s c condnry partticlcs , F. 

i s a term whicIJ ir..poees some limitac;ions on the physical 

properties of the system, e.g., on the break-down voltage, 

11 i s a regularization functional '.'Thich allows to stabili­

ze the solut ion of the direct probl em. 

Computation of the functional is , in esnence"~a solu-

at the direct problem on the partj"cle~ dJ"namics in a given 

.l';eOliletr~' vlhen the distribution of potentials at the electro­

des iEl mo,m. The ma thematical model of such problem 1s 

known [1J . Ass~£ that <3 ia the region in which the parti­

cle5 move, r is it~ bo~dary . Asuume that 

G = ((",~}:)( £ [0, f.1 , ~~[-el,e.J}, r" r, U r~Url U ~ 

r;"f{)(~lI)€G." x=oj, I~ .. tc"",';j)£G; '<!" lzJ 

f;,"UJ<,'A)>£G." x"e.] , r~~[(J(':1)~G; d =-t~J (2) 

A stationary flux of negative ions with the mass M.charge 

q. 0 , energy Wo and with a g:i. ~D current density d1stribu-
-, 

tion 'J .. ~)iS gi-mH t o the boundary r; . Mter acceleration 

i ODB leave the r e gion 6 acrc.!:!!. the bound.ar;y r;, the elect­

ric potential ~stribution 'P.<-Jis pre8cllt OD the rz } r" 
,;-, {4>t')'ti""4'Ic·<P.'O)'.p,) (3) 
-r. (.11) " " ' 

o q::. (J<), ~=-fJ ,cf>\r..,o:4' .. (c.};;;:cP2 

The charge ~ particles d7namics in a system channel can be 

described by kinetic equationn (0(",0 , 1,2) 

v~f ... +.i;!.EH"'",F.,. h.;,.""'f1..,a, J~=lf ... volv ;;? 11...:;;J) ... 
(4) 

!!erc E is the electric tie Id, ~ ... ,~are the charge and the 

illass of a given sort of particles,~deecrib~J a volume io­

nization [2] . I.et's consider that po!!.it1ve ionsC<=1 a.nd e l e_ 

ctrons 0:.=2 are born in the channel due to ionization of a 

residual gas (derulit;r of atoms tl-", =const« I'V,,) ; negative 

ions d... =0 can d.ecftJ into faBt neutral atoma and electrons . 

Then F.. =-~",n...-oil"v..S(V-v:)) ~"'fo1l'V",h..o£(V») 

F, • 1'. "",.sCV-",; • p, "'. ",'>'c 1) (5) 

An electric field is desoribed by the Poisson equation 

with the boundary conditions (3) 

a..p.",-4Jo- 'totvo E-=-V~ (6) 

Her e , one neglects the spece charge of the secondary par­

ticles . A aet of equetions (2)-(6) is closed , self-consis_ 

tent model which describes the dynamics of a stationar,y 

!lux in a channel of the system of additional accelerati_ 

on at tbe known dimentions of the ragion~, potential 

distribution ~and the current density i. The direct pro­

blem ia solved with an iteration algorithm based on a com­

bination of the stationary method of " large particleB~ and 

a finite difference method for aolving the electric field 

equations. A structure ot the functional has been chosen 

.. M(e;,jf.9/,d" 6'(9)'fUH(9)-9') J, 0'0",-1_"'-
• 0 "J/r:l j 0 V • .) 

F9~C@f (Hp)"'. C~l;i. C"J~ '~ -!J.)} ,c; ... .t;~ + ~2. .J 

~~ ~-;Jf,NiVfr.d?) ~1 = ;'1I,.vx.~;.) 
J-} "Clfj(t)/t; dx + CL2j({:)t. alJ: 

Here, 'J1 • Jz ' J4 are the negative ion fl'Zl:es on to the boun­

daries rt , rz I r'l , correspondentl;r ; Eo le the breakdown 

voltage , CII';'~li are weigt f1l.ctorl9. The funct ional minillIWll 

search has been carried out by the method of conjugated di-

tive ion beam (an optimal solution for a characteristic va­

riant of computation) are given in Fig.1. ~= O.1 UeV, 

cfo'l.. = 111eV,~:: 15cm,:Z"70mA/cm2 . <.= 35.9cm, {'= 1 . 8, 

h..("" 6cm, j1f"' 0.78,6':: 0.5°. ~ .. == 0.08.11';" 

10'<1 ~~g~~ ~ 
"Fig.1 . 

~Ocm )( 

-10 -
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PRODUCTION OF NEGATIVE DEUTERIUM ION I:EAMS 
BY MEANS OF NEGATIVE SURFACE IONIzAUON 

P . Massmann, P . J. v. 80"",,,1, E.H.A. GrallnCman, 
H. J. Hop,..~n, J . Los, F. Siebenlist, J.N.M. v. Wunnik. 

FOM-Institute for Atomic and Molecular Physics 
AmSCI'. rdam, The Netherlands 
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~. We present a co,,"-"pt of ion source in which negative surface 

ionization of deuterium is used a s a tool to produce a 20 keV, 50 IlIA 

" .. -2, 10 B negative ion beam. 1 1'1 this In<!thod deuterons impinge under 

grazing inddence On a low work fun"-tion Burface whe re they are specu­

larly reflected and converted to negative ions. Conversion efficiencies 

up [0 40% have been measure d for siogle particles. 

lNTIWnUCTION. It is commonly believed that neutr~1i6ing O-- i005 will be 

the "",re efficient option for the production of atomic hydrogen bUms 

of ,,"v"~dl 100 keV needed in future fU5ioD expe~i""'nt8. At the .. .""enC 

there are two main approaches to obtain a dense, ('1uasOdc, negative hy­

drogen beam. One method usea the principle of double electron capture 

during interaction of the primary positive beam with an alkali jet Ill; 

in the other method the negative ions are directly extracted from a hy­

drogen discharge burning wi t h a Cs adOlixture, the aurface plasma source 

11]. We present a modification of the latter approach in whh-h the nega­

tively i on;;:;ng sur f ace i. separated from the positive ion source. In 

order to obtsin a dense beam the positive ions are extracted from the 

source plasma before impinging on a low work function surface, where 

they are converted [0 negative ions by negative surface ionization 

(Hopman et al. '11]). The ide~ is that in this way the surface conditions 

can be controlled and optimized better than in the surface plasma sour­

ces where surface and a r c condi tions 3re coupl .. d . The r .. sultR discussed 

in the present pap .. r ar .. based on reflection of hydrogen ions from a 

partially cesiated monocrystalline tilllgsten (110) s ur face . Comp3red to 

the first method of double ""pture our tethnique has the main advantage 

that 00 "irculation o f large amounts of Cs is needed. To test the fea an­

bility o f the proposed concept t"'o ellperimen[s have been s e t up. The 

first experiment, NIOBE (,!!egative !on !l.eam !xperiment) , covers all fun­

damental aspects of the method. In the sec,,:od experiment, DENISE (Pf.nse 

,!i.egative lon ~eam ~urface !><periment), the principle of negative surface 

ionization is applied to develop a prototype O--snurce with the aim to 

obtai" a beam of ;'0 !I\A cm -2. 

TIlE FUNDAMENTAL EXPERIMENT (NIOBE) . EXPERIMENTAL. A schematic of the 

experiment (Los et al. Il l) is sho,"", in Fig. I. The primary beam impinges 

illIder angles 11 ~ 870 frOID normal on a n>:Jnocrystalline tungsten ribbon 

(2xlO ... 2) which is partially cesiated by means of a dispenser (SAES­

ge tters). The angular apread of the primary beam is ~ 1
0

. The ribbon 

and the detection system can be rotated independently about the rib­

bon ' s axis of syumetry . A parallel plate analyzer !lll!3Sures the energy 

dist~ibution of either t ype of reflected ions and can detect H-, HO and 

H+ (or 0- , Do, 0+) s imultaneously with an sngular resolution of 10. To 

Fig. I 

fARADAY CUP 

measure the to-

tal conversion 

efficiency" 

large opening 

Farad3Y cup is 

used. A special 

Farad3Y cup is 

used to measure 

the pril'Jary 

beam fraction 

impinging on 

the .m-fac e . Det"noin .. ti.,n ",f the ... .,rk£uncti.," C"-n be do"e with "­

Kelvin probe or by photo emission measurements. The vac uum during ope­

ration is 10-9 Torr. 

RESULTS . The meas uremen t s 3re done at the minimum of the workfunc.tiun 

[2] which corresponds to about I ..:>nolayer of Cs-coverage. }!ctuurements 

have sho,"", tnat hydrogen is reflected apecularly for sufficiently large 

sngles o f incidence. For primar y be3., energies between 150 eV and 2 kev 

a~d angles is ~ 11 ~ BSo the energy s pread of the [cflected ions "ades 

between U (8 - 85°) and 8 % (6 - 750 ); the angular sp read ranges betwcen 

50 (6 _ 850 ) and 200 (8 _ 150 ) around the speculaI' direction. 

In tbe considered energy range practically a ll particles are reflected 

DB ne utrals or negative ion, . The ..:>st important result is shown in 

Pig. 2, where the negative ionization efficiency is plotted for deute ­

rium as a function of the velocity component Vi normal to the surface. 

The maximum efficiency of nearly 40% occurs a round vl - 4.2xI0
14 ao/~-

2.2xl04 IllS -I which i~ abou t 5 eV in energy terms. Up to 400 eV of pri-

H-20 

mary beam energy the data fall near­

lyon a uniform curve. For low ener­

gies the dependence of the e I'licien­

cy on "1 is in agreemen t with the 

theory developed by Rasser I]], This 

theory predicts an oplim"m distance­

or in othe r tenns an optimum '11 -

from the s urface where the tran~ ition 

probably of the condu~ti"" elcctrons 

to the affinity leve l is maximum. 

Above 400 eV the "bsolute efficiency 

values drop off . This is ,lttdbuted 

to the fact that at these "nergies 

the ion velocity becomes comparable 

to t h" l114"im",!, velodty "f the _ t al 

electrons . This results in an eHec-

tive decrease of the density of sta-

tes of the met'al electro'18 availabl~ to undergo r esonant transition~ tn 

the hydrogen affinity level 14]. 

THE PROTOTYPE NEGATIVE ION SOURCE (DENISEj. F.:}(l'ERI~NT"L. A schemati c 

of the set up is shown in Fig. ] . As a source of pdm3ry positive i"~ ~ 

Fig. 
... ,,, . . . ... . "". <1 .. 1 a single slit . ." " (2xJOO ",_"h -' ~ I ~I ~ bucket sc-"rce . ., 

=---c.:J To obtain 

I I = ~~ 
r,: high current 

El densi ties -, 
U (250 mA Cl't ) , 

'" W/tlll IC, 
. . 

"" the primary 

beam is e~t rac-

" 
._, ted at poten-

tials up to 

20 kV. Tbe "",,,iDIOm pulse length is 10 s. Since the optimum negative con­

version efficieocy is at low energies the beam is subsequcnt ly deoolern­

ted. This causea a divergence which has to pro"ide that the ma .jor fra,,­

tion of the pri1l'~ry beam is impinging under grazing incidence on a "et 

of surfaces placed on either beam side. The negative ions are then a"ce­

le rated to 20 keV . The potentiala on the 3rd and 4th lens have to be op­

timized to cause both a suitable d i vergence and confinement of ~econd3ry 

electrons emerging from the surfaces . Tbe 5th electrode prevents secon­

dary electrons created at the backside o f the 4th electrode from being 

accelerated to 20 kV. As can be Seen from Fig. ], the whole accel-decel ­

accel system has a total length ' of only JO ..... Finally the beRm is t e r­

minated by a collector permitting a 7 channel energy or current profil e 

measurement. Different particlea a re discriminated by a maS3 &pectrome­

ter . The vacuLOl is perfnrmed by 2 refrigerator cryo pumps of 104 1s -1 

each, providing a background pressure of less than 10-B Tort. Spe~i31 at ­

tention is given to the construction of the s urface configuration pcnnit­

till& eaay vadation of tbe following para!tICtera . i) The surfaces can 

easily be deplaced towards' the source of the collector. ii) Various sur­

face configurations &nd materials C3n be used . iii) Cs can be deposited 

on the surfaces during the beam pulse. The. measurements will be ~t"rted 

"'ith 4 W( 11 0) slabs of 100,,5 11m
2 . The ceaiation will be provided by di s ­

pensers (SAES-getters) wieh active length corr esponding to the si it and 

surface lengths of 100 mm. To optimis,> the ion optical system numerical 

ion tnjectory calculations are done using the Herrmannsfeldt cod~ [ 5]. 

First results are published in [1/ . 

CONCLUSION. 1t h,,~ bee" oh""" th .. t D+-D- co"vera i.,,, on ~urfac" ,; i~ po.­
uble with ef!identics up to 40%. The fact that there e"ists an opti"",m 
vl which in e ne rgy terms is only 5 eV for D implies that for obtaining 
high efficiencies it is nece"sary to use 10'" energy particles Or to work 
under grazing indd~nce. From the viewpoint of high current densities 
which scale with v3!2 the latter h"s to be preferred. 
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Ntn.IERICAL MODEL FOR PLASMA HEATIUG B~ NEUTRAL 

INJECTIOJ{ III A HIGH FIELD TOKAMAK WITH 

ADIABATIC COMPRESSION 

V. M. Gribkov, D.H.Morozov, O.P.Pogutse, 
N. V.Chudin 

I . V.Kurchatov Institute c>f Atomic Energy, 
Moscow, USSR 

Abstract. In the paper n numerical model of plasma 

heating by a neutral beam for tokamak with adiabatic 

compresoion is performed with taking into account uni­

form distribution of fast trapped ion energy over the 

banallo · Nidth. 

In the present pnper a numerical study of plaema 

heating by a fast neutral particle beam has been car­

ried out for a toke.ma.k with a comparatively weak toro­

idal current. Similar calculations have been performed 

for high toroidal current systems (see Ref . 1 and its re­

feren~es). In these aystcmo tho banana width of a fast 

trapped ion rcsult i nt; from tUe, primary neutral beam par-

ticle ionization 6, "" ~ fl. is the ion LaI'lllor 

radius, q the Ilufety factor, .£. the inverse aspect 

ratio) is small compared with the system dLmensions. Con­

sequently , one mny approximately consider that the ion 

energy is trancfered to the plasma on the magnetic sur­

face where the ionization event has occured . In the low 

current syotcm,the banana width ia of the order of the 

aylltem dimensions and the contribution of the fast trap­

ped ion OnCrbY 1a consIderably redistributed along the 

rsdiull . To take thio fact into acocunt in the pre ~ent 

pap. r,we aSSUl:le that the energy of the hot trapped ion 

ia distributed uniformly among the magnetic surfaceD cros­

sine; the bB.l"l.al1U . The Wltrapped ions V/ere aOflUlned to tran_ 

afer all their energy to tho plasma on the magnetic sur­

face on which they were born. The calculationn of the 

local ructors of the energy transfer to the plaema ione 

and electrone, the interaction CrOBa sections and the 

charge-exchanGe losses of fas t iono are performed accor­

ding to Ref . l , 

The neutral beam of a finite width A Ri = 10 cm 

and height 2h"'40 cm ia approximated by a act of 18 

thin rays with conoervation of the total current la .. 

.. 1O- 40A. The injector pOlver is equal to 0.51'1.5 MW 

and euch ray conoista of particles with three ener­

giee Eo,.20-40 keV, Eo/2 and Eo/J and relative cut'rents 

0 . 6), 0 . 26 and o . ,,\respectively . The beam impact pnra-

1li .. t.:..1· Rb ,,64-74 cm . 

The beWD density eque.tlon was solved along each 

of the rays S 

~; : Io~n(5)eXp{-~Jn (5') dsJ (1) 

(here: d /'J iu the Ilwnber uf fast ~ons Sboorn in the 

interval d s is the rUlming ra,. coordinate, 

n (s) 10 the plaoma density, ~e is the beam oapture 

cross aection, So i~ the point of ths ray entry into 

the plasma) and analysis of the integrals of the aet of 

the hot ion drift oquationa was perfor=ed. 

Deperiding on the region they are formed , the beQlll 

iona l!l1J.y be trapped or untrilpped. The untrapped particle 

power contribution Qw on the JIIagIletic surface rith..rad.1_ 
us "l. . is defined !la 

(d Q..)". {O .h,n ~ > 't" 
- " JtI .d't E d't 1",e "hen "L < 'l.u 

where E is the be8Jll particle energy I 'It;, ls the bounda_ 
ry of region, where the formed ion ls untrapped, det e~_ 

ned from the integrale of the drift equation set, 2.:,-
are the local energy transfer factora, defined. in Ref.1 . 

The trapped. particle contribution Qt is considered to 
be distributed uniformly over thehanana , determined by 
t he maximum 'Z max and IlI1nimUJII "t.m1n distances of the ion 

orbit fro~ the magnetic axis in tbe torus equatorial 
plnne. In this approximation Qt ls defined 800 

(ddQtl" ; I" n /'t ~ 't. ) dtl ( •• ) E 7" <i.' D) 
oz j ~"" \., ~)(J '"~'" a'l 'Z""lt'-'2Ift ... 

a 18 the m1nor radius of the plasma column , tbe tunction 

n ( '2 . 'l. max ' 't min)·>1 only when tz.1Q1n<"Z< 't max and 
vanishes outside this region . 

The total neutral beam power contribution per unit 
plasma volume is ' 

- ' •• : _i [(dG""'':.. (dQt),;e] 
QC 4;;'R~ d. ) d~ 

R is the to:rus rnnjor radius . 

P.adial Qi,rt profiles are shown in :Pig.1. Tbe exis­
tence of marl.mum at r/a ...... 0.J5 and rla ....... 0.65 is due 
to the beam diocret enells in height. 

The calculated radial power profiles were used as 
additional energy aources in the time-dependent tranaport 
analysis code 12/. The results of calculations tor a to­
kamak with adiabatic comprellsion are plotted in Fig.2-J. 
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Pig.2. Time evolution of central ion and eleotron 
temperaturee for the neutral injection with 
I "JO A, E a40 koV. The average electron 
d~n8ity iaon.2.5~101Jcm-J. The shad.d area 
corresponds to a beam pulee duration. 
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Fig.J. The tncrease ot ion and electron tempera­
tur e. during the neutral injection VB. 
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Fig.l. Radial profilee of the beam power input 

into the ion (i) Alld electron (e) plaa.el 
cOllponent. per unit TolU!llo (llrb1trar;y units). 



ELIMItu.TION OF SUP.f'1oCE WAVES IN LOWER" HYBRIO WAVE HEATDfC 

Oep&rbaent of Blecttical Engineerin'l. Faculty of Engineering, 

Na<JOya University, Na<JOya 464, Japan 

An analysis of the energy balance on lower hybrid v .. ye h.atin9 (Ut 

WHI has been poinUn9 out that a considerable p.rt -of input e nergy 11 

dini.pat.d a t the plas1l\8 ... rfac. throll'Jh p&rllllletric in.tabiUtie .UJ. 

w .. "es of s..all l on9itudinal retardation which ar . not acc..aaible to 

plaall4 core localbe at the pI ...... urfa"'l.' TIIeee surfacoi wave. IIIIIY 

enhance ths ilrlpurity influx by the i(ltancti~ vith the "aCUIllll val1. 

I n order to iaprow .. heaUn9 efficiency withou t unfavonble .eoondary 

• ffects dudn9 thia he .. tin9, it 11 quite importen t to eliminate theee 

.... " es. As ia .. e ll known, a diYertor can eliAinateB impurity Iona · and 

aah in nuclear fusion r s actione. one of the objective. of tha prell ... t 

paper ia to checic whethe r the divertor can ·eUain .. te thele lurface 

we"ea. Ray . tracin9 technique b .... d not on tha .lectro. taUc approxima­

tion but .on .the alac trcae'Jl1.etie dilpersion function i. l18eful for this 

purpoge. Such ..adel ia aho .. v .. ilable for ex .... i nin9 the a cc ... ibility 

condition. 

,. tol<&IIIiU; with non-c ircul .. r e ro u - .action h ... b een thou9ht to be 

proai.in9 ..... hi9h B fu.ion re.e tor . Ttla anotha r objective of the 

prellent work il to etu4y the propag .. tion and oth.r ch.aracterieUc e of 

LIIW in .uch ~ tokamak anticipatin9 that LIfWH ia .... ployed .. I a heatin9 

ech_ to i'Jl1.iUon . 

Since LHW 11 very aenll itivs to tha diatribution of pl ... ru 

par_ter., den.ity. telllp8r1 t ure end paloidai •• 9"etic fie ld Be ' the 

care I1l18t be taken to introduce the non-circulf.1"ity for the ray tracin9 

calcul .. tion. Tha dietribution of pIu .... patNllllten Must be detendn. d, 

bein9 conl1&t .. nt with . I1HD equilibriUM. we can obtain ... Uy the 

dhttibution. of density and t Ulpe r,,;tura .. ith the value of Bp and vith 

the rehtion of p (V) '" .~i no(Ijo ITa(;I . Ij:paUal derivative. of par_t.rx 

ere r equired for the calculation of ray tracing. In order to raiae the 

accur .. cy of th" COIIlpu taUon, it ia desirable to l18e the Malytic fan. 

of t. For thia re...,.,. the technique in the tonrulation of KlID aquili­

brilllll r eported i n Ref. (2] wn 8IIlplc;>Yed here . Machin .. and. pI ....... 

par_tan "ere cl'Iosen a. ahewn in Table I. which ara eiail .r t o thOI. 

Table I o f J ET. Fi!lUtt' a 

r"-'-j.-<-,.-,Ci-~-.C,-",-:-.-,,,-:-.... -:--<-,.O.----:,C.O.C.:---' Showl magn.tic 

0.82 . 1.65.. .'!rfaoe. cbtaiJl.d '0' 
4 MA by the -.boYs 

S T 

" .. 
Teo'" Tio 1~5 keV , 

1. l5 GH~ 

incl uded 1n the pr.eent dia peraion relation. 

Fl-qur. c shows typical ",.."",le of tha p ropa9ation path pr01eete~ m 

the p:>loidel plana t .. Jdn9 the initial r.tractiw index elan9 the 

_agn.tic li. l d. Nu , 

as .. par_te r. Whan 

NU ia 9rjllater than 

1.8. the .low vav. ( Ill ) 

can ·penat.tato into 

the c:ore o f pi ...... 

and oony. rt to th'r1IIal 

~.e near the · pI ...... 

c!lnter .. h.r~ the ray 

tr.jectory .h diatort­
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to the thanoal 1IIOd. 
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H-22 

poaitions and c;tIID8 back to the ph .... s~f.c .. . Th8la vavel locaUaa 

l18ually .. t the pla ..... urface after .xperiancin9 a lIIOde oonYII~ion at 

the turning paint to fast ""Ye end r"flectin9 at. a cut-off l .. yer. 

Th"ee Ire Io-c .. lled eurface WaVe l which ... concern 'in the present vorl<. 

For the "aye o f cdtical NU ·wtIich equala to 1.8, there are r89"ion. 

.. here the aXI. identific .. tion. eith. r slow Or fea t . ia difficult . But 

they cen penetr .. ta into the cent.r finally(ri9. b). The ex"""le for 

.... 11 Nu ia . hown in Fi9. s. 'rhe wav." turns around the p l asma a urface 

end <;IOes ewey to the outsida of the plasllll through the mod. conve raion. 

.such .. ~ant of .. ave is not a cce.sible to the pla_ c:ore . Fre. a 

etandpeint of one dimftnaion.l lllab 1IOde1. th .. &l"" v .. ve whOll" Nn 11 

SIIIl11. r than Nllcr • (1 - 1/}/Wr;;-.W
cto

) -2 • 1.2l will couple to a fa. t 

.... y •. The IIOde conVe~ion to fas t .ode occurs h .. re ea .shown in Fiq ... 

even if Nu • 1.6 which is l a r<;rer than the critic.sl value ,"Rtion.d 

abov •• The r efore the acce llibility condition is aay.rer than that 

9iyen by an. dimensional ana.lyeis, . ) 'hue re.ulta show th .. t. LIIW c ... , 

penatrate into th .. pi ...... d.aply 81 lon9 ae the wave a .. thtie. the 

local accealibiUty condi tion whil. their ray tr .. j.ctorie l are d .. fonoed 

by the s hape of the pla ...... cro1l8- nc:tion . 

We obtain the r dial polition ot the ray fre. the _gna tic axia Rp 

and the polo id.al rotation an918 ep of the ray 118 a f unction o f tha 

toreid .. l d]i.9le Ijo. Th. ratio o f tha qroup velocity parallel to the 

~'JllilUc fiiold ":to "tIIa- perparidicUlar velocity is n. arly equal to the 

.o;-ealled r".onance cone an9le. Thanfon we can asUlIIate rou9hly the 

rel.Uon between Rp and • ".in9 thia angle. In addition to th!e 

vari.tion, out CAlculation ahowS another a tron9 periodic e tructure 

which la c .. used fre. the effact Be diatribution on the non- cir _cul.r 

croll- . sction. Siailarly. the p:>loi~l rotation .91Un.t the toroidal 

on. for the ray saU. fiea the loclll aafet.y factor q. in accordance 

with the prediction baeed on the electroatatic approxiJution. OUr 

calculation oonfiraa th .. t the . low Wave prcpa.9ate. alon9 the .... <pI.Uc 

field lina .ith re.pact to the peloidal r o tlltion wi th an accuracy of .. 

t_ percenu. The Be la weak whare e
p 

" ! "/2 and la .trong vhere e
p 

" 

o or 11" i n the pre.ent mod.l. The dinction Of group velocity tends to 

be elonq tf!e poloi4al direction in the latter r89ion, and does to be 

aton9 the i:oroidal direction in the f,:,r.et" r.qion. re.pectively . On the 

other hand. th~ alectroaa9". tic co.,puter code .hovIo variationa of Nu , 

N~. the raaainin9 pow.r flu of way., the d.8IIPin9 rate and the ratio 

of tha WaVII ID8gn.e tic field iI to the .. ave electric· field I. It hila b.en 

known for. cirC\llar ero .. - a".=tion tok~ that NU decr" ..... as ths 

vave penetratea radJ.aUy, and that iu chanqe la aCCOQlPan1ad by the 

ollciU ation that hila the ._ periodiCity .e the poloidll.l ro tation . In 

.. ddition to th .. . .. variatione thera .ppeare the anoth. r oeeillation d. .... 

to the Be di.tribution on the non-circular CEOSlI-section. It ehould be 

noted that NU be ..... aaall vhere Be la w.ak and v ice veraa. Thla 

chan .... ca ... e. the variationa of the other Wave propertie •. The d8lOpin9 

rate and N... bIIocoaoe conliderably lerqe end cl;! be~a e a U when wave. 

p .... thtou<.lh the JIi~len •. Pr_ the .. n.ulta, it can b:a concluded that 

th • . • low wave acc.s.ible to the pI .... core becc.e. IIOOre el a c:trollagn.tic 

on the re_gien where 8a 1& r.latively .. "ak, and ..,re .lectrost .. tic wh. r e 

Be 1& atron9. Thtoretora the haatin9 occur. loc.lly . t th. Jlidplane. 

Thesa. behaviour. char .. cterh. th ..... ve kinetiCll in tokamake with 

non-circular eros.- s.ction. 

Th. fin .. l topic 1a an action o f a poloidal div. rtor . .... III8Iltioned 

baf on, .. ave enet'9Y eompcn1!llU of 10.. Nil and not a c:ce. eibel to tha 

pIa .... Core "cClXllulate a t tha pI ..... . urfac. through ..:>de oonversion to 

fut w .. ve and the reflection near th. vall . Thes8 vavea are principAl 

part Of. the . urfaca •• vel that mayJ have unfllvorabla .ffect. on LIfWH. As 

the ftrat approximation, the ray b;. j.ctorla. of .uch surface v .. v •• vere 

c.o.lcuht.a<'l uSinq th. WX8 aw rox.i.JMtion th .. i cannat b. IIllPUed. ~o the 

wav. tr.jectory 1n the . trict .enle .. hen it haa . a lon9 v .. velenqtll Or 

r ec eiv •• a refl.ction due t o the presence of put- off layer. But it 

giv •• us the !aporb.nt IIugq .. tion con"'"-min9 the fat. of the aCCIIIIIUlated 

aner;y of the surf.ce •• VII. Figure a .how. th .. t .. !lOde conv.ited f • • e 

.. ave prqla9at.e toward the inner re9ion ... a'Y fre. the bulk "PIa ....... and 

1& reflected IMcIt at the cut-off point of fa.t .. aVa in .cr.pe-off . laye r • 

and finally an~rII intq tha divertor rOClll. It soma abeorption "'"'chani .... 

of enar," in the divertor ar .. provided, the .. surfaca ".veS CM be 

aliainatad etfectively. Thia function dependa on the a truc ture and th.­

poeiUon of the diwrtor. Th. paloidd divet"tOr ... y be ""I" eff .. c tive 

than other ach_l, •. 9. & bundle diwrtor. AlthoU<Jh there are s __ 

open probl_ to conetruct an abtiorption layer in tha diVllrtor toCIIl. it 

_t be poilltlld out that it la a new lde& that h~ neVllr been propa"d . 

(11 1[. Uehara et a1.: J. Phys . Soc. J apan .!!(1980)2 364. 

III It. Sakurai .t aJ. ~. J. ",ye. Soc. Japan llCl974)Uo8. 
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SUPPRESSION OF IMPURITY INFLUX, REKlTE RADlATIVl!. COOLING AND HELIUM 

ASIt COMPRESSION WITH POLOIDAL DlnRTOR.IN DOUBLET III 

H. Sht.ada, k. lold, H. NaS_l , U. Yoilmoizo , S. hUlll1 , H. Haeno, 

K. Shmy. , H. Yoahid., N. B-roou ., J. deCua&ie "'. and A, k.1uunuall.1 

Japan Atomic EneflY Rellearell Inatitut .. 

Tobi, lbatald, JAPAN .t CeDent Acoaic eo.p_n)' 

San D1ego, California , USA 

'" General At,oode Company 

Ab,tract: Three IIIlIjor advantagea of • poloid.l dlvertor an experllllen­

taUy demonatrat"d: 

1) lmpl,lrity influx (OV , NiXI, C IV) wa il redl.1Ced. by 2. - 10 . 

21 Strong radiation cooUng (50\ of input power) at tho dlvertor 

naian ruulted in the reduction of heat load to the divertor plate. 

3) With hell1,1111 content 8uppreaaed do .... to IX of pIa ...... d ..... lty in 

the II'Iln" plas ..... , heUulI parUal prenure e tUined in the l o". r chamber 

\lU n hIgh as 3 .6 X 10-5 TCI'I,r, which ' meanB that helium ash u:haust ls 

reaUatic in INTOR. 

1) RBductioo of IIIpurttln: A alngle null pololdal divartor 

ph ..... waa formed In tha upper chaabe-r of Doubht III (Ref. 1,2). Two 

of the 24 ahaping c011.s sre employed 58 divertor coila. Scabb diver­

tor operati~ W81 usually c:onducud ln a condltion of I~Ip ;:' 0 . 58 

wha-re ~, an" t, are the cur-rent in both the two divertor co111 and 

the plaama c:u\>nnt. A typical divertor contiguntion 111 s ho,," io 

Fia. 1. 111111 IIISgnHic config,untion waa coofinlll!d by HQ; - fUte.red 

TV cue.,. , which ahows that the pla81U-wall interaction la tunsferred 

f-rolll the pla ... -U .• iter interface to the -r .,...,te diverto-r plate. M a 

ruult, a significant (by a facto -r of 2 - 10) reduction of iapu-rity 

influx waa obaerved in OV (624 .1;") , l1iXl (148.4.\) C IV (1~48.2':'). Tlic 

radiation 1011 £-rOIl the .. In plaSII\8 "51 reduced by 20-501. 

2) ReIIIOte Rad1ative CooUns: A hlgh dendty divened dla charge 

(n
a 

:=. 5 x 10 13 
CII. -3)' 10 Doublet III 11 characterhad by (Ref. 2): 

a) concentrafed recycllng at the div<lr tor reglon (Ho line 

intenatty fro.. the chord through the divertor ragion la .. 

)0 tilllea 81 Itrong al that th-rough the centnl c.hord) . 

b) high dendty (2_ ~ Wlve interferOlll." ter looking through 
- ,. 1l-3 

the diverto~ -reg~on implies that ne ~ 5. x 10 clll ) . 

cl naote radia tlve coallng a t the divareor region. 

The -r_te ndiative cooliog "as atudied by 5-channel and 21-

channe l bolOfHter array. Tha -rsdiatlve power at tha divertor increas­

ea with the increaae of electron density (Fig. 2) and a ttains up to 

50\ of joule input power. The heat load .easurRllent by thenlocouples 

and infrared es-era i~lha that the heat load on the dive-rtor plate 

decnases do.wn to J\ of input power as the electron density of the 

lIIain plasllla rnenases. due to strong rellote cooling i n high density 

discharges (Fig. 2). Thh re.clte c9Qling is particularly illport.llllt 

since it poss ibly negates the engineering difficulties of us ing 

divertor plates in future diverted toks-aks. 

) RdiUIII Ash CoIIpreaslon snd Enrichment: The hel1U111 a,h 

uhau'tion function of a divertor has been expe-rimentally deaonltnted 

(Ref. 3). HellUIII wall intrOduced into 1:ha 'vacuUIII ve .. d by a hell_ 

gas puff in a pulae of 5 ma duration. Both the hydrogen and hellum 

pra .. ure in the lower challlber increaaed with the iocreaae in .. in 

pl .... density (Fig. J), while the hell,. density in the .. in plas_ 

decreased (Fig . 4). Hydroseo &.lid heli_ preasures we-r" lllealured by I 

I118gneUcall y oh1elded ionization gau80, and a quadrupole 1I8MS-lIna lyz­

e-r. Hell ... density in the pIa ..... "aa llleaau-red by the increasa of 

elacl.T"" Il"ual~y. The ~ ob .. ervcd pre •• ura vaa 1.6 x 10- 5 Torr 

(H ), 1.5 x 10-) Tou (H,) at n .5 x lOll ca-). Heli ... denaity 10 
e 11 e _) 

the main p1.ama "SI '" 5 X 10 <:Ill ,whlch waa 1% of electron density. 

This relult is sufficient to demonatrate the feaalbUity of usiog a 

poloidal dlve rto-r for aah U:hauat in futu re a l pha-heated toka .. ks , 

alnce the ItrroR dealgn atudy (Ref. 4) ahowt.d that if helium parUal 

preSlure at the divertor plate io 1 x 10~5 To-rr, the required pWllping 

speed becolllea 5 x 105 11a, vh1c:h la an engineedng po .. ibil1ty. 

Hell,. enricMent, defined by 1'1 • (FHa/FH2)I~v~r I ("H.,Ina) .. in 

ia alao an increaalng function of n and at~:~:e~.4 at -;;: _ ;1:~1) 
_) e e 

CIII (Fi g. 41. Helbllll prelllure in the lover chamber in non-dive rted 

dbcharlleS v .... one o-rder of .. gnitude 10ve-r then that in the diverted 

caae , 

A.c:knowladHftlent, The au thors would like to axprea. thd-r dncera 

thanks to the atatts of the General At-.J.c Co. and JAERI fo-r t heir 

fine aupport a nd continuing encourag.eunt . 
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[11 M. Hag8..lld et aI., Hucl. Fudon IQ (1980) 1)25. 

[2] H. H'gBlll e t IIf., in Procefdingl of t he Eighth International 

Coohrence 00 Pla81U Phy,iu and ControUed Nuclear ruaion 

Rea .. rch , Bru .. all, 1980, lA£AOCN/02. 

DJ M. Shi.,.da et al. , JAPAlI AT1JHlC RESIW\C\i INSTITUTE REPORT , 

JAlRt-H 9470 , April 1981 

(4) Y. Shi-..n at aI., JAEIU-H 8294, June 1979, and Y. SeU 
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FLUXES OF ENERGY AND PAR'.rICLES IN THE T- 12 

TOKAMAK WITH DIVKRTOR 

Brevnov N.N., Vertlporokh A.H., Gera-
81mov S.N. Khimchenko L.B. 

Kurchatov Institute of Atomic Energy, 
Moscow, USSR 

Introduction. T- 12 is a tokamak with two poloidal diver­

tor9 and with an elongated pla.lJllla column cross- section /1/. 

The main parameters: Ro .. )6 0117 s ' . a OJII, elongation ractor 

K~2. toroidal magnetic field BT-a.S T , plasma current Jp. 

10.)0 kA. The typical plasma parameters: eleotron tempera­

ture Te(O) -- 400 eV, Ti .... 110 aV, electron denlllty ne(O) .... 

..... (2 .. Jhl0'Jo.-J. 
Magnet i c configuration. Either the SYMmetric magnetic 

configuration of a finge~ring tokaMak with two peloidal 

divertore (Fig,' a) or a drop- like magnetic configuration 

with one poloidal divert or (Fig.lb), silllilar to the rnTOR­

configuration, are fo~ed dependent on the plasma colu.n 

poeitfon respective to an equatorial plane and on defi­

nite ratio between the plasma current and the current 

through the windtngs of the quadrupole field. The advan­

tageous plasma transport into one divertor - instead of 

two - ia a criterion of a drop-like, one divertor configu­

ration formation. The ratio between the plasma flux into 

the upper divertor and that °into the lower one depending 

the plasma ~olumn centre position respective to the 

equatorial plane 121 is given in Fig.l c . 

Flux of particles and energY into the divertor. The 

column centre displacemP.nt by a Z - 1 cm along the ver­

tical results in a change in the ratio between the flux 01 

energy and particles into the upper divert or channel and 

that into the lower one up to a value <u 10 (Fig . 2) . An asym­

metry in fluxes of particles into the internal and exter­

nal divsrtor channels is observed in case of the drop-like 

configuration, neverthelees , the energy fluxes are appro-

ximately the same . Distribution of fluxes of energy and 

particles across the divertor channel is usually an asym-

metric one . 

OUt of the ratio of the energy fluxee to the divertor 

(Fig . 2) and to the wall, one can conclude that all the ene~ 

0gy introduced into the dillcharge (except of the radiated 

one) is transported into th~ divertors, i.e. efficiency of 

the energy extraction into the divertor is clolle to 1. 

Estimations of the flux of particles t o the wall of a 

discharge chamber 1)1 show that a fraction 4 0.05 of 

the flux of particl es through the sepa ratrix mngnetlc sur­

face reaches the wall. Thercfore, the effioiency of the 

particle extraction to the divertor is also olose to 1. 

The measured total flux of particles into the divertor 

channels exceeds the flux of particles through the eepara­

trlx magnetic surface by ':t: 2 tUiee, that pointn to the 

fact that the recycling proClslI occurs in the divertor 

channels . 

Radiation losses. In the transition fro. an ordinary 11-

miter to the .agnetic one, th~ relative radiation loesee 

decrease by 2.) timee and equal - 2~. Power distribution 

of the radiation loeses acroe. the pla~ coluan for a dis­

charge with the 11ai~er ' (dashed line) and with the di~ertor 

(solid line) are given in Fig.) b. The dietributions haTe 

been ontained from comparison of the expert.ental depen­

dence s of the signal from a pyrodetector on its eolid 

angle of observation (Pig.) a) with the calculated ones. 

The model calculations baeed on 141 have ehown that 

the profileD of radiated power (Pig.) b) can be explai­

ned only by radiation of heavy impurities (e.g. iron). 

If one takes into account that the profl1isa of Ta 

and ne are slightly ohanged when the plaa.a column ie 

limited with the l~iter or with the eeparatrix , a de­

crease 1n the radiating power 1.\'lI a discharge with the 

divert or ~ll be dependent on • decre •• e in conoentTa_ 

tion of iron at the periphery of the pla~ column that 

a l so shows an effective pla~ shielding from beaTY t.­

purities with the divertor layer 1)/. 

A level of radiaticn losees p~otloally re .. ins the 

eame ~n tbe central region of the pla~ oolumn. It is 

likely to be dependent on the fact that any ohange in 

concentration of impurities (which oould amarge at the 

initial stage of a discharge) has no tt.e to ' occur in 

the central region of the plall.lll& colWlll duri~ the 

discharge. 

The authors wish to thank K.S.Djabilin for calcula­

tion of the radiating power profile. 
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NONAMBIPOLAR PLASMA TRANSFER IN TV-I 

TOKAMAK SCRAPE-QFF-LAYER 

R.S. Ivanov. A.V. Nedospuov, G.N. Fldeliman 

Institute of High Temperaturu of the USSR Academy of Sciences 

Mosco .... , USSR 

~ The electric mea5urements In TV-I &c rape-off-Iayer are 

.p.rlQnned . Pla sma tra nsfer In the .c~ff-layer ya. found to 

be at l ea It partlaly nonamblpolar : The "nonamblpolar" dlflusion 

coefficient wu eltlmated . The errect of the external Hmlter-.... all 

voltage on plasma panmeten near the wall was observed. ' 

INTRODUCTION In t he experiments performed In T-S I11 and T-ll 

121 lokamak devices an electric curren t between a llmlter and 

a vacuum venel ... all wa5 observed ylth electrons from pla.ma 

escaping to the lImiter and Ion, ucaping to t he _n. Thh phe­

nomenon may be cauled by exbtence of nonllmblpoillr trllnsfer ,1-

mUar to the proeeue& in pllrtly ionized piuma Investigllted ear­

lier 13-51. 

The present pllper delcribet the electr ic mell.luremenl5 perf­

or med in the serllpe-off-layer of TV-1 device. 

EXPERIMENTAL The TV-l 161 h a I mall !Okllmak with major and 

minor radH of 23.S and 4.1 cm, respectively. A single .. -apertu­

re lImller .... ith a minor r adius of 3.5 cm .... as conne~ted electrica­

lly ... Ith the It-vacuum venel. The Insulated mollbdenlum rall-

type limiten .... ere Introduced through the three horllontlll dlag-

nOltic porU .... hlle the port l ... ere dhpo&ed from the IIper~ure li-

miter .to the toroldal angles of 75° . 180° and 270° , r npecttvely. 

The 1.5 cm hlSh r ail-type Hmller. yere movable along the .mall 

radiUS of the torus . The typical discharge parameten oblerved in 

varlou5 sell of experiments .... ere the follo .... lng: the p!alma cur­

rent .... a . 4-6 kA, the loop voltaae "'11.1 2.0-4.5 V, tha radial dh­

placement of plll.lma column · ... a . 0 . 4-0.8 cm, the .a fety fac~or wu 

4-6. dhcharae duration var ied bet ... een 5 and 8 ml. The toroldal 

magnetic field .... 41 16 kG. The II lllng gll$ ...... . hydrogen. The 

scrape-olf-la yer plalma parameter. were measured by the movable 

double Langmulr probe, po.lI loned al toroldal angle "f 90° from 

the aperture ltmller. The Interpretation of the probe' rnealuremen­

It ... ere. performed ... Uh no mllaMtic field taken i nto account ua­

Ing the .... ell known exspeniona 171. The elec.t r1c current betveen 

the .. ail-type ltmller and the vall vat measured by the meana of 

the current tranaformer. 

RESULTS AND DI SCUSSION The typ:lc. l o.cHlogram of tht. ltmlter­

... all current (",hort current") h presented In Flg.I. A. it ... as 

oblerved earlier 11, 21 the di rection of this current every time 

corruponde(!. to the case ... hen electron s I!1caped m.lnly to the 

rail-type ltmiter and tonl eacaped to the a pertufe Umiter and to 

t he wall. The. c urrent was of conllderably osclll.tlna t ype with 

oscillation IImplitUde being up to 40-50% of the mean cur~ent va_ 

lue and the olclllatlon frequency of 50-200 KH~. In all further 

results prel<!nted here the mea lured value of the "short curfent" 

... as attached to the moment of time 3-4 ml after the .tart of dll­

char g'" a nd averaged over the 0.cI1latlons . 

The dependence of the "Ihort current" on the IImlter pOSi­

tion rd la prelented in Flg .2. A . harp current gr owth from zero 

to almost max imum v alue was obler.ved .... hen the mova ble rail-ty­

pe Hmlter traveled paat the a perture flmfur edge . The current 

dropped to zero at rd-3 .1 cm when th", additional rail-t ype Iiml­

t", r connected electrically with the ... . n .... as Introduced to r_2.7 

cm . These data .eem to testify the follo .... lng conclullon: electron 

and Ion nuxes have been collected from separa te alona the minor 

radius afea s of the conducting .urface , I. e. electrons have been 

collected from the a rea dhpoled close to plasma edae a nd ions 

collected from more remote outwll rd l areal. 

Almolt complete bloeklna of the current vas ob ser ved when 

the negative potential of 50 V being applied to the raU ltmlter 

Ird- 2.8 cm). The cu r rent decreued t ... lce when the external voltage 

wu varied ... Uhln 20-30 V interval. that is comparable with the 

electron temperature In the shlldo ... region. Therefore one may' co­

nclude th.t the observed current at lea&t "'11.1 not caule.d by 

"run-away" electron nux. 

The dectron density and the temperature in the aperture 

ltrniter . hadow 1& presented In Flg.3. Fig.4 (curve 1) dem:n5trated. 

the ringle p robe curn!!! nldlal profile the probe being at the poten_ 

tial of t he ... 11. The polulty of t he probe alrrent corresponded to 

the ton nux fran pla_. The value of that current .... 20-3(& of the 
uluratlon Ion current (lee curve 2). 

The di ffusion coefficient eat l ll1l.ted. frCl\'! the f lux and g radient 

llIelllUrerrBlU for the cmditlonl prel ented. in Fla.3 \06& frund to be 

Dy_2 • 10~ arf I~ . I.e . the dU fU Sion coerrlclen~ Is of Bdun order : 

CXN:l.lJSICNS The transport of plalml e&e.aplng the bulk beca1ll!s nonam­

bipolaf at le ... t partlaly In the sCnlpe-off-layer • The electrm. flux 

I. collected II1I.lnly frCl\'! the a rea of Hml t er contacting plaSllll edge 

lOflile the Ion !lUll Is collected fran nore cut ..... rd l rl!lTlOte area s of 

the lImiter arid the chaJmer _11. The electric current is short clr­

culled radially aver the ccnducl1ng ·surrace. 

The diffusion of lenl Sl!parately fran electronl lI1ly 1!&5entlally 

caule the denlity ntdlal profilea and transport properties in the 

ae rape-olf- layer plasna. Hence the effec t of t he external llrnlter_ 

_11 vol tage m the pl a sittl prolt l ea !!By be llUppoied. Such influence 

_ I obaerved In certain ecperlll\l5lt l . \tille the ecpemai negoatlve 11_ 

mlter_lt voltllge (-4SV) being applied plalll1ll density near the l0iii11 

reduced l<!Veral times agaln.t the value ll\e&aured at the iIIlme ec:ternal 

vol tage but of appasi I e polari ty. 

~S The .uthors wl M 10 thank V.1. Ptlc:ky fOf fnz ltful 

advllU In diagnostic develapmmt, A.A. 'Gubarev for help In measure_ 

II\I5lt. and 1V-l qleratlng team for technical a lllltance. 
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ARCING STUDIES IN TO.KAWLK TV-1 

N.U.Zykova, R,S,Ivanov, V.N . Kabanov, T,S.Kurakina, 
A. V.Nedo 6'pa~Ov 

Institute of Higb Temperature of the USSR Academy 
of Sciences, Moscow, USSR 

Measurements of currents between probes or limiters and 
vacuum vesBol published earlier C"-~ show corr.latlon 
between arcing and 1.tHD_lnstabllity of the discharge . In 

tokumaK TV_1 the meeouremente of currents between I1mi­
tere were made in the canditi'on of instable dlscilargas 

end arc tracks on the I1mlter surface were observed to 
clear directions and paths of arc currents el08.ing . 
The TV_1 i nstallation ie e circular tokame.k ",11th R .. 2J5mm, 
r _41 mm , minor radius of constant limlter ie 8zJ5 mm. 
The experime nt/} were pe rformed in hydrogen under tb., 1'01-
lowing experimental conditione: n,.S.10- 4-1.10-) torr, 
n

e
", ".101)cm-J , toroidal ma.gretic field 8Ta14-16 kG , plaa­

ma current Ip~J-12 kA, minimum loop voltags VL- 2-4 V, dis­
charge dura tion 5-9 ms. The arc teat probe and movable 
limitera were placed on S mm f r om unmovable limiter and 
actually eerved aa plasma l imiters. 
The arc test probe poaition was fixed , but the linliters 
were ellifted with reopect t o the probe . The pr obe alll the 
11mi te;r's lYe r e inBulated from vaeuum vessel and were con­
nected electrically vie 1.100Dresiator. The current was 
measured with special 0.1.0. r es i stor or by current trans­
forme r with band 20t1 06 Hz . L1mite rs aDd pro bes surfaces 
wore mechenically po11obe d. 
Two se7ies of the experiment V/ere carried out. In the 
first the eurrents between the arc probe Qnd ooe of the 
11miters or between two limitel's wer e measured. The , ma­

terial of l imiter:'J wae molybdenum, toe probe wee made of 
stainless steel. 'rhe he ight of ths pro he and the 11m1ters 
was 15 mm, their width along minor radius was 10 mm, and 
length of sides par slle l to BT were 24 and 2.5 IIDD respec­
tively. 'rhe current pulses and toe arc trac ks were not 

Observed in the eteble diech'!'lrgea with q"). In the in­

stnble dischargea the current pul sea were obaerved with 
amplitude up to 100 A and duration up to 50 ms . The ti­
ms of pulee occuronce coincided with the abrupt displace­
Inent of plaaom and with loop voltage spikes. The loop vol­
tage spikes were positive in the firat experimental seri .. 
es, but the current osci11og1'81118 recordEd the pulses of 
both polaritiee. In the couree of diacherge several pulses 
with different ampli tudes, occ uring one after another, 
were seen. 
In t roduc tion of resistance into e~ternal circuit gave an 
opportunity to eveluate potential drop VR, which correla­
ted to the current emplitude. 
Pig . 1 presents dependence betwsen maximum current valuea 
Qnd respec t ive VR values under the identical discharge 
conditions . 
The two current polarit i es in the e:xternal circuit may be 
caused by one of tnc ressoos. First, cur rente in the plaa­
ma may fl ow in two opposite directiona. Second , currentB 
of the same direction flow by di f ferent patho. Since no 
ca thode tracks on loha electron aide of the lim.itero and 
pro bes were observed the existence of predoQinant direc ­
tion of the arc current may be aupposod. 'l'he diagramm gi­
ven in Fig.2 shows pulses of t wo polarities with the de­
finite current dirsction and two paths of ita closing -
"ahort" nnd "long" . In this esse terma "short" and "long" 
menn the distnnce behleen the limiters , but not the length 
of t he curl's nt pe th. 
In t he ae cond oeriea of the experiment an a ttempt WIlS made 
to separsto the currents closed along t he different paths 
and to determine a correlation between ourrent direction 
ln the external circuit and the d i scharge parameters. For 
thiB purpose the arc probe wss separa ted i nto tv/a isolated 
parts . In ~he experl!D8nta a ste inleB8 steel limi ter was 
used , The lililiter waB (I par t of a ring , the width ot which 
\'IS,1 7 I'm, una thiekneuu 2 I!IIll. The limiter Qubtend cd (In an­
gl a (If' 135" at mimll' raditlB of )0 I!IIll. The electron a ide of 

the probe wae connected via an external resistanoe with ita 
ion side or the lillliter. Tbs probe and the li.m:1ter were 
placed in torus asymmetrically, an angle bstween the 10n 
side and the limiter was 255°. The currents along "long" 
paths exceed 2-<::: . 5 times the currents along "_abort" one. 
Maximum current and VR were &pprox:l&ately 70 A and 150 l/ 
respectively. 1'he current in external circUlt rlowed pre­
aom1nantly in one direction. Tbe current polarlty was the 
same as toe polari't:r or plasma current, when loop voltage 
spikes were positive. While the Qisrup~~· 1nstab1Llt:r was 
ooeerveQ loop voltage dpik~8 reuched -20 V (¥1g.) end the 
arc current polarity reversed. 
Em1' of a pure unipolar arc is I?lasma-wall potential drop, 
depended oD...plasma parameters [7]. Obeerved 1n TV_1 value 
of VB e0n81derab17 exceeded plaema-wall potential drop cor­
responding the electron temperat ure in the stable discbar­
ges. The arc current observsd may have the predominant po­
l arit:r if an:r ~dditiunal polarised em! eXist~~be aource 
of tha additional em! may be the loop voltage field , pola­
rity of it depend1ns on the instability type. Tbe electric 
arcs observed in our experiments eeem not to be exactly 
those unipolar arcs, toat were propoaod earlier in [7J. 
1. Goodall D.H.J., LlcCracken G.Y., Sucl.'us., 1979.12. 

HI 10, 1396-1401. 
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TtE INFLUENCE OF SURFAce CCJlDITIONS CN UNIPOLAR ARCS 
IN A TOKAMAK 
K. Jakubka 

Academy of Sciences of ths CSSR, Instituta of 
plasma Phya ice; Pr ague, CSSR 

6. JOttnsr 
Acedallly of Sciences of the GOR, Central Instituta of 
Electron Physics, Serlin, GOR 

1. Introduction' 
unipolar arca at inner surfacse of a toka~ak are of inte­

reet &e a poeeible source of plasma c onte~ination /1, 2/. 

The c'onditiona f or their ignit.inn as well as their elemsn -

tary su rfacs machanism are not yet well understood . Ths 

present paper describes experiments with movable probee in 

8 11111811 tnkemek (TM i. Inetitute of P.leSIIIB Phye ica, Prague), 

the aim of which wes e study With defined eurface condi_ 

tions. 

2. Experimentel 

The TM 1_tokamak hae e major ra diue of 0.4 m and a limiter 

radiUS of 0.075 m. The following peralllsters have been us­

eds Toroidal field 1.4 T. discharga current 16-20 kA. dh -

cherge du reti on 6-8 I'IS . centrel valuse of electron dene ity, 

elect ron temperature and ion temperature abou t 2_3.1019m-~ 

300 eV. 40-70 ev. re spective ly. The probes consistad of 

Mo. 8y single expositions an unambiguous interpreta tion 

of src tracks was poasibla. Ths surfece prepa rati on was 

as f ollowsl 

a) Cleaning in aitu by heating up t o or beyond the 
melting point . 

b) Cleaning a. in case a) . followed by a slight ox idetion 

by. e s~o':"t eICposition to air . 

c) Applying e small dot ' of cerbon 

d) Ae ceee c), but degeesed in eitu by intense heeting. 

3. B.!!.!:!.!.l:!. 
With dageesed probee according to a) end d) no a r c ing 

cou ld be obaarved , evon if the pr obes were imlllereed deeply 

into the plasma (causing their dsst ru ction by melting). In 

the quiat pleeQe phese tha cu rrent signels of thsse probes 

indicatad a poeitive floating voltege with reepoct t o the 

liner, there.fors ths premisee of the Robeon_Thonemann_mo_ 

del of unipolar ercs /3 , 4/ did not hold. 

With weak oxide leyers (cue 6) srcing occurred during in­

otabilit1ee of the main discharge. generally i_2 ~s after 

beginning • . _ 

Cerbon coeted probes (cese c) provoked arcs alao during 

quiet plasllla phese s . 

Fig. 1 ahows oscillogrel!le of probe currants for the latter 

caee. Fig. ia depicte the aignal of a reference probe 

which was locatad at liner lavel. Fig. ib showa tha eignel 

of the carbon-coated probe et the pla.me boundery. About 

1 me sfter beginning there occura an ln3tability, praaent­

ed by Fig. lC in lIIo re detail. It ie not neceee.erily con­

nected with en erc, baceuse it wae ehown als o by tha cleen 

surface probe a (without arc tracks). end beceuse it was 

aleo indicated by tha rsference probe. A.bout 3 me after 

beginning, arc currents er. to ba .aen (arrowad) which 

were 8cool!lpanied ' by an increeee of tha CIlI_radiation at 

the location of the probe. 

Fig_ 2 .howe the eroaion of the carbon dot. Hera. and elao 

in other casss o f thick con tamination layers . 

on the underlying metal ora al~ost invisible. 

arc trocks 
~ 

Fig. 3 shows 

arc ·tracks for the case b). The src occu rre d during tho 

startin g instability (similsr t o Fig . 1), but it \'Ie s shor­

ter then the signel of this instabiiity «10j1S' deduced 

fr om tho trac!: length). Tho creto:rein Fig . 3 bel ong to twc 

typss: (i) large, ove r lapping era tors (shown in mora de ­

tail by Fig . 4 f or ano~hsr Bx alllple) and small , tiisp6 rscc 

onos (Fig. 5) . Wo ossumo they refloct two orc s pot modos 

which dspend on the claanliness of the su rface. 

Ws concludes Arcing neede plasr:la instabilities os wa ll as 

surface levers . Thick leyers cen provoko loca l ins tabili_ 

ties by desorption pr ocesess. Difforent arc ~odes can oc­

cur in dspsndencs on the s urfaco afotO,. in close analogy 

to spot lIIodes of bipolar vaCUUQ arcs . 
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TKB ~PECT OF PARTICLE REC~CLLHG I~ A TUKAMAK 

WITH HICH PLASMA D~SITY 
».~.V.B11jev. V.K.Kolesnikov, V.Eh.LukaeD, 

A. Y.BBdoapaeoT 

Institute of 81gb Temperature. 
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A pOBs101u'ty er achi8"'l'iI18 "fusion" plaSlll& parame­

ters In a re~atlvely amaL~ tOkamak witb GeDOa plasma 
(n_}01 5clI- J ) con:tlnea by 8'trODg IJl3gnt1tic field is diB­

DUBaed 1n lIterature [1-3]. Tbe oDjective 01 this pa­
per la the SImulation Dy onealmeneional nODet.tlonary 
model accounting :for par~lcle recycling near taB wall, 
whicb mecb&n1sm auto~~lca~!y ueflDee pla~ tempera~­
re and 0.0D811:1 near tb-o wall . 

The olgoritbm U8eB to Bolve tbe Bst or equatlon~ 
includ.1:rl6 (I.J.eotroD and. 1011 energy equ. tta ne ae w • . Ll RB 

plasma. and magnetic field aifrusion equations was des­
cribed in [4] . 

ln aUdition to equations mentioDod tbe d1~fusion 
equat~on of ~mpurity ~on dens ity was solved to est~mate 
tbe radiation sponsored by impurities according to «co­
ronaL ~ode !« . T~s equation describes neoc l aosical dif­
fuBion of "virtua.1 ion" 'fdtll t be account for temperature 
screening s s weLl aa anomaLOUS dirrusi oo[5 ,~ • 

The oo e~ficieot io tile t erm describi ng anomalous 
diffusion was assumed to be equal t c the background 
plasma diffueion coeffioient. Carbon wae used as impu­
rity in aimulatioDa. 

Transport coefficients were calCULated according 
to eLeCtrOn t herms.1 conductivity and plasma diffuaion 
empirical r e lations [1]. 

Xe = g'I0 18/(nffe )cm'ls 'D = 10'[1" g(tlalJcm'ls 

wtlere neis in cm-) and re in eV, aa weLL Be by means of 

neoolassi081 relations for ion tberwal conductivity. 
~.1 traneport coefficients in s1mulat ioDs wsre .1im1-

tea by Bohm diftueion coeffic i ent D~.fb(~) In the fol­

lowing manner 

X _ I . 
e.p- X;} + 'De4 I 

where ind.ex "p" d.enotea tile calCUlated vaJ.ue of a coe:!­
ricient. ~lu8llla in tbe nearwall layer wae deecribed con­
!lidering partical recycling silll1lar to [8 J. CO.1d neutral 
d.ensity value wae defined solvlna inugral equation: nH=/Ifo+A4 

N,,: -if.';'{<p('l:,a,vMi" 4>(qa,vM)·q:>IO, z, v" i} 

At, = r~ v2'~,n, n, [4>(Qz, V,)'<P(o, X, V,H<p(qt,'i )- 4>(qx, \I)~dX . \ 

4'(r, 7. v) =exp[-~ jC<Gv>, .. (Gv>,,)nuiX } 
ln tb.1s form1J.ee (cl V>cx and .<<5 V)r are charge uxcb.ange 
and 10Jl1:!On1:ion ratee correspondingly, ~o - neu'tra~ rlU% 
from the wall equal to ion and neutra~ flux to tll~ wall 
(this ai~~tion was conductod under :!Osro-perforation 
sssumption. 1 . e. 1:ue ~er Of particles in plaama re­
walned conetant ) . T~e temper a ture of p&rt1clos incoming 
to plasma trom the wall Tm ~as determined with t~e ac­
count tor tbe part icle and energy reflection coofficien-
1:S given In [9] tor iron ImH. 'l'lls temperature of cold 
neutrala resulting from tbe dinsoc1ation pr mOlecules 
deaorbed from 1:he wal.1s ~as assumed to be 2 eV. Tbe ne­
arwa~~ po~en1:1aL jump waB negl ectea according to conside­
ra1:10ns ~m1lar to those described in [10]. Cola neutr~ 
t emperature '1'm was determined. by tbe following r e lal;ion 

n 1: -.,. " + ('1HGV>y Or nff f<pla" v,), <p(o X "i t 
HH-ll1 fVO 2' l~""1~ "t 

. + I <p(o,t, Vd - <P(O,X:Vdl] dx 
neat. transrer i n tbe narro~ nearwal.1 region Witn a 

W1d.tb or 'tbe 100 Larmor ra41ua order was rea11~e<l Dy COD­
vecti.on, thue ~·ero electron and 10n t emperature gr~ants 

· ... era BBsUllied at the wall . Total . plasllS current cOWlerVa_ 
tion ~BS used as a boundar.r .condition tor magnetic field 
dU'tUlJ.i.oll equat ions . n(O:) equal· to 1013cm-lwas also taken 

as a boundary conditibn. Inltial prof!le ot iapurlty a.n~ 
sity . BB chosen ass\llll.lng Z~tt=Const ..... 1. 3 • . -.b.1ch correapon_ 
ded to the total impurity oontent ot about 1S. 

'lhe results .of e1Elulat!on tor 80118 1lU.t1al protUe u. 
prea8Jlted on E'ig.1-3. 1!'1g.1 8howa .th.at at 15th uso tbe 
plUM. denaity levelling occurs, caused by the .. intell8in 
ionization of neutr&le near the .wall. It can be also •• en 
tbat a low te~erature region foras near · the Wall, it. w14th 
being .defined.by panetratlon deptb of DOutrale ooaillg tro. 
tbe wall (l!'ig.2) .. 

T12& dependenoe ot tusion power. main .plullB. ene1'fD" 
1088ee aa wall -as Q-value whlch Is equal to tbe .ratio .of 
fusion power acoounting for neutrons to the total power ot 
all plasma energy loasee. It lIlust be noted that simulation 
presented 'was conducted .witbout oonaideration tor plasma 
heat1Dg by o(. .. particlea. 

During .the firat tive 1II,88C plaama .main eDSrg;r": ..].os8e. ' 
are determined b,. convectlon, since llSar.&l1 plsaM te.rpe_ 
rsture 1e relatively bigh at the initial ItIOment 'about 
)00 eV) . Afterwards pIaEima -temperatUre in the nearwall 
region decreases rapidly due . to .recycling _ot neutrala 
near tha wall resultias in convection loes sharp decrease. 
Tbis explains the existence ot ·Q-value .aax1mua .at 5-6 
meec wben fusion power falls b1 a .tactor of two . 

1. Coppy D, Comments Plasma Pbys.Con.FuaioD, 1977. 
v.3, 111: . 2, p.47. 

2. Cob.n D.B.,.iJ;l Proc . lnt.Cont., Cambridge, lIass., 
18-020 S8pt • . 19?8. 

3. Dl'OWIlII&nD q. et a1., Tape-wounded toroidal ('1'F) aagnet 
tor ZEPHYR, !PP 1/176, 1979. 

4. BtlCH JlbeB H.B;. ·JYkU B.3 •• lJpenpHHT 8Bl'AH. " ' 7-017 
5. Rutberford P.H., Pb,ya. l!'luids, 1974, 17. p.1'782 •• )/.,1977 

6. Duehs D.F. et al ., Nucl.J'uaion, 1977, 17, '.p.565. 
7. Poet D.E. et al •• in Proc,of 7th IilU. Cont., Vlenna, 

1979,1, p.471. 
8, BSCMAbeB H H It 

. - . .lip ., ATOMHIUJ 3HeprltR 19'78 44 
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PLAS1IA. J?I:P7USIOB IN SYSTEMS WITH SBPARA­
TRIX 

V.M.GribkoT, D.Xh.MoPOzov, O.P.Pogutae 

Kurchatov Inatitute of Atoaio Energy, 
Moaoow, USSR 

Abetract . The diftusion ooefficient for s toroi4a1 aya­
tem with divortor i s obtained. The deptb of the region with 
destroyed magnetic BUrracee near the separatrix ie evalu­
ated in • etraigbt system. The' diffusion flow in stochaeti c 

magnetiC field ia calculated. 

The separatriX with an x-point,at which the peloidal 

field disappears,eocure in divartors, doublets and other 

contigurat~ons. The classical plasma diffUsion was stu­

died in /1/ for such aystems with straight geometry. 

We take into ac~ount two significant effeots which 

can change the character of diffusion. 

Pirst, we investigate the classical diftusion in a 

toroidal eyatem with aeparatrix and conserved aagnetic 

surfaces. A di~aion flow across the magnetic ~.ce 

yr • conat ie obta ined 
r -I. ... 1J. vy RJ"Vri 

-y" t'.VtJl (1) 
_ :I R2. 8 2 , 

V · VY'~-~C 7ifIJ-<l>,,)P 
where, R ia a diatance from the point of observa~ion 

to the axis of aymuetry, Ro ie the large radiue of the 

tONS, If and 0( are the large and PlSll azllllUthal 

angles, 2 is the plaSlllll. resilltivity. 

< A> = .... ~ ,le< (.f. _cltt )-1 
'j" B ' VD( ';Y B . vtI. 

Por numerical calculations we UBe a model such 

aa in /1/. Two coaxial thin coile, eeperated by a 

dietance 2a, oarry the ourrent J . Fig.1 shows the re­

sults of calculations. In tbe straight model, the dif­

tusion flow at the points along the eeparatrix vanishes . 

except the x-point /1/. In ,the torus, the plasma flows 

aoross tbe . aeparatrix everywhere .,\ 

Second, if the magnetic field ie perturbed, magnetic 

surfaces near the separatrix will be destroyed. The field 

line doe~ not lie on the surface but occupies some volume. 

Using the results of /21, we can evaluate the depth of 

the resion with destroyed magnetio surfaces. In thie ca.e, 

we can neslet the torCidal effects. Perturb&ti~ of the 

field i e cBused by changing the form of one oonduotor. 

Ite equations are: x • a + Xl sin kz. yao. The other con­

ductor ie rtraight. For the unperturbed csse,;.2. • 
..2 224>2 • (!2 + ;2 + 1) - az • oonet. The separatrix correa-

ponds to 1- • 1. In the region 1 - 8'<.1- (1 + (j 
the magnetic surfaces are deetroyed. The parameter 

i8 obtained from the equation 

e.,'S' = E!... L .. 
/(a e6"XI. (2) 

In thie region, the diffusion ooeffioient ie grea­

ter than that in the ayatem with coneerved surfaoee. 

The thermal conductivity in a etochestic field ie 

conaidered in 1)/. In tha preeent paper, we obtain 

eimilsr results for the diftuaion flow in the two-li­

quid approximation as well se for the elab geometry. 

r = ] ~~~ SII./l tc: "it. cl"" 
T"."w,' I( ~:+Ol./!".J!ff.t<l cI~ () 

,-00 .... I W, J. 

2 -,K'I. ~ - B 
18. 1 = 5<#,(O)t,(7»e cl", 8 = S; 

Therefore, in the real systems with an x- point the dif­

fusion flow may differ from the model i tt /1/. This dif­

ference ie rather large near the separatrix in the caee 

of deetroyed magnetic surfaces. 

References 

/1/ S.P.Auerbach. ,A.H.Boozer. Phye.of Fluids, n, 
2396 ( 1980 ) . 

/2/ G.K. Za.lave~. Statisticheekeja neobratlmoet 

v nelineinykh sietemakh, Nauka. M •• 1970. 

1)/ B.B~Kadomtsev, O.P.Pogutse. Plasma Phye. and 

Contr. Ducl.Fusion Rea., v.l, p.649. 1978, 

IARA-C"N-37/0-1. 

8 

1 

J 

2 

Pig.l. Dimensionleas diftueion coefficient D == J) Bp . _ 
..... hQ2,111 

l!e.. - 0. or B. - , 

J-7 



J .. 8 

D~FUSION OF IMPURITIES IN THE PRESENCE OF EXTERNAL 
FORCES AND ANOMALOUS PROCESSES ill A 'l'OKAJiAK 

PLASMA 

S.V.BBzdenkov, P.N.YU8~Ov 

I.V.Kurchatov Institute of Atomic Energy, 
HoseD .... USSR 

Abstract. An effect of the tokamak plasma impurity re­
moval via the application of Bome external forces Is theo­
r etically studied when the anomalous longitudinal visco­
sity of electrons and Bome anomalous processes, like the 
cagnetic field irregularitieB, ar; taken into account. 

In the paper presented, one of the poooible mecha~ 
niams responsible for the removal of cl -particles and 
impurities from a tokamak with the external forces applied 
to plasma_is diocuased. These forces are produced by the 
same methods which are supposed to be uBed for the mainte­
nance of- a stationary current, i .e. by injection of neu­
tral a~oms and by RP oscillations. The method o~ cleaning, 
discussed previously in /1,2/ in the regimes with an cr­
dinary P~OC16ssical viscosity, ie based on a change in 

velocities ~f the plasma motion along the magnetic sur­
faces under external forces as well as under friction bet­
Vleen plasma and the wall, or a neutral gas, or the locally 
trapped ions. In its turn, this results in a change in fric­
tion between the components and, thus, in emergence of an 
additional drift o~ particles along the radial direction. 

So~e anomalous processes, which increase the electron 
viscosity and induce additional electron currents across 
the magnetic surfaces, are responsible fo r changes in 

the diamagnetic velocities of plasma. An increase in tHe 
electron longitudinal viscosity is equivalent, by its 
sffect, to introduction of an additional damping of the 
poloidal momentum. T.berefore, any mechaniam which results 
in this effect, can be considered as viscosity. 

Another type of anamnlous processes under study is as­
sooiated with the RP oacillations in plasma or with 
some irregularities in the magnetic field. Such pro­
cesses provide an increased heat conduction of plasma 
due to appearance of an additional term in a kinetio 
equation /3/ 

1>~ 11 (j ':!-) ,t = it "" (1) 

where,'" is the distribution function in the partiole 
velocities, j. depends on the nature of oscillations. 
Besides the heat fluxes, the equation (1) also will 
determine an additional flux of particles t;JJ. • 
which is proportional to a diamaguetic velocity. if 
one can neglect the temperature gradient, 

rad:l. :: - Le Ue (2) 

1.1 t (j JP. E) 
e.=-et'~cr.e1' 't 

The designations here are univeraally adop'e4 on •• , 
the coefficient Le dependa on the nature of an~1t7. 

Later, the flux (2) is taken into account tor elec_ 
trons only. 

The particle fluzea provided by the ext~rnal for-
ceo applied to plasma, ~th anomallt~ of eleotron. 
taken into account, can be determined from the force 
equations ~or each plasma ccmponent. In the Prirech_ 
Scbluter regime, the main portion of an additional flux 
of impurities ie determined by a dependence of the exter-
nal foroe~F~ on a peloid&! angle. In this case. 

Ar.""- -' -[f. 2&·~. -"51 
~ - ti:B~ ~ Le+2£''"(~;''')..) ~ ... 

- .. 
t~ <f..>,kL(~>- <~'F.>; <.>= ~(.)Nlz1T 

(J) 

wher., E 18 tbe toroid1(!1ty pa;r_eter. ha, ... £ ~~..,. • 

>.~ characterizes an efficiency o~ the "external" fric-
tion R-tut :: - ~. Vot • Wben the dependencee F_ 
on "" are extremely asymmetric ones, the flux · 6 ra'~ 
will be proportional t . As for the ano.u.it1 of Le' 
it is manifested in E2: • But tbe radial electric field 

Er dependent on Le can ohange the sign and,in the case 
when L .... > 2:f .. I{~,.+}.~) ie f'ound to bel equal '.'/ . . E't.= - ;r{ ene. . 

In the "banana" reg1llle. It. change in the nUl: of 
impurities under external forces hae different charac­
ter dependent on Le in c~m.parison with (l:+".a.). 
Transition from a neoclassical electron Tiscoeit7 to an 

anomalously large one does not affect the .tructure of 
the dependence l!. r;c. on F... ,it chana:u only ~~. 
numerical coefficients. 

A peculiar feature of a siven regime is a great 
quantitative difference between the flux of pl&ama &ad 

that of impurities. as .r .. <<. Jt~ . there.)Aa, )f~ 
are the coefficients of visoosity for the ~pur1tie. 
and fo r ~~e main ions. Independently of Le' tha flU% •• 
of the main ions and electrone considerab11 axo.ed the 
flux of impurity, so the effect of oleantnc ooour. due 
to the plaB1118 pinching againet tbe baolqround of a 
slowly diftu.ing impurity. 
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IJIPURITY PLOW RBVBR9L IN TOlWQK WITH HKLICAL JQ.GllBUC 

PIBLD' 

.1..1.. Shishkin 

IDstituh of PlQ'lJ1ca &: Technology. the Ukra1n1an AcedelQ" 

of Bc1encee, Xharkov ) 10108, USSR 

Abstraot • Modifi cation of the fiow reversal effect is oon­

sidered tor a tokamalc wi tb extemally applied belical mag­

netio !1elda and baokground ions injection, lo cal in'f and 

mul t ipole in ~. Magneti o f1elds from external he lical our­

rents s pl1t the rational magnetio surfaoe giving .rise to the 

Chain of magnetio ialanda. ~he souroe of baokground ion. 

acte OD 1.mpur1Uea due to a ooupling of t be 80urce harIIIoODic 

(Ill + 1.n) with the magnBtio perturbation (m. n) and the har­

moni o (1.0) in tbe toroidal magneti c field. 

1. All is knoWn ~1-3] ; the inward d1.ff'us10n of impUrity 

ions in plasma oan be counteracted by parti e~e and heat 

SDUrces . In conventional tokamak with the magnetio field 

g _ BD {O, ~t(r.), i} (i+-iCl»~ the · magneti o surfaoes V·rt 
the partiole 80uree with the Pourier expansion in {t' .bar--

.. Diea' Q er; 1l:) _ ({ ... ~ ='U)-' ~ Q~(~)""n'i'+Q: (r)AAn\l' 
reault~ in the additional friotion foroe aoting on 1mpUr1tJ 

ians OD :tbe .~~e of baokground plasma ion8 . Below, in the 

Pourier e%panrion of Q<r.t,) .0 keep the ~n10 sLn.~ '\IIb1d:l 

is the onl3" b.arDIOniO that makes a nonzero oontribution to 

the averaged impurity flux. The friotion force OD the 8ide 

of souroe iema (~ ) .. B tn. Q(t' 'R C06~ comp8lUlatea the 
11 CC tt'q. 0 t(r~ 

action of the friotion force which ia proportional to the 

(~ ) -6 m,n, lI.aoolT (! ~p, ~ ~p-", 
presll\U'e gra.41enb r~1I - '"ell B!,t:(ri)\ieRld"-Vii~ 
for tbe proper choioe of the longitudinal magnetio f1.~d 

direotion (the a1g:11 ot BD ) and of the source SIIlPl.1 tude 

Q = I~ "dPi. I . The tr1otion foroee compensation ~ 
eB,"R ar 

aurae tbe tran.tormation-to-zero of the ~t~ dittusion 

flux at a di&tanoa tro. the plasma eqe. In expertmente (4] 

the etract ot the .curee on ~h. impurities was realized 

br the injeotion of the ba.o~und gas "along the major 

perimeter of the toroidaJ. devioe .• 1 . e . at all T&.lues of '£' 
(OS:If",9.~) -' and. el.ong one diHOtion-8'.con.ot ; ffis the 

8,D81e along the III1.lior perimeter o f t he toro.s (1'18. 1) . 

2. We oonsider in what ..,. the scheme of the bao~ 

ground SaG injeot10n may be simplified for a tokamak with 

-S' m-I externall,. applied helical -suetio <tIields B- • 'Om. r • 

f r.Ln8 C069 -~~9},.e ... mtr.nfl ~ch· &pUt the rational l • 'IT\ , 

lIBgDet10 lNdaoe with tbe radiua 1"" • rm. ... and rotational 

tranetorm SZI.gl.e (;(r!,.)-;'k ·thereby forming the isolat ed. 

cha1D of -anetic islands with thlil b&lf-width b,r [5]. 
In th1e ease the magnetic structure is daKribed by equa-

tiOD -qr.~t I "here -qr =[mt(~-n]r;+m.~r;+l..1O-mC069. 
ID a tokamak With sueh geometrr the 1mpur1~:r r aversal 

tat •• plaoe i f the 7our1er azpana10n of tbe partiole ~ 

haa tU heUoal ~n108 t~-e'f . parlicu1arly. the 

ba:rIItm1o &i.n[(m+~}\t-n'f1: ~he oompensation ot friotion for- · 

0 •• 18 not ObTiOU8 88 in tbe callS of the polO1.dal 1.nJeo­

~iOD (point 1). Bttt it is not 80 ditficu1t to verif1 that 

the ooupling of the souroe hel:1cal humonio (m + l,a) witb 

the magnetic perturDation harmonic ( ~.n) and toroidnl 

magnetic field harmonic ( 1,0 ) ensures the r~veraal of 

the 1.mpur1 ty nU:Z: (n~ VI ~) averaged over the · mag-
IvY, . 

netic surface. The source amplitude required to reverse 

t he inward nux at impurl ties a t the external boundary of 

Q I ll. .p,,,," l I 
tbe chain ot the magnetio islands is .. e Ba'R dr Md 
... r. 01. _ ~ [m+1 _ 4&Q<")1 + 4 (m+l)d.I"CC'·)1 ] 

3:1[: clfn.T ,....I"' ... ft d.€n.rll "-
The presence of belical harmonics In the source corres-

ponds to lo cal-in- If particle injection. Neutral par­

tioles injected in a certain ,plane !.f_COn.6t are lon1~ed at 

a distanoe from the plasma edge; they oocupy the field 

linea on ~e magnetio surfaoes, inoluding the rational 

ones, With an anale of rotational tr8Dflform '!.(r2)-f 
In this CBse tbe Pourier expansion of the source Q should 

inolude the helical harmonioa [ 6]. The form of the sour ce 

Q - QCr) si.n.[(m+~-&-n.f] means that the source background 

ions should be distributed on the rational magnetio sur­

face with "=r:+! (Pig.2). In a t oknma.k -tV-I.) decreases 

with the radius from ~he centre, i.e. , '(0) > {(rl) , tl:ere­

fore t he magnetic surface with c. .. .....D:.- is external with 
m+l 

reepect to the chain of magneti c islande arising at the 

place ot the magnetic surface with "-ik- (Pig.3). 

Purthermore, the form ot the source Q _ Q(r)Sln[(I11+Iy:r-tt!f] 

indicates t hat the injection should be realized with the 

(m + 1) multipolar1ty along ~he minor perimeter of the 

torus. If the magnetio perturbation (m. 2 , n . 1) spli18 

tbe surface W1. th t: - t t t hen the injeotion ehould be 

naliud alOJl3 three rays ot -&'.eorut in one plane 'f.co"-St 
(J1s.4). The total number of background gas part10lee to 

be 1aJeeted into the deTice per unit time ie of the same 

order of magnitude for both t1Pe. ot injection; continuous 

~ If' • local in ~ (pOint 1 ) and looal in 'f • multipole 

;In .fr ,a. eonridered he:re. 

btenDO" , 1. Burrell X.H •• Pbye.J'lu1da II (1976) 401. 

2. Stacey ••••• Jr •• Phya.J1U1ds ~ (1978) 1404. 
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IMPURITY RADIATION FROM A PLASMA rn DIFFUSIVE EQUILIBRIUld 

D E T F Asbb~ and M H Hu~bes 
Culham Laboratory, Ab1ngdon, oxon, OX14 3DB, UK 

(Euratom/UKAEA Fusion Association) 

Impurity radiation' f rom the peripheral region 

of a plasma is considered in the situation where diffusion 

a ftects the equilibrium distribution of the different charge 

states of the i mpurity. ~uner1cal results are presented 

fo r oxygen in an idealised situat i on. 

INTRODUCTION Consider a hydrogen plasma in which power 

depos~ted in the central re~i on is ~oaducted to t he edge 

region where it is lost by 1m~urity radiation and transport 

to the boundary. In equilibrium the edge region satisfies 

~~~) • DeDzLCT) 

which on 1~tegrat1on gives 

(2) 

Thus if the thermal flux region is too small 

i.e. 
( J) 

~quilibr~um is not possible and the temperature prnfile COl­

lapses. Equation (3) can be simplified by assumdng ~, ne 

T, I L(T)dT 

TO 

(3a) 

whicb shows the importance of the integral /L(T)dT in deter­

mining the ef fect of impurity radiation from the edge of a 
plasma[1]. This paper considers how L(T) and its integral 

behave when diffusion affects the distribution of charge 
states so that 'coronal equilibrium' no longer applies. 

BASIC THEORY When individual charges states are consid-
ered eq{l) becomes 

(4) 

-where ". " L>j i, eh" iC;luri ~y density and mj " nj/nz .. "" j-O 

relatiV!3 abundance ot state j . Tb" relative abundances 
, 

""" m 

determined by the rate equations 

{it + ~l}ril - ne'iUii (5) 

where R is a tridiagonal matrix since 

{it + Djh1}mj - ne {nj _1 mj _l - (<Jj+Bj)mj + Bj +l mj +1} (5a) 

and n and B are ionisation and recombination .coefficients . 

In coronal equilibrium tbe left hand side of eq(5) is . -zero; thus R.m-O and the relative abundances are given by 

(6) 

Consider the case when the left hand side of eq(5) is non­

zero. For Simplicity assume that all charge states are 
subject to the same diffusivity 'namely Dj-D. Adding the 

equations of (5) gives 

{. . " .' } Dtil nz; - 0 (7) 

so that in equilibrium (i.e. O/3t 0) DZ; i .. conotant in tbo 

absence of any internal sources. If ne and ~ are also 
assumed constant then eqs(4) and (5) become 

.'T asI - -

' , 
L.m (B) 

and' (":0) a 1Jlj ... '" 
asT - R.m (9) 

wb~r~ : ~l - .X2 nenz/~. '" '" 
Hence meT) and tbus L(T) - L.m depend nnly on the parameter 
(nzD/~) and _ ~be boundary ' cnndi t10M chosen for eqs( 8) and (9). 

An alte;rnative and more convenient parameter of the problem . , . 
is (D/ne){dT/dx)l ' This can.be sbown ~s follows: 

2 ' 2 2 n nil", n n n D . 
(H)~{l ' . - (N)o I (H)l}- -P L.ilidt- -¥f(+) (10) 

TO 

{D ('T)'}{ ('T)' ~ 3x 1 1-"5X 0 ('T)'} 0". (".0) .("._0) laxl~f """"iC - (11) 

EVALUATION OF L(T) AND ITS INTEGRAL Equations (8) and 
(9) were solved numerically using HELlOS, a I-D time dep­

endent code that fo llows individual charge states. Slab 

geometry was used with the following boundary conditions: 

Inner Boundary 
(.) 

(b) 

dT/dx - constant,i.e. prescribed beat f lux. 
Zero f lux of i mpurities which are f ully-ionised. 

Outer Boundary 
(a) T <= 0 (2 eV or less) . 

(b) The flux of escaping impurities is balanced by a 

source of nl in the first computational cell. Neutrals 

are ignored by putting S1-0 . 

RESULTS Figure 1 shows h01l' /L(T)dT varies with the 

diffusion parameter ( D/ne)(dT/d)C)~ for oxygen with three 
different constraints on the temperature prolile. 
(.) 

(b) 

dT/dJc - constant,1.e. nz '" O. 

{dT/dJc)O - 0, TO - 2 eV. 
(0) (dT/dJc)O - 0, TO < 2 eV . The temperature profile 1s 

allowed to collapse until the impurity flux to the 

wall has time to recombine to the lowest charge state . 
These three equilibria were reached by varying the impurity 
concentration nz ' 

1O-28'.-~~~...,. __ ~_ .. __ ..,......,-_~~., 

TYP1ta1 Condltions 
> . 

". 
e.g . 

. "Coronal Equi 11br1 um" 

dT/dx • 104 eV/~ 
n '.1020 m-J 

·D
e 

.. 0.5 f!2 s-l 

(b) 

Figure 2 compares L(T) for the case of 'coronal equil­
ibrium' (i.e. 0-0) with the case wbere the di ffusion para­

meter is large. The boundary condition on temperature is 

tha.t labelled (c) in Fig.l. The effect of diffusion is to 
increase L{T) at T ~ 50 eV by a factor of ten or more but 

tbe associated reduction at low temperature results in the 

relatively s=.11 change in JL{T)dT sbown in Fig.l 

. 
, 

CONCLUSIONS The increase of /LdT with the diffusion 

parameter shows that the assumption of 'coronal equilibrium' 
underestimates the total power radiated by a hydrogen plasma 
containing oxygen as an impurity. However the change in the 

value of the integral is not large particularly when the 
level of radiated power is suf ficient to substantially 
change the temperature profile (curves band c in Fig 1) 
Hence in equilibrium the cOlllDOnly used a.ssumption. of 
'coronal equilibrium' should prediqt the total power 

radiated to within a factor of three or four provided that 

Dj' ne and ~e are constant over the region of interest. 

REFERENCES 

[1] ASHBY D E T F and HUGHES 11 H, "A Study of Impurity 

Radiation from the Peripheral Plasma of a Tokamak 
Reactor". Culham Laboratory Preprint CLM_P62~. 
(Submi tted to Nuclear Fusion . ) 



ED'ERIKENTAL STUDY OP LIJaTEB EROSION MECHANISIIlS IN 
THE MlTERIALS ~ST T-JK TOKAMAK PACILITY 

• D.G.Eara~ov. V.D.Demyanenko, S.V.Kirnov , V.V.Myalton, 
L.E.DelQ'anenlto,"- T.B.MJ'alton, V.S.Semenov, V.P.Fokin. 
"Energiya" Scientific-llanufacturing AS80ciation, 

lIoacow, USSR 

It ia known that l1a1ter erosion is one of tbe main 
80urces of impurities in tokamak'8 plasma. Especially dangerous 
are ins~ability r egimes of ~he discharga, wben the intensity 
of pla8lll8-wal1 interaction bigl.y increasea. In particular, in­
stabilitie~U8ualI1 8coomP8U1ing the initial phase of the dis­
charge, lead t o the development of unipolar arcs and evaporat­
ion .of signiflcan~ quantltiec of limiter and wall materiala 
/1/. Prom energy measurements of hydrogen atoms, l~lanted in 
the different sides of the l1m1ter /2. J/ it i s possible to 
suggest that the mechanism of unipolar arcs is not the only 
one contributing to 11m1ter erosion during instability regi­
mes. It was found that the 11m1ter surface, looking at the 
electron flow (i.e. the "electron" surface), and tbe opposite 
surfaoe (i.e. ~he "ion" ·surfaoe) are bombarded differently. 
Tbe energy and number ·of hydrogen atoms, implanted from tbe 
"ion" side is higher than that from the "elec~ron" side. In 

case of erosion, induced by unipolar arcs, tbis difference 
e1~her should not occur at all or wOul.d have been of opposite 
8ign, in case of eroaion induced by accelerated electrons. One 
of the possible explana~ions of this phenomenon is . of electro­
dynamio character /4/. In the moment of instsbility (in par­
~icular, disruptive ins~ability), plasma filaments with cur­
rant may easily reach the 11m1ter • Each of these filaments 
may ·be considered BS a flexible conductor with electric cur­

rent, cut by the limiter , performing scissors' function. Mag­
netic flow within th~ filamen~ cannot disappear abruptly; it 
will CBuse overvoltage on the "ion" side of the limiter to 
ensure the necessary electronic emission from the 11m1ter sur­
face. It ~h1s is accompanied by arcing, then the voltage will 
drop and the filament current will subside wi~h akin time. Un­
til tbe arcing is not developed, ~he "ion" side will be bombar­
ded by ions, accelerated by the existing electric potential. 
Simple estimate, made in Ref. /4/, showe that the ?ecessary 
difference of potentials of abo.ut 100 V w111 actually originate, 
if the filaments contain currents up to 1 ki. 

In this paper en attempt is made to determine experimen­
tally the real value of currents, passing through ~he limiter 
during the disruption instability in conditions typical for 
initial phase of tokamak' s discharge. 

Experiments were conducted on materials test T-3M toka­
mak facility of the USSR Ministry of Power and Electrification, 
/5/. T-JK tokamak is a modification of T-JA tok~, developed 
earlier in Kurchatov's Atomic Energy Institute. Major radius 
of ~he torus is 95 cm. minor radius of ~hin - wall discharge 
chamber ot stainless steel being 20 cm. The longi~u­
din&! magnetic field Ez of the first stage of tbe installation 
is up to 1,2 T, longitudinal current Ip io up to 50 kA. Experi­
ments were performed w1~h Bz ~ 0,8 T 1 T and Ip • 20 • JO ki. 

To 11m1~ the column siae, three ring - shaped ~1mi~~; •. were 
inserted in the chamber /6/ with inner radi~ of 16 om. The 
I1m1tters were placed a~ equal angular In~ervals of 1200 along 
tbe larger perimeter of ~ho ~orus. In the f1rs~ser1es of expe­
riaenta, relR~ively low -temperature plasma (Te~100 eV) was 
obtained, which corresponds to the oonditions of the initial 
phase of cli80narge in tokamair.s. 

~o study ~he limiter behaviOur in such conditions, a 
fourth pla~e-shaped grapb1te limiteT (lig. 1) was used, which 
could be inaerted into plaama behind the l1mi.~U·"· sb.ad.ow up ~o 

4 om deep. The l1mi~er consisted of tWo pla~es (a) 8 cm high, 
aepara~ed by insulator (B). MeRs~ing ~he electrical ourrwn~ 
~hrOugb the sbunt (c)~which connects the plates, i~ was pODsi­
bl. to determine the . portion of plaSlla current Ip passing ,. 
~hrough ~he limiter • On the o~ber hand, for a "no shunt· case, 
by measuring the Tolhge between ~he plates it was p08sible 
;0 de~erm1ne ~he typical electric vol~ages, origina~ing in ~h. 
plaa .. - limihr layer during ~he disruption. Pig. 2 pruent. 
t~e ~ypical o.olllogr~ of Toltage .long the torus perimeter 
'p(t), of oolman horiliOnhl Bhift ~ ; ~(~), curren~ Ip(~) and 

J-II 
current between the plates ~ for a case with plates inserted 
into plasma 4 cm deep. It can be seen that the apike of the 
ourrent, passing through . the limiter in the moment of disrupt~ 
ion,reacnes 1 ,6 kA, i.e. up to 5 • 7% of Ip ' The shift of the 
moving limiter into tbe shadow of stationary 11m1ters (Pig. J) 
reduces this current. Evidently the current is of the arc charac­
ter with the average density of 100 A/cm2• 

If we remove the shunt replacing it b.Y large resistor 
(1 kOhm), then in the moment of disruption a voltage pulse 
of about several tens of volts is developed between the plates. 
This vollage is enough for initiation of the &rei. It is abvious 
that the pulse's nature is of electrodynamic character similar 
to that suggested in /4/. Hydrogen iona, accelerated by this 
potential, may be the reason for implantation anomalies,observed 
in 12, J/. 
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ANALYSIS OF A GRAPHITE UMITER AFTER OPERATICIII 

IN T-l0 

O. Hl1dobrandt. M. laux . J. Llngortat, P. Pach, 
H.-O.Ruinor. H. Strusny. H. Wolff 

Zontrel1net1tut fOr Elektronenphyelk der Akadoale 
der Wlaeenach.ften del" COR, 10aO Ber11n, GDR 

Introduction 
It ia well known that internal aurf.cea of 8 tok •• ak .re 
sodified due to the int.raction with the pI ••••• In order 
tc a8aa8a the •• Dodificotiona • gr.phite li.iter ua.d in 
T-iO h.o baen invnt1gatad . Eroeio"n and d.position pheno_ 
Dena w.r. atudied by .orphologic.l and el ••• ntal .urface 
anelyeia methode. 
Th. graphite l i~it.r had about 8000 diacherg.a .ainly in 
deuterium. Typicel diacharge para8etero werel plaa.a cur­
r.nt 230 kAt ~egn.tic field i.5 T, puIs. duration 600-

800 ma, , l .ctron temp.ratur. i.i keV, electron deneity 
3.i019 ~-3. In addition to the high power dischargee, the 
ve88el wae routinely 8ubJected to cleaning by heating', 
gloft diecharg.e end loft po .... r pul08 diech. rgeo of high re_ 
petition rate. 
Th. con.truction of the limiter eection ie d •• cribed 1n 

/1/. 

~ 
Fig. 1 ehows echemetica lly the vielble pattern of .urf.ce 
phenoaene obeerv.d on the graphite 11ait.r efter remov.l 
froe T-l0. A thorough analye i e of the surfac. rav.al.d 
thst all perte of the 11111iter .... r. lIodified in diff.rent 
extent by depoaltion and eroeion procees.a. 
Co~mon to the whola .urfac. la a deposition of mat.rial 
froa int.rnal componente of T-l0 . Fig. 2 showe a typical 
depth diatribution of tha .tomic concentr.tion ~.aaur.d 
by AES-eputter tachnique. The eourc. of the obaerv.d iron , 
nlcke 1 amI chromiUIl ia the liner, that of tunget. n the 
fhsd 11l1iter . 
The d.pth diatribution of ell pointa enalyzad ehowe e lIIa­
XilllUIII near the aurfaca and ex"t.nde a t leaat up to 3 jJ. 
depth. w. aaeUlll8 that the obeerved distribution 1. ceuoed 
by diffueion and by the co.peting action of eroeion .nd 
dopoaition. Hlcropor.o end cracka ~ay .lao influance the 
pen.tration depth of the m. tal atoma. 

The total alllount of .etel depo.ited onto the 11aiter .ur­
faca ia lIuch highe r than that •• ti.ated fro. the obearYed 
~etel depooition per diacharga onto tha probe of the ane­
lyeia etation wASA /2/ .nd froD .pactroacopic date of tha 
Detal conta.inotion of the T-l0 plaaDa. Prob~ly Doet of 
the lie tal goee t o the li.itar during the pule. diecharga 
cleaning procedur •• Meaeur.m.nt. with the WASA devica 
have ahown th.t aftar on. c laaning cycl. the probe . ur­
f.c. waa contaminatad up to 30 I by w.ll a.tariel. 

In a region near the l1miter .dga heavy ab lation and .ul. 
tiple crecking tog.ther with arc trecka could be obeerved. 
It is obviouo that the cracking . io c.u •• d by a~v.re th.r_ 
m.l atreeeee due to non-uniform heating and .te.p tamp.ra_ 
tur. gr.diente. Tha ob8erved dalllege p.ttarn .ay b. tha re­
ault of chemical sputt.ring, aublleation 8nd aacroecopic 
diointegration of cr.ck.d ereaa. On th~ 10n drift a lde the 
damaged area io na.rly at tha centra of the li.iUr blade. 
on the .l.ctron e ide it i e conaiderably ehifted tow.rde 
the cent':e of the toru.. Thare ~e no explanation for thle 
ohift which hes be.r. obaerved ln e alail.r wey on the SS 
~ia iter of T-iO /1/ and on a 55 li.iter of PlT /3/. 

The · dallagad aree ia bordered by. rathar lerge reglon ap_ 
pearing bright, like a •• t.l, ln r.flactac light. No cor­
r.lation beu~en the oppe.rance of thie region a nd the e ur_ 
face concentration of dapoeit.d 8.tal could be found. We 
aupp.oee that the bright region ia 8ainly .roded by aput­
tering and the bright .ppearence ie due to • pollehing 
eff.ct. 
Me.ny arc tracke are ep"'ad over the bright ar.a on the 101'1 
drift- 8ide. No erc tr.cks .. re found on the .lectron d~ift 
8ide of the 11l11iter . Thia eaymmetry of arcing probability 

eba ob.erved 'on the stainle •• ota.l luliul'" of r .. l0 /11" 
1. poeelbly en indication of en •• r-.. try of the par ... _ 
tere of the l~lt.r .hadow pI ••••• 

The bright raglan le bordered by • black one. Here depoel­
tion phona •• n. 80 •• to prevail. Fig. 3 .ho~ the depen_ 
dence of the Iron arid tungsten conc:-ntret1ol'1 1n 1 JUe depth 

e. a function of the diatance fro. the 118itar edge. Ero­
olon and d.poaltlon region. a ... cl.arly •• paratad. Th. 
analyeie of the fora of the black area .how. that it oor­
reaponde to the ehadow of the ftxad 118ita .. projactad onto 
the savable grephite lisiter by tha field line •• 

The ruults dhcueeed .bove ellow ue to divide tM pI •••• · 
near the li.iter into three region. I the edge of the hot 
core with a te.per.ture .nd density high enough to h.at 
the 11~lt.r surf.~. to 2000 - 3000" K (h •• vy, .ecrOSoopic 
dallage). the 11.it.r ahadow ragion with. t •• par.ture .nd 
denolty high enough to aputt.r eff.cti~ly the li.itar 
. urface .nd to ignite unipolar .rca (.alnly .icrolcoplc 
erOlion, co.p.tlng depoaition) end the ehedow region of 
the fi.ed 11.lter with t •• perature and deneity .0 low th.t 
no e roaion ie detect.ble (dlpoeition). Th. ne.r li.iter 
pI •••• ehow. • pronounced aey •• atry coep.ring the electron 
and tha ion drift aide. 
Referencea 
/i/ D. Hildebr.ndt at al •• Baitr. PI •••• phy •• 20 (1990).3i3 
/2/ V.M. Chlch.rov at .1 •• Pr.print 79.7 (19'9) ~ Zentr.l~ 

in.titut fOr Elektron.nphyaik. Barlin, DDR 
/3/ S.A. Cohen.t al., Nucl. Fuaion 21 (198i),233 
Figure Captiona 
Fig. :1.1 M.p of tM analyzad cantral part of the graphita 

li.it.r of T-l0 (. ize 226 • 76 .a2) 
Fig. 21 Depth profila of .t08ic co.poaition •••• ur.d by 

AES-.puGer t.chniqu. (ion drift .ide) 
Fi9. 31 Conc.ntration of iron .nd tung.tan 1n a depth of 

l;US aa a function of the dbt.llea fro. the It.itar 
edge •••• ur.d by RBS (ion drift eide) 
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TIME RESOLVEO IEASURI'!JE NTS Cl' THE IHPI,.RITY FUJX IN 
T~ UHITER SIiADDr OF THE T-10 TOKAMAk 

V.M . ChlCha~ovx), D. Hlld.brandt. H. Laux, J. Llng.rtat, 
p. Pech, H.-D. Reln.r, H. Wolff 

Zentr.lln.tltut fOr El.ktronanphyelk der Adr dlr COR. 
1080 B.rlin, GDR 
x) I.Y. Kurchetov In.tltut. for Atoelc Energy. Hoecow, 
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Intr°ducupn 
In varlou. tok ... k •• ovabl. probe. tog.th.r with surf.c. 
eftely.l. t.chnlq~ •• r. u •• d to lnve.tlg.t. 1.epu~lty flu_ 
x •• In the boundery l.yer /1-6/ . 
In thl. peper r •• ult. of tl •• r • • olv.d •••• u ..... nt. of the 
t.purlty flux in the 11.lte~ .hadow of the T-l0 tok ... k 
.r. p~.e.nt.d. The .urfac. analy.i. etetlon u •• d for in 
.1tu enaly.l. end it. loc.tion .t T-iO ar. d •• c rib.d el •• _ 
wh.r. /4/. The ele of the pr ••• nt •••• ur ••• nt. w •• the •• _ 
tl .. tlon of the 1epurity flux In T-l0 during low q_di. _ 
charge a /q(') ; 1,8/ fr •• of dierupt~on •• with addltlon.l 
eC_heatlng end arg~ puffing. 
bp!fiuntel 
Th. poaltlon of the probe In T-10 with r •• pect to the 11_ 
.1ta ~ •• nd Eat':'f".r i •• hown In fig. 1. The probe _e 
kept In 1ln.r po. It ion 1 ••• the c.ntre of the .xpoeur. 
.Hte In the Te-shi.ld _e on the radlua r p • 38B _. Ou­

rlng the dlech.~g. the probe w.. ~otat.d by .n .ngle of 
60°.(Th. rot.tlon fr.q u.ncy of the probe _. 0.17 e-1 • 
with thl .11t width of 2 ••• nd ..... probe re.lue of 
17 m. the .xpo.u~a tl •• wa. 0.11 a.) Flv. rep~oduclbl. 
disch.rges w.r •• uperl.poa.d. Th. following •• ttlnge ~re 
ue.dl .ovlble grlphlte li81ter It a • 290 •• , fix.d gre­
phite 11.1ter at .f • 340 •• , argon puffing It t • 400 •• 

end ECH_pulse (50 •• du~.t1on In d 1.040 kw p.ower) et t • 
700 la. 
B.for •• xpo. ur. the pr obe .a. pr'par.d by el1v.r d'poal­
~lon. Thla d.po.lt.d laye~ h.d • high clrbon content (up 
to 65 %) .t the aurf.ce. Aft. r .xpos u~. the p~o~e .urf.c. 
showed no vlelbl. tr.c.. of arcing or aurf.CI d • • lge due 
t o high power 1.p.ct . Carbon and o.yg.n .. r. anelyzed by 
AES whll. the v.ry low •• t.l concentratlone were •••• ur.d 
by SIHS which wae c.llbrat.d by AeS . 
Reault •• nd dt.cu.aion 
Fig. 2 .nd 3 ahow the chang •• of the eurf.c. dan.lti •• of 
the llpurl~y eto •• F. + Cr + Hi I nd 0 on the probe during 
tha tok ••• k pula •• It 1 ••• au,.d t h.t the .tollc den.ltle. 
found on the probe .urfec. er. proportion.l to the 1.pu_ 
rity flux to the probe. On the .lectron .nd ion drift 
.1de oxyg. n .nd •• ule ahow the .... g.narel, beh.vlour 
Ilk. In e.rH.r •••• ure •• nt. /5/. The cou~a. of the •• tal 
depoaltion with tl •• (fig. 2) r".fllble •• trongly tha evo­
lution of the .l.ctron d.n.lty . 
Th. eurf.ce density of oxyg.n (fig. 3) .hows en additional 
•• xi.u •• t the beglnnlng of the dl.ch.rge on the electron 
d~lft aid •• Th. f lu x In pololdel dlr.ctlon e.t~t.d by 
analyzlng the atolllc de(l&lU.a on the probe bene.th the 
upp.r and the lower .11t dlff.re oon.lderably frol the 
f lux •• In torold.l dlr.ctlon. While the .atel flu x to the 
upper and lo .. r ellta i. n •• rly con.tant during the dle­
charg., tha oxygen flux ha. e wide .ax1eu. fro •• bout 100 
to 400 .a . In all c ••• & the d.t.ct.d .tOll0 "neltlee et 
tha upp.r .11te .re a f.ctor of 2 to 3 ~igh.~ then at the 
l ower .11t. 
It appe.r.d thet puleed ergon lnJ'ction .nd t~. ECK-pul .. 
had no pronounc.d .ff.ct on the 1.pu~lty flux In .ech di_ 
~.ctlon. The lIaxlau. of oxyg.n In .- at t • 0 (flg. 3) le 
I.cribed to the ep.clal oper.tlng condition. of the eCH­
g.n.r.tor, which le •• 1tUng In the aund~by regu ••• rlee 
of short but full po .. ~ pul.en (1 ••• 140 ~). Th. RF­
power illlplng·. on the torua w.U oppo. lte to the "F-f •• der, 
d •• orblng oxyg.~ wit hin the line of .lght of the .-_ellt 

of the aurf.c. analy.le probe. 

The t.pllrity fluxee ana the correepoadlAQ ~uri~y ~ •• i­
tso. 1Q the 11.1ter en.dow eetl .. Ued f~_ the ..... ,..eI 1._ 
purity o..eitie. o. the prob. ellrfa08 ar. ge .. raUy .. or .. 
der of .agnitude lo .. r tha. in .arli.r- .... u,.. ••• t. /5/. 
Aeeu.1Ag an ion e •• rgy of 3 eY and t.ki.g the don.ltl •• 
at t • 700 .a for the ion drift eide .. get for oxyg.n 
(ono .hot) nt.p • _.5.108 ca-3 end for the a.tale Fe ... 
C.r ... Ni nt.PM .03.3.108 c:.-3 • Th1e t ow 1.epur1ty den.ity 
.nd the ab •• nc. of pa.k. 111 poloidel direction .t . the 
.tert of the pule ••• y be .ttrlbuted to the .ction of the 
addition. 1 ce~bon 11.lt.r .t eF • 340 ••• 
R.far.nce. 

./1/ p . St.ib .t al •• p~oc. 7th !1I~Op. Conf . Contr. Fu.lon 
.0 PI •••• Phya •• Lau.enn. 1976 , Vol. 1. 133 

/2/ S.A. Cohen. H.F. Dyn •• J. Hucl. Hat.r. 76/17 (1978) 
42. 

/3/ G • ..,. "cC~.ckan at .1 •• J. Hucl. "eter. 76/17 (1978)431 
/4/ V.H. Chlch.~ov .t el., Z.ntralln.t. f. El.ktronenphy­

elk. aerUn. ODR·. Preprlnt 79-7 
/5/ V.H. Chich.rov u al •• ;J . Nuel. ",ur. 83/94 (1980) 
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Flgura CtpUone 

F1g. I. Tep vi.w of the T-10 torus . hOW1"g the poeltion 
of the depoelUon (WASA-)probe·, the 1s..1t.~ .nd 
the Rat-faeder 

~il. 21 Surface denaity of .. t.l. F. + Cr ... Hi VI. tl •• 
for 6 euper1epoe.d dl.ch.rgee ( a • 29 c.. a

f 
• 

34 Cl, r p .. 38-,_ c.) on the 10ft al. (I·,., .lec­
tron aide Ce-) ', upp.r CU) end lo_r (L) .lde. 
Ar. "r .. pufflng', SOH. alectron cyclotron h.,Ung 
(50 .e) 

Fig. 31 6urfac. den.lty of oxygen ve. tl •• (per ••• tlra 
.qual to fig. 21 
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PULL-WAVE PROPAGATION }lNALYSIS FOR THE X-KOoE }IT 2 (.lce · 

E. LLa==a~o, G. Ramponi and G. GiruzZi* 

ISTITUTO 01 F ISICA DEL PLASKA, CHR, MILAHO (I TALY) 

The propagation of the ext~aordina ry wave in th e frequency 
range (I, ... 2W

ce 
«(I)ce - electron cyclot~on frequen-cy) in 

tokamak-lik, plaama slab may pre sent SOme an alogi e s with the 
beh.viou~ of ion cyclotron waves at W-nwc1 / 1/,/-.2/ . 

Name ly, from th e analysis of the dispersion ~e lation at lA)_ ' 

_ 2 W ce" /3/ it i s likely that waves incident from the high 

or low field side be s ubj ect to partial ~ eflect ion s nd con­
version into electrostatic weves, es well ae cyclot~on de~ 
ping. TO have a quantitative: evaluation of · these effecta, 
keeping co~~ectly into consideration the presence of the c~ 
clotron aampinq given by the anti he~mitian pert of the ~e­

lativistic dielectric dyedic /4/, it is neceasa~y to so lve 
numerically the propagation equations, wbich, fo~ incIdence 
normal to the toroldsl magnetic field, are, 

" , " ' .. +X'dY ) . E IZ - i X ilf 
) • , -, '0 

" " -, £12- iXd"f • . • ( £ll+(X+I)df") 
, _ 0 , 

whe~e: ~ - (W/c)x, £ij a r e the wco ld- plasma d ie lectric te!!. 

so~ elementa, and /4/, 1 mcZ Wce 
X- ~ FV.1 (T"(t- 2W--» 

2Wce 

The numerical integ~ation " of Bystem (1) is p er f ormed in va­
rioua den s ity regimes ( W~/ w 2 ~0.20 ) /3/, ~or wavea inc!. 

d e nt from the low (L.B.S.1 0'" high (B.B 5.) magnetic field 
aide . 
In the high den s ity ",egime (W! / w 2 _ 0.33) whe",e a pos-

8 ible "warm- cutoff appea~a f~om the diape",aion relatIon /3/, 
tha typical behaviour of tbe 10ngitud1nsl and transve~se com 
ponente of the e lec"t"'ic fi e ld of the wa v e incident fro .. th; 
EI.D. S. i8 shown in Fig8 . I, 2 . An enhanc!!.ment of Ex in 

tbe "region of strong inte~action between the X-wave and the 
quasi -e l ec tro s tatic -w8ve is vi8ible , auperimp08ed to the er 
tact of th e cyclotron damping. Figs.3 , 4 a how the Bame quan 
titiell, but in the caa e of L.B.S . incidence. -
Be",e the occurrence of partiel r e flection ie evident, however 
there " i8 eufficient t~anemis s ion across the Warm cutoff bar­
~ier, at l eaBt for low tempe~atu~e cas" s (Fig. 7). 
This tunn,,111nq phenomenon is favoured by the complex natu_ 
r e. pf the ref~active index due to the cyclot~on dampin\l . 

Ph. s e and 
Ius of By 

inciden ce) 

,., 

1!I0du­
(HBS 

".r-----~------"-~'c-------~c_-----+~c, 

.;//// 
I,,~----------------I 

Phase and 110-
dulus of Ex 

(LDS incidence) 

"L:===""F=:::...---jr--------jr-----,.J 

Pha.e and modu ­
lu. of Ey (LBS 

incidence) 

-. 

K-I 
Fig8.5, 6 IIhow tho behaviour of the x - component of the Poyn 
tin9 vector f or L.B.S. and H.B.S. incidence, respectively.­
Figs.7, "0 show the ",eflect,ion IR I2 and transmission IT l l 
coefficienta, defined as squared ratios of field amplitudes, 
versus temperature in the overcritical c a lle . 
A slight allymlllet ry in tranami s sion for the two oppo'aite in­
cidences is vi s ible. Thill auqgelltll that the qua s i-electros­
tatic branch plays III key role in determininq the nature and 
th e extent of the dampinq, as seen also in the ion cyclotron 
cas e /2/. 
From s det a iled analyais of these ",eaultB it app~arll that 
the VB~m cutoff is not a serioua oblltacle to wave inj e ction 
from the L.B.S . , et lsa9t in 8 s",all sc~le device I on the 
contrary' 8 pOlIsible a aymmet~y in t",ans"'!Bsion, due to inte­
raction with the elect rosta tic branch, should b e t aken into 
8ccou nt in a tr8n9miseion and /or emi811 ion di agnostic expe­
riment . 
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PROPAGATION OF KINETIC ALFVEN WAVE I~ CYLINDRICAL TOKAMAK 

Kimit..ua It.,oh 

Division ot Thermonuclear FU8i~n Research, Japan Atomic Energy 

Research Institute, Tokai. lbaraki, 319-11, Japan 
and 

Sanae-Inoue Itc'h, Kyoji Nishikawa 

Institute tor Fusion Theory, Hirolhima Unive ra1ty, Hiroshima, 

730, Japan. 

~ 
Propsqstion and absorption of the kineti~ Alfv~n wave 

nre studied taking into account inhomogeneiti •• of pl.8~ 
par~meter., magnetic shear and kinetic wave-particle inter­

actions . The coupling coefficient. with antenna i. alsO 

twaluat.ed . 

Alfv~n waves ~ve attracted much attention because of 

their high potentialities ot application to rt heating. 

curren.t - drlve and flux control in thermonucl.ar plasntas. In 

high temperature plasmas, the rf wave accessibility and propa­

gation analysis requires consideration of kinetic processes . 

Moreover, the il!lpOrtance of these effects are strongly influ_ 

enced by the radi sl profiles of plasma par~ter. and ~gnetic 
fi~ld configurations. 

In ~his paper, we kineroatically study the accessibility 

and· propagation of low frequency ( w c ion cyclotron frequen­

cy I shear Alfv'n wave in a cylindrical tokamak. We solve 

relevant propagation equation for the shear Alfv'n wave, 
correctly keeping the density and temperat~e inhomogeneitie., 

~gnetic shear, ion gyroradius, plasma current and ~he col­

li.ionlee. parallel c onductivity . The coupling efficiency 

i. aleo obtained by ueing ,an antenna mode~, which is an 08-

cillating current sheet placed in the vacuum region between 

the plaema column and the conducting wall . 
We take a ·cylindirical pl.sma column of radius a in a 

conducting wall ( radius b). Cy lindrical coordinates ( r, 

e , ~ ) are used: z axis is coinciding the magnetic axis. We 
choose an equi l ibri~ distribution functiOn fo as local HsX­

wellian ·, fO(~'-;)" N(2lfv~)""JlJexp{_(v2_2uv ... +u 2)/v~1 whe;re N, 
v; (-T/M) and u are in general functions of Kr(ve+rO/2) (O: 

cyclotron f r equency). 
We then obtain the density and current perturbations. 

Since the equi l ibr ium has axial and l ongitudina l syametries, 

3/3e - 3/3 z - 0, each Fourier component of the excited 
perturbation is treated sepsrately; n{r,t) - n{r)exp(ima­
inz/R-iwt). Integrating the linearized Vlasov-Maxwell equ­

ations along the unperturbed orbit of parti\les, we obtain 
the expressions for the density and c~rent perturbations 
n and j. The char~e neutrality condition and Amp~re's law 

yield a coupled equation of Ea and Br for incompressible 
shesr l\1.,!v4n mode as 

where ~ .. r Ee , ... rar , Ill • • kCTeo:/es, 0: - - 3lnNj3x, WJ/III" -

-ldJO/dr)/JOoc, "'T/IIl" - -(dTe/dr)/Teoc, k - ffl/r, t - 1II/.-7lkj)vT' 
T - .Te/Ti ' Si - 4, ni Ti / BI and t he other notation is standard. 

The par",llel wave number k//i11 'Iiven by (lII-nq )/qR. In the 
~reeenc e of the magnetic shesr, dq/dr ~ 0, P is a function of 

.r through kit. The propagation region, III ~ Ik/lAI, is locali~ed 

to the l!'IOde rationa l surface where k // - O. 
We next impose boun4a~ conditions . The equations (1) 

and (2) de.cribe Alfv~n mode as well ao ion-sound l ike mode 

J 

( drift mode ). The couplinq is. stronq in the kinetic reqion 

fx// vAI ~ w and near t he .plasma surface. When we consider 

the low frequency mode, w/Oi ~ mpi i/Rq { i .. Irq'/ql }, kt/vi 
~ W at r - a; the drift mode excited at the plasma surface is 

subject to a st~ng ion Landau damping. Therefore, except 
the thin layer near the aurface, we demand that the excited 
mode is COMposed of the shear Alfv~n mode and out-going d rift 

mode . Another condition is that .. and IjI are regular at r - O. 

Impos ing these conditions we solve Eqa.(l) - (3) to obtain 

a ;; B~Br I
r

_s ( B; . dBr/dr ). The information of the abaop­

tion rate is included in the value B;.tBr Ips • 
1rhe coupling coefficient wi th the lIlOdel antenna is then 

presented as a function of a. We theoreti cally s!mUlate the 
antenna by an oscillating current sheet given by J - ( 0, 
-nr/RID , I ) Jhexp{ime-inz/R-iwt) oS (r- d) (acdcb). The oscil­

lating current i h is 2./rdr:ho(r-d). We here considor the 
transverse magnetic mode ( Bz - 0 ) , the so lution in the vacuum 

being given by use of modified Bessel functi ons as 

[
Km (\Id) {III~ (lIa) +al

m 
(\la)} - Im (\Id ) {IIK~ (1119) +o.Km (va)} 

rB -r Km (lib) (III~ (lIa) -aIm Iva) } - lm (Vb) (IIK~ (va) -aKm Iva) I 

,,(Km(lIb)I
m

(lIr) -I
m

( lIb)lI:
m

{vr) I 

- Km(vdlIIII(lIr) +. ~III{Vd)lI:m(lIr) ] 

2illl Ih a C r C d)(4) 

where III _ n2/Rl_w 1 /c 1 and the condition, (rBr)'/rsrlr-s ·-a , 

is used. From this vacuum solution, we can calculate the 

coupling coefficient of the antenna. Let i ext be the e lec tric 

fie14 which induces helical current i h in the antenna. The 
imp~.dance Z is given as ! _ EextL/i

h 
( L ill the lenqth of the 

antenna) and the power factor n is defined by n ;; J_RecEext 

jh>/Ifextl IIhl, where c> denotes time averaqing. The applied. 

field is expressed in terma of Br as rEe - -cnrBr/Rw a nd Ez 
mwrBr/c(m2+n2r2/Rl) . Noting these relations we have 

CS) 

Substituting Eq. (4) into Eq. (5), we can express n 819 a function 

of m, a, b, d and a. The energy absorbed is cal culated from 
the relation nEextih or from Poynting vector P = c{~xi)/4 • . 

Integrating c. p r ) over the plasma colUlllR surface, we have 

jds<-P > .. _ ...!!.I.... 111\a 1,(a) I'. 
r 'm 

The energy abBorbed does not depend on the antenna position 

for given value of , (a). 0. clearly shows the absorption rate. 
Equations (1) and (2) are solved numerically. We 

chooae an equiribrium distribution as N{r) - Noexp{-rl/2L~), 

Te{r l • Teoexp(-r2/2L~) and u .. const. For the typical para­

meters of large scale experiments, B - 4T, TeO ~ 4keV, a -
.0.5111 and R - 2111, n~rical solutions are obtained to give mode 
structure a nd Cl. The figure shows typical wave form ~(r). 
Thi. figure Bhowe that the .ogle e ;; arctan{Im1/l/Reljl) changes 

most noticiablly in the kinetic region. 

m _ 3 0_1 

,-

~a" 3 .7 

110= 1.6 

Te~ · k!V 

Ti ;2 keV 

no . 2 .5 •. 10
1
• 

\Im'l' 
B' . T 

a ", .5 m 

R- 2 m 



BVOLUTraa OP THE UNSTABLE ALPvEN OSCILLATIONS 
Dl THE INHOlIOGElfEOUS MAGNErIC PIBLD 

A.V.T1D.ofe.v 

Kurcbatov Inetitute of Ato~c Energy, 
Mosoow, USSR 

1. The frequency of the unstable ion-cyolotron waves, 

which were observed in the magnetio mirrora, is app,roxi ­

mately equal -to the minimum ion-oyclotron frequency, see 

•• g. /1/. Th1e pecul1ari!;ycan be explained by the effeot 

of the .agnetio fie l d inhollogenel1t:y_: on the ion- oyolotron 

wavee. J'or eXlllDpl., the oecillation with W ~ W· --
'I ".",. 

bave the maxt.um increment due to the loss-cone meoha-

nism ot the oooillation build up /2,3/. The magnetic 

field inboDlogenel1ty_- effeot on the anisotropic type in­

stabili ties ie more efficient , while only the oecilla­

tions with W~ W'JlTlin oan be unstable / 4/. In this 

work W8 oon.ider the anisotropic ion- oyclotron inetabi ­

lity of the Alfven waves /5,6/. Thi8 inetability i e a 

eerioue danger for the confinement of a hot dense pla­

IJIIIa in the aagnetic mirrors, while it can 8lQerge .,ith 

large increllent in the' high pre88Ure plaeme. (~::: ~ ..... 1). 

We want to ahow, that the unstable Alfven wavee frequency 

tends to the minimum ion- cyclotron frequency in the mag­

netic airror •• 

2. Piret , let ue cODaider natural oscillations. The 

unstable Alfven wavea are deeoribed by the dispereioD 

equation: 

(KC)' + W;, + ( WP' f ( K \T 
W Wi(I.o-W,:) w~ Co _ WI. 

2 

)=0.(1) 

It ia suppos ed here, that the magnetic field is a ho­

mogeneous one, the anlsotropy of the ion velocity distri-

bution is rather large (1: = ~ » J;3 ... ) . _ 
If the l!II&gnetic field ie an ibtomogeneous one (V B /I S .. ) 
the following IlUbllUtut-lon can be III&de: K ~ -I. ~ 
in Eq.(1) and the obtained operatQr will act up,on the 

aaplitude of the· .. ve electric field - E(z). After this, 

l~t UI .ultiply the wave equation by E·{z), integrate over 

z (-00<: z < 00 and s1q:;Le out t h ... imaginary part 

~w,fdlf- IEI' · +2(~)2(wJ»-f(ew) /ef/')'O(2 ) 
p.], ";!w -w,M/ 1 W, /W- Wil,)!' a, J . 

It follo.~ from thia equality that the natural oscil-

lationa with ~e ~ ~ Wr cannot exist. 

The llagnotio f ield can be approximated 

linear function (8(l)~ BaC! + 'it:.) 
by thO: 

) in the regions 

located far off the extreme point. of B(,) . If 
the _snetic field varlatioQ 6. Bo(z) o;l[oead. So fj3J. 
we can neglect the last term in the waTe equation, cor-

r8'pon~ to Bq.(1). 

Wi(t.)=W 
at "-'.1 » L 1;, 

Uain8 the Lande.u 

, where 

rule aro~d the r vsonance r egion, we can show that tbe 

bTa evanescent at .i! ~ Q>O is oonTerted into a 

runnin& wave at ~ -;. - 00 • Therefore, the loealized 

natural o.cillationa are abrumt. 

J. Let us oonsider the evolution of th e unstable 

080ill.ti ona in the linear .agnatio field. The frequen-

01 .~ the que.tela.sieal oecillations is deter.ined by 
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the equation /l/: 

t= Id ,' k, K(l ;W) 
D) 

il, 

Here , ~o is the perturbation e.lll8rgence point, ~ - is 

the point of observation after a time interval t. If 

lAJ. t » " the relation 1. ::_ .h E.. is fulfilled see " oW W~G al ' 
Eq.( 1). Using thia relation in the Eq.(J), we obtain 

t= ~., ( K (Z"w) - K (z,w)) 
( ' y, 

If t« jl-l. ILTJ3' ... ) l. / W;ft ,we can determine. 

K(Z.,w) from the Eq.(l) . The inveatigation of the 

Bqa. (l),(J) ehow, that W(~,t)~Wi(C)(i :"~) 
in tiae. The initial perturbation· amplification factor 

at a t1met"'('l-ioIL"t~ ... yf~/Wip; is equal A", 

'" oxp ( p,1: 11. L/ p; ). 
I:r t »(ll-ioILT~...)¥.z/W:Pi ' we can use a "kinetic" 

dispersion equation: 

(~t+ wW~~ + ('g;}(I.-'L+(r+ w~;w/itr.f\V&~=O(5) 
Here. W (?) is the pla81118. dispersion i"Unction, 

\:oo-=~-Wi )jKv' • The &nalyeis showB that at KZ:» ff / L 1 ~r Ip. 
the magnetic field inh_olllogene:1ty can be taken into acco~t 
paralIIetrically, i.e. ODe can coneider Wt 8.e a function 

of the ~ -ooordinate in t he Eq. (5). We can uee the 

a.)'lIptoti o r epresentation W(~)';:!2t'liPe-' Z (IIm~/> 
> IRe~l, Imr<o)at t ~ 00 • We obtain the damping de­

cr8lllent from t he Eqs. (4), (5); 

y '" W. v."T t D .. '>'2 ( V',r t ) 
a - ~tl L U1 - L PJ. 7: 

Therefore, the perturbation damping ocours in ac cor-

dance .,i th a law _ exp (_ ct2 ). 

If the point of the magnetic field minimum lies bet-

ween the point!! l and 2 the" tit 0< 0 ' q .. anyau:; 
in the Eq.(J) can go into the infinity at the finite 

K(:! w) . In the repult, we obtainW-rW:l"~W' . (i+~Jii) 
'. (29ft 3 '"A, (v.t.) I.l"l." r~ 

and W-W .... exp - ~.' ~ at t --+ 0() from 
t Yz f3 ... ...-" L 

the Eqs.( 1),(J). Such perturbations are converted in-

to tha natural oscillations, which bave been studied 

in /8/ . 
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~P.E UAGNETO-PARAMETRIC INSTABILITISS 
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Belgr~de, Yugoslavia 

Reoently , several papers have been published on the 
possibility of t he self-generation of a magnet1c field in a 
oo lllelonleB8 plasma. This proble~ ls of importance, in partioular 
for ~he basi c fSBturee of laser produoed plaemae. 

It waa ehownl - 4 that in the 90111elonlss8 plasma the magnetio 
f1eld . gene ration l a due to the nonlinear beating of h1gA- frequenoy 
waves prodUCing a l ow- fr equenoy (l.f .) solenoidsl ele !Jtron current 
.J. given hy t.he "''lu .. tion 

( 1 ) 

where ~p 18 the e lectr on plasma frequency . m the el eotron mass, 
-8 the eleotron charge, and ! the slowly varying oomplex 

amplitude of the h1gh- frequency ( ~o) electric field 

~,' , J • 
(2) 

where 

In order to derive t he basic generation equation, ' one takes 
the Amp~re law, and by negleoting the displaoement ourrent and 
the ion contribution, on,e gets for t he 1.f. self-magn:tic f ield2- 4 

~owever . 1t seems , that in theRe 'kinetic s tudiesl - 4 a physical 
unde~stand1ng wae l eft somewhat _o~£cured . 

~ore recently., the general qurst10n of the ponderomotive 
foroo i n a yla~ma W8s .diacuaeed in some detail, and a novel 
formula was put fo~~rd~ 

It wa", argued·, \tsing bo th kinetic theory4, 7 and etree e 

teneo~ form~li9rn6 arguments , t hat the complete form of the 
,time - averaged ponderomot1ve foroe in a plaema without an 
external magnetio field,should read 6 

( 4 ) 

wher~ Po ie the hydrostati c pr essure , and where apart f rom 
the · fp~i118r potential foroe there ie a new-eolenoidal term, 
being coneistent with the oovariant fnrmulation includ ing 
both IIcelRl' p.n" vector ponde.l'o'llotive potent iale 7- S. 

In that way, '\n extra term in (4) , in a etraiehtforward 
mrunner len~8 to A eolenoi~nl current given by (I ) , henoe , 
offo .t'lng a oimple ('onnexion with the magnetic se It- generation 
proceae . 

The preaen~ paper preeents a further development of the 
B.bov'! ponde!"Om? t1.ve force formulat ion6 ,lo. 

I n contemporary plasma phys1.cR , it 1. ", wi05e ly l'ecogri!ted 
that the ponderomotive effects account for the fundamental 
nonl!near wave proce aoee in both f usion end spaoe plasmes. 
One oall s.1ngl e the pa.r8J!1etric exo itation prQceoe ae one of 
the oi mpU,est end most studied <J ,l~ 

,In , what follows, we ehall briefly dieouse eome of the 
PArametrio prooesses in an externally unmagnet ized plaema. 
Wo ~hould point out, that pr eviously, in order to deeoribe 
verioua par~etrio ins t abilities , a potential ponderomotive 
·foroe · formula wa.s oOMmOnly uer.d . ~ that way , one mi ght attempt 
t o extend the conventional par~otric analyeis aocording to 
e"tprese1on - (.4) , i.e. taki ng into aCCO\Ult the &el f - generated 
magnet~o fie~d . 

It a ppeare , _ that the f irst ete p , in thie direction was 

taken}i n the investigetion of t he instability of a finite 
am~litud e Langmuir wave in a hot collisionlees unmagneti zed 

plaema . 
In thee~ oonditione, taking into acoount the l.f. self ­
magnet i o field, the oonventional modulati onsl inetability 
aocompained by a novel- the eo_oalled magneto-modulational 
instability wae obeerved} . Subeequent stud i ee of th1e problem 
cono1ud ed lo ,12 that the l . f. magnetio field eelf-generation 
was expeoted to be a general feature of tI'Iodulationally uneteble 

plasmae. 
More r ecently, an a ttemptl } was. taken , 1n order to study 

a parametric self-generat i on of the l.f. magnetio field in a 

oo llieionleee plaema under the influenoe of strong dipole 
eleotromagnetic pump wave. In their termi nology, the generation 
meohanism in question oorresponde to a parametric excitation 
o~ the zero_harmonio ot a ooleno14a~ 8~eotrio ~18ld. lt 1_ 
interesting to note that in that paper13 f ormula (7) obtained 
in the framework of linear parametrio t heory14, i e juet a 
linearized vers ion of our equation (3),Thi s fact eeeme to be 
the additional support for using the comple te ponderomotive 
force (4) rather than juet its potential part. 

These authorsl3 have investigated further the parametri c 
i netability development , under physical conditions corresp­
onding to the oonventional " oecillating two -stream "(OTS)-
" pure l y growing " inetability and they have caloulated the 
corre apond ing growth rates fo r eelf-magnetic field exc i tation • 

We feel that their result ehould be viewed ae the gene ­
ralizati on of the parametri o analysie according to (4) and 
f ind ing that , accordingly, that both conventi onal OTS ae well 
a e its novel ( so - oalled) magne to-OTS counterpart can operate . 

Let us add a few oomments f.bout what we feel might be 
mor e general feature of parametrioall y unstable plae~s. 
I t ie generally recogni zed , in conventional parametric theory, 
that the ooupling between h.f. and l . f. ~odes oommonl Y come e 
on the l.f. side, through the l . f. plasma deneity perturbatione 
i nduoed by the(potentional ) ponderomotive force. In view of 
formula ( 4 ) , it eeeme phyeically plaus1ble to expect that the 
above effeot ehould , in general , be aooompained by the exoita:ion 
of . l.f. eelf- magnetic field perturbat10ns driven by t he sole­
noidal part of ~he ponderomotive force ( 4) . 

In conclueion, ~he previou~ . discus sion may be a reason 
for antioipating the possible exi etence of a number of ne.w , 
eo - oalled magneto - parametrio ine tabilities encountered under 
dif~erent phyeical oonditione. Aocordingly, their i mplioation 
in, for example , plasma heating Bchemes , should be etudied. 
Pinally , we teel that further investigatione in thi s d ireotion 
deserve Iilo.re attention . 
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pAI!TlCl[ TRAPPING IN STUIJLATEO IISIllLOUIN ~O RAMAN SCATTERING 

S.J. Karttunen. J.A. lIei\;kinen and !I . R.E. Salomaa 

Technical Resea rch Centre of Finland 
Nuclear Engineering Laboratory 
p.O.Box 169. Helsinki lB. Finland 

Abstract: Particle trapping effects on stimulated Brillouin anti Raman 
~ng llave been investigated. A time and space dependent n:Jdel 
assu~ one·dtl1l'nsional Ha*ellfan phsfl'll which Is taken to be 
homogeneous in the interaction region. Ion trapping has a rather weak 
effect on StfllUlated Brlllouin scattertng but stimulated Rallan 
scattertng is considerably n:duced by eleo; tron trapping. 

A nonlfnear gr(Wth of parametric instabllities is extremely complex and 

It Is not completely understood. A simple three-wave Il'Odel for 

stimulated Bri110uin (SaS) and R,man ISRSl scattering predicts too high 

reflectlvft1es. Theoretical reflectlvities can be reduced by intro· 

duclng a heavy linear damping for a parallM!trically excited electro· 

sta tic wave LII. HOIever. relatively high levels of electrostatic 

fluctuations are gt'nerated by pararle tric processes which III~ favour 

nonl1near Ikmplng III!chanisms rather than linear Landau·damplng. At 

least nonl1near wave-wave and wave· particle Interactions. which 

r-epresent ,,"0 basic Qlpes of nonl1near effects. are expected to play an 

Important role. Recent studies (2.3) have sh(Wn th"t secondary wave· 

wave Interactions (Ion acoustic and Lagmulr wave decayl lead to 

effic ient saturation of 8rll1ouin and Raman reflectlvlties . 

For a large allplituc2 electrostatic 01 aYE' nonllnearwave·particle 

Interaction leads .to well knOfn particle trapping ·phenonenon which has 

been observed In iliaI!)' computer simulations [ 1.4.5 J. Except some 

'waterbag··calculations (6). ana lytical work of trapping effects on 

parametric instabilities has b~n rather limited. 

In stimulated scattering process a l arge amplitude electromagnetic IEH) 

wave Eo(to,wol decays to an electrostatic IES) ITIlde Elk .... ) and a 

(blCk)suttered electrQlN.gnetiC wave E. (k •• w. l . The interaction is 

strongest In the region. '!Ihere the phase matching conditi ons 1 ... 
0 

..... 

.... ;ko-k.+t) are satisfied. When the electrostatic AIIIplitude E l'Ias 

grewn large enough It starts to trap particles rI1presentlng a rIOtIlinear 
damping mechanisms for the excited ES-wave. Because of the particle 

flew Into k·dlrectlon through the trapping. the rI1sonance reg ion Iws to 

be In thel'Nl contact '!Iith larger surrounding plasma (61 · 

Our IIIOdel assumes that all particles with a velocit;y belween vp.v tr and 

vp+vtrwIII be trapped and ac~elerated (or decelerated) tcward the 

phase velocity vp of the electrostt tlc wave. Tile length of the reso· 

nlnce region is l and a l4uwelllan plUM 15 taken tD be hOOIogeneous In 

the Interaction region. The trapping width Is wtrs(2 IoSn/n( I ""cs for sas 
and vtr- (2IoSn/n( )\elk~l·lfor SRS, where 61'1/1'1 h the e lectrostatic 

fluctuation level, Cs and ve Ire ion sounll speed and electron thel"llloJI 

velocity, respecthely. 

By evaluating the chang!! in energf density Ind enli!rgy flu~ of par ticles 

in the tr"pplng process we f i nd corr-espondlng loss terms to the 

equation of the parametrlcllly excited electrostatic wave. After 

standard not"lllllintlon [l}we obtain for s!(Wly varying ""plitudes 

'11 

(3) 

where t - x!Lg and '("-vpt/lg' Lg being the basic 9ain length [1). The 

tim!! scale of EM·lllI)des eo •• is c/vp.tlmes faster than the electrostatic 

time scale which al1Q11s us to neglect time derivatives in·Egs. 111 . (2). 

The initial and bollndary conditions (or the scatte ring problec!l are: 

eoIO.ll. eol t .O)-I . e.(t.D) . e.ll/lg,doO and e(D.ll- elt.DI-c , where c Is 

the electrostatic Mplitude at the onset of trapping. The reflectivity 

r is defined by the boundary condition rh) -IOIj"'0)e. 2ID.l) . The 

tr~pplng functions fie) and gle) for stlaulateo:l Brllloul n sCltterlng 

'" 
fie) • Ik)"'If)fI·ll!l(p(. ~1.2f11!fJt 2slnh[eClf1l!)I,J 

.( l~l"'cosh [ell~ )"'11. 
g{e~ - 1t,;)"'(f1I!l-l e)(JI[. fl+2~)]{(3+2f11!lslnh[&12rJ1!)"') 

• 3(21'J1! 1"cOSh[&(2I'J1!) ]), 

'" 
'" 
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wherl1 &-ZTelT i and n~2IkoChp)(vo/ve); Vo being tile electron quiver 
velocity. For Raman scattering the trapping functions are 

'" 

(7l 

We 19nore detafled trapping dynamics assu .. lng thd the trapping 'tI~h 

frOlll , ·level '!Iithout delay. Then we obtain fro.! Eqs. (2) and III c. 

dependent thershold condition: LlL
g
)[l+gld )"t/2 which reduces to the 

famil i ar (om l/Lg>v2 In the limits: e-{SBSI and hO..oISRSl. 

NUDerlul solutions of Eqs. 111 · 13) for steady· state Brl1louln 

ref1l!ctivltles as a function of norma lized length L/L
g 

with various 

temperature ratios B are seen in Figs. l{a) and lib). The dotted curve 

Is SBS·reflecthity .. 1tbout tr~pplng. The threshold increases for 

smaller ZTe/TI and 1') acJordlng to the condition !liven above. At high 

pump intens1ties reflectivity curves are ll'er!ling indicating that Il\!ln 

p~rt of the Ions is trapped. Recall that vtr>csfor sn/n>O.S. The 

temporal grOfth of Brlllou;n scattering, hcw ever. Is considerably 

reduced by trapping . For instance, with the parali1l!ters ,- 10 and ~.D. 4 
s teady· statt! Is reached at t / t gIl50. 

Steady·state Raman reflectlvltles with different t ~. values are seen in 

Figs. l(c) and lid). The effect of trapping is stronger than In SBS. 

case. Typically. 15·20 times higher Id ser intensitles are required for 

hO~0.2 to obtain san! reflectivlt;y levels than .. ithout trapping. On 

the other hand. the temporal gr"Olth is rather weokly reduced by 

electron tripping . Qualitatively the SRS·resu lts for SIIIall LD .,.; 
si .. ihr to the waterbag·calculations [61 • 

The sillple trapping picture cannot explain elperlmcntally observed 

saturation of Brillouln scattering or extremely 101 SRS-Ievels l1l'asured 
recently. HOI ever. a strong trapping mdlfles the particle 

distribution function and III&y affect Indir-ectly through the processes 

like particle heating [7]. short wavelen!lth Ion or electron turbulence 
or Secondary decays (2.3 ). 
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,\bslract : The amplitude oscll1l1l0n of unstable eleCl lrostatic Ion cyclotron 

WDves In on Ion boom-plosma aystam due 10 wave-particle Interaction and 

Itll da,.trucllon hnv", heen studied experimcntlllly and t hcor eticlllly. 

Electros tatic Ion cyclotron WDvea (EIC - w(lvl!s) clln casily be destabllhed 

by an ion beom I, liB linear limit of the wave growth occurs because the 

beam particles ore electrostatically trapped In the potential thoughs of 

waves. In this paper , we show the result s of the amplitude osclla tlon 

of Ihe uns!(lble EIC- wave due to nonlinear wBve-partlcle interactiona
2

. 

We lierived the Pol sson's equation and the equlltion of the motion of 

benm ehnrge sheet, fo r tempor lll evolution. based on a model of many 

wllvca3 : 

(1) 

(2) 

~I '0 , 
dt t _O 

(J) 

WhllrC i "' , .. . N, ihe s um of k Is ove:> the number of modea , and 

(' ) 

The experiment 0 were performed in Iln Ion beam- plllsma /lYatem with the 

Ion bellm Injlle ted pnl"lIl1el to the Inllgnetlc field. The plllsma hllll denlllty 

np"'l o8"'10~ em- 3 , eleetron and Ion temperatures TcZ $ eV. TIZO.$ eV," 

thc pr cllsure of the neut ra l (ll2 almTorr. Tile Ion ha'll density IIb"'107
", 

$:t l08 cm- :!, energy Vb",20()-\.300 cV. energy sprelld Tb- 0.$ eV. In fi ll'. 

l. wc show observed ", -k w plotll of the spontaneous emission of EIC" 

woves. where the solid and open circleo correspond to the (fllllest grow· 

ln p: EIC- w/lve (mJJin wllve) and the lower sidcband w"vc. The eur ve A 

shows ,,"1'1. IInd the line B (0) =k" Vb - 'llel . (Vb =/2 "V b/mi). Therefore. I t 

is verified Ihllt the maln wllve Is excited due to Ihe cyclotron coupling 

Dch~ccn the spacc chllree WIIVII of the beam and EIC-wave. and occurred 

due te the obsolute ins tllbiJity2 08 s hown by the property of the curve A. 

In fig. 2. temporal evolutions oC the output signal of the spontaneous 

ernio.sion itrc shown ro~ variOUII beom density (w6t /lJl~ =0. 005). As shown 

by curves. the WDve Ilmplitudeo. orter 5l1turotion , oscllotcs In lime· 

interval TB (Ind decoys . EXpe<:ted by IITB;Of2.)~. the bounce 

freqllem:y IIT8 of the temporlll ompliturle oScillltion ia p roportloun1 ~o /TO 

liS ahown by the insct In fig. 't, .... here Vo e:;timJJtes fTOm the maximum 

voltage ol the unotable EIC-wave. 

Asaumlng thot the beam Ion oscl-

lates back and forth In energy 

between Vb and Vbl 8.1 the maln 

wave 'oacllat ea In amplitude. Ita 

bounce frequen cy 1 (TB 10 given by 

(e/ml ) (~-'bl ) kM/'l.Vp h · From 

obaerved I IT B"''t9 k th. then we 

obtoln Vbl: 21? cV. The line C 

2.0 (b) 

' .8 

••• , 
r 
i l4 

·1.2 

in fig·. I is lII:kll "'bC wcl Cor 

Vbl=217 eV. Therefore. the side­

band Wllvea are excited by the 

", 002 

beam with Vbl formed due to the beam energy loss according to the 

growth of the mtrln wave. In fig. 3. we ahow theoretically temporlll 

eVOlution. of .ave amplitudes calculated by eqs. (1 )'" (3), whe r1i! kO 

~t~55.2 

.. . 
~ 

'" 

i 30 

" • 5 'to 

10 

60 
Welt 

and Itj · correspond to mllln and s ideband wavea. 

aCter ast ura t10n agrees quall tlllivcly with theory. 

~.50 

80 100 

The wave damping 

Thcr1i!Core. tha 

growth of many wllves occurred due to alower belllll destroy the 

nonlinenr trapped parllclc osellatlon of the main wave. 

Thlll work W06 pRl"lially llupported by a Q-snt-iil-Ald from the 

Ministry oC Education. Science end Culture. 
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HOH!U':SQNANT PARJI:~r.rRIC I1"1'rAACTII"'I!I Of' I'. IlIGH-FRF.(!lIBtlCY, 

llOllt4O!(OCfTRO~tA'l'JC ORIVF.R rmH' "'1"'11 t~Ar;'lmI7.p-n PI.I\$~tA 

V. Rt.!!'",n 

Rori!l pti<'lri1: Institute of !;uclp.llr !'cien,.,,,s-Vin1:a, RpO<)'ri'ln 

YUgOSlllVil1 

Parametri~ effects in maqnetized 01a5m, upon the action of 

a .hioh-fr~~u,.nry nonmonochromlltlc <'Iriver pump nrp con~i<'lered. 

It ia shown thi!t due to the nonmonochrom<1ticity of a drivl'lr pumpi 

a v lI. ril'lty of parametric excitat.ions ill IJOssible. In the case ot 

monochromatic nriver pump these C!ffect_'1 no not occur. 

In a ll actual experimpntal aitulltions, signals of ra~io 

or 11lller radiation interactina with ~l;'l!lma ar"" pJ:"incipal ly, of 

finite t~e dUJ:"lItion. For theoretical investigations of these 

situations the "ain quantities lire puIs" ~uJ:"atlon ~ ,inter­

pulllle spaeing T characteristiC" tim .. nf': prnces!les in plll'lomll 'Te. 
and clIrrieJ:"-frp<]uency 'W o • OeT'P."".inq on the .'IIhove lillte<'l 

quantities an<'l t~eir ratios, the prOCp.SRp.S in plllRmn coul~ he 

st.rongly nf.fp.eted hy no~onnchro~lIticit.v of <'Iriver ~umn lInd 

vice verSlI /1 -6/. In thi!l p~"er . "n invpstigation o~ the ca!la 

wh<!n ctlrripr-fr"'1uency Wo is 1'1\,,.,1, hi ... l),tlr thll n all elgnn-frp.quen­

ci!!s of magnpti:!:er'! ~l a!lm'" ls rraRf'nt~'l,wh!1t is equivalent to 

the case of comnletely trnnsparant I"Ii1sr.,a. The- resoni1nt CIIse 

'~a!l conainere<'l in /?/. 
~ homog~neous magnetiz"~ p} aR~a tn interaction wi~h the 

I")!ternal fip.lr'! E(.l: },:: t:.l.t) ~ III W.t 
for the tirne-vroryln<j ampli.tu<'le Folt) 

is conRir'l~rar'l. Op.nerl'l ly, 

r'!vnft'!, l c!,l /3,.,5,6/ or. 

'Jtochil!ltic / 2/ r'!ependf'ncl" or. t. co\,l<'l hC' assumen . l!nr.fI, .... ~ynl!.m1-
ca l rlepenr'!~ncp. is taken into r.onsir'!l"~ation, nromelv: 

lEo. 
I;",(,j= 0 

1lT ~l ",'t.ll.T 

't+1lT ~t." (lLH")T 
For the <'I"!Icription of lC'>ng1tu{lini11 plasma rf'rt."rh"tion!l 

{l' 
11 syst<!m of k in,f't1e <!quation!l for t ..... function fr«(£,p\t) l~ ."ser'! 

as an adr'llng term of the f'<luillhr i llt1 <'Il!Itrihution fllnctlon~(p:.)Je/ 
'OP,«'" &k ".& .<: ~(~)"'Aae.,e,\JtIiJ~'1.~ ~:ibIt 
'at +tItV"T"'~'lLXDol'oi" otx.Tt----v J'fpl~t:<:~lr;O.", 
IIere ~~,l{,)J 1'1 the BeSSt' ) f'1ncti()~ of the ordeI .. and tl.l/!1 is 

the time nepenchmt coupling coefficiant a~~ .. r:.1TIet. We!) {(-t, G) 
where: '1.. 

,~. \ [E~("') w; §hl. 01 G(,) l w;SI! (3' 
'l-tp,= E,r') Wig. (~.'_~) E.r') \I'll. + E:( ... )W19(UlI_~)!· 

The wave vector of l ongil;udina l excitations is <'Ienoted hy it ar:d 

electJ:"on cyclotr.on fre<]u .. ncy hy SZe.. ; e.t.. .... n" 'm,t ar'" charg..? and 

mass of 0(-50rt particle!l. 9 ~enot('s the a na le bntween k ~nd the 

extornal magnetic field ~. . 

AIIlJuming th.'llt carrier-fr.equency Wo l!I much higher than all 

a i gan-fr&qUl'lncie!l .of ~,gnetiZfl<'l p4.lIjma [Wo» -m.a.'~ (5k,W~)J 
an"- dllo - Wo ::>'::>\2.\Jrol. Lir.L ",,(~) 2. then, expanding \{k oveJ:" 

hart!1Onics of modu l ation fre=f'nr.y Q~ ~, a system convenie'!t 

for the investiglltion by thr mf'!tho<'l ot' .'IIveraging /9,10/ CO~ld 
be obtain~ . 1\fter aveJ:"agin<'l P.<'I"1A,.,(2) oV"J:" th. P. pe rior'! Tcc~ 
tor the '1UMtity 'l1t(.t,ay,,, ~ ~J.P ~~~((tlp)clt the follO''''i~9 
s yst.m of 1II1gehr;'lic equ.ationo; t!l ohtainp.-l, 

~(w,~). ~cwI11)f~A ... 'fu.(W+1IJ.Sl,I1.) = 0, 

lIdw,Il.). ~ lw,.) L A",nc(IV<1l\Sl.,ii) - 0 . 
'11'\.""-'" 

,. , 
Thi s systP." re<'luces to thnt Clnp. ohtllinn" 1n /8/ for the reso­

nant casn IInf! mon0F-~J:"omatir. rlr'jVl?, onmp Ruh .'1 tltutintt 1ti.Q. hy 1JtWO. 
In(4),~"''XJ.ll\t\j+Xe(W\1(.) - Nl,pro ~(W,~) la linear 

aucCl'!ptihility of rL pla"mn cot1nonent Imri, 

A.,I- ~~-'Jo(a.)] I A",=-[I-'Jo(<1o)] ~~-ng¥exfE ~n (S) 

Th<! coupling coeffici ent Clo co"l~ he ('"sily obtaln,.f! fJ:"om ~(.t) 
by putting P

oo 
instead of FoCt). ~,. "nll lvsi~ of t~e !IyAtem ~1 

could he done for diffl'lrf'!nt ~aRp.R f!eoenlling on th~ ratio of ~ 
an" aomp of. the ~lasma eigen-fJ:"!!quenciPA . 

Pirllt, we shlll! consi"er t.h ... ca"'''' ..,f': paraln<!tJ:"ift' ixr:itayonllt.) 

of two upper-hyhrid wave ... , i. e ., whp.n 'TI£2. '\.. 2.cU.J\-t I \..4)u~ c-Wft -+ S'le 
i_ !I.~isfied. The dispersion relnti..,n "tlrived ~Ot1 the aY!ltem 
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li'iniml1l'1 -thresh..,ln value for thi!l hi<'!,,-frnqUflncy ,"0<'11''' p.'IIra­

metric instahtlity is ohtaln .. " if. nal,T ... 2.'C'lInr'! r""IlIIl 

E;,T" 8;;: l" (ill,,)L 'II.i (lV. \" 
21o.~CT~-+T\) ~~~ ~. ~J 

~l1th """C'r'!a'l!! of mo<'lulatirm f!'''''1'Il~ncv S2., a situlttion 

:'Ihen 'llSL .... WF!.cOlll<'l be rl'nc" ... d . ':"lan, rarl'lll1etrlc "xcitation of 

a high-frequency f'lngnet it,.r'I r l"' 'Ima 1'1f}'!(> cOllplel1 with 10w­

fr~quencv 1!10t'!e is possible. Corral'lf>t)nrlin'1 r'liapersi<"n relation 

has the form (weak coupling ~pnr~xination), 

Fr.on (q) for thl' increment C'>f l"arl'lJTI(>tric I'xcitfltiof'l I)f. II11per­

hyhri<'l !lr.or'le c('luplei'l with hitTh-fn''111nnCV ton-souni'l ~''''''r'! (WS'" ~'Js, 
"s"~~1 }(t)~:::.> SL;.)coUlr' ';)p 0~~tn,.tllls'4 'Z. 

1-. H"",H,",f'('ti{.~j \ '1'1l: T \ ~ (Js.We)(~~1>e) 4!.~(f<tT') '''' 
'!'hI' Minil"'w-' t"rC''Ihold va)lIf' i .. rl'l'chl'(l if': m-I .'IInrlT .. 2..'C". It 

relli'ls (t1.i linf''''r. ~l\m!>in<J rAte 01' hJ.('fh -frp.quency io" !IC'111nrl 

''''"£::::n;~ 8 iC (WU") (lVo )~ ( 'tU" )\ ,\A 
~."''''tr<+1,) (Oth.)'lle) \~ \\)/1" \:: wo" \lI, -} 

Fina lly, if 'fLSL ... ~ nllra"'''trie ,!l(r.itat ion nf t.'·10 lon-soun~ 
wllves i!l pos!lihlf!. Tl1spersion rplatinn "'p.'1erihing ...,"olution of 

thi!l proc,",ss 1n initial stilt.<- ',as t1\,", form: 

Cl]} 

e.""It)E(W''lto.,[)~ 4\A~\Xl"lIi):x.cW.~<1, E)X,(w,I1)X«W·na. ~) . "" 
For the paJ:"lImetric increl'lellt IIn'" mini('(O\lM thJ:"eshol(! va lue, the 

In conr"lllllion , l<!t I1S III'Y t;at i'll1a to tile prncp.ss<!s df"s­

cl'ibe~ I\hove, ;'I ol\rt of E'xtf>J:"n ... l e lll'et.ric field an"r.gy e,,"1d 

Cl J) 

CUI 

be <'Ie!>Ositell in the' region' nf th"" l'll'£,npti7.<!r'! pllHl"' .... wher"! 

without lI>O<'Iulation of a ,lr1",.r "" ...... non} inear Cl'l'I ~'ell liS Iln('i!1r) 

.'IIbsorption i!l imPO!l5ihlo·. n" t"" ,'I "" r ' "la" , bv I'I'O"nr "' -'O l l'" 

of the modulation frequenev ~~ tiles,. p.ffect!l coulll h~ .'llvoir.~~ . 
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~K)OF.S nl PLASllh OPO~ Tllr !l.C"'I't,lU OF' ~IO""-llo."OCHRO~IA1'TC 

DRI VF'R f'W II' 

V. Stl!!f l'lll 

nor i s Kl~ rl~ Inst i tute of Ihl("l .. "r Sci!lnces - Vln~a, Reoqrlld 

Yuqnslilvla 

S~tu r atinn of t he p~rl'lmetric~l lv Induce~ turbulent plasma 

~t~te hy the secondary decl'IYs of thl!! nxcited electron Der n,te l n 

!:lode" is considere.:! . It is sho'.m ~h<lt in the uppe r limit of 

the week tur bulence theory l'Iopllcabl1ity . anomalous collision 
frequency s i gnif icantly ey.cce"s f! lectron~ lon collision fre­

ouency . As well , it l a !lhrr~n t~at the nonmonocnromaticity of a 

driver pllmp I NIr!6 to thp rC'''llC'tton of the IIbsorbed f!nerqy 1n 

the naramntrlc re~onancp. r~9ton. 
'i.'I'If! l ow-fre'1'ueney pop h",a tinq of t nkama k pl !lsl'I&S (e.q . 

1cr..·"'r- I'tI{~>T·1d I'tnat.inq . ion-evclotron re50 nance heatinq find so on) 

is con~i(l('r<ll'ly orv eo lopro I,ntl't thll!Clrl"til"l\lly I\nd p.xpe ril!".e ntnlly. 

Il",centl~' /1,2/, " hiqh-fr('.,u~nC"V RP oll'l'lma heat in .. lit clectron 

cyc l o trnn resnnance attrllct ll " ,]rr>at I\ttent1on tllle to. the 

!licrn U'1('1'Int; prOC)rf'!ss 11'1 ~nt;1nllou,] '"a ve ICW) find oulsel! ope ra­

tf'!O Ipn) ']yrotr.ons technoloqv /1/. Thp. ~rlver pu~n electric 

f i e l d Intl!nsitic5 in contl!lIIpor .. \ry E"xperlml)nt s lI rf'! ~uch t !"lllt 

plasJlla l'I0pp.lIr5 to ~p. pllrll r.1etr l r:"lly ,u,stah le an e'! con5l1!Qu",nt l y 

nonli nellr h~ lI tlnq processcR t " kr p111ce /4,5/. 

11 fully ionized hC'J1\O<T~p.o"s ,,1;'1']1"1\ interllctin'l wit'\ the 

Cl ri ver- pump cloc-tric ftrl" \:.\t)",f:l{)SITtlUot is c~nsid ered.The 
tt!'1e-var~in'J IInnlltude I;\t)iS lI"R11I'1I'" to be in thp form of 

roctan,]ulllr oulse trai;' ~/it~ p\lt"e ihn:., t i o n t-ant1 11Tte rpuhe 

!':pac lng T . '!'he c ... rr i e r f. rl!'lup.nr:v Wo W1!'1 C~lSf'!I"1It)o to be near 

.. lpctron r.yct"';ro n hal1ll'"'n i r:3 fr .. o"encv 1I .... U\ 4- W.... whpre /6/, 

. \JJ~),t\9..c\{ll-t\i,(I - \[(~)\)~<. Ll 1<'\;3-t . (I, 
l1f're ~,Wf" l~ot.. IInCl ttk a r ... r.Yf' l ntrt"ln <In,l p la51111\ ! rP.<1U~nC"/ , 
La rn~or ... nt'l '1rl--ve r<ldiulI t:'lf' L - nln .. ",.., component, rl'!sr>t!ctlvely . 

.... '1 ... timp-V<lrvtn'l arnnl it.m',. l ... il .1'1 tn t',,~ nonmonoc'l r omaticltv of 

drlvrr-r>mo:p ",~ ... t c an he ,,(' .. n" .f r OM F ... ur i r:r expanslon of Eo(~). 
!n LU - SnIlCf' , ;'I ( rt>quencv "rnilr'h:-nin'.) ilT"iP'"!llr9 wlth the w1~th 
/:-JJJG~ Lfli/'l tnsteaoi ~f t"", llntqUf' I'!lIterr.al ftf! l ~ f re 'lurmcy 

1\ ~ i scr .. tr fr,.,nuency spF'ct. r:·1!'1 "rln .. :! • .... lt~ thp. ~istancf' hf!tween 

linr.sUJ.i"~=)L,~nn the t r>t:"l nUIPber of Hnes2.'I'["" 1- . -:-'1<'n, 

pIllS"'''' actl1 111I v Interects 'iJt . .,2..ttI! ln~ p.penrlent Ir ... nnr:h rom ... tic 

rl ri ver runns with fre'!I,pnC1f'lIWo't,..w. t'i'l...6.~ ('YL=o,.l ... n.-\(.~ "nil 

cones~I'\(Un<] lImnl1tuilf'''< EJ~(f't. .. \m ~;._) Fina lly. heCa~Sp. of 

UJO» ')t Q.i t c01\ld hI'! cono;l .... r"" t~ ".t . nl(-... ,,,,a la in~terllfuon 
wlth monochromatic ~rlvl'r f'Ul11n n" t'"lf' a!'1nli~' ''' f! ~ E.. 'VI. • 

''''--\It'' In thp "r"me o f t l'f' IOhov .. pr; .. <wntr:l I'lodel of interaction . 

the IInol1lnlous ('n11isio n "r"ollenr.\' 11'1 t."f' nonmonor.hr;nmll.tic f ield 

F. (t) coul" I,p "'"Hner'! as: ,,-It 
'" ~ (, < (~l ( ~ \~ 10. L-.\q .. l ~ L. VQ Eo ,,' 

'1\." - '10' 1\.&_/fIY 

(2' 

The l l'!ft-ha nil sli1e of (2) represents nonlinellr l y convers ed non-

monochr~ ... tic external flelrl power ann right-I'tan~ s i de t he 

tote I pot:If:~ nonU nea r l y dissir>atetl hy~"It monOchromat i c rlr i ve r 

pumps. y:i'ill the anoJII~l""u~ ;0111s10n f r equency corresponding to 

the n-th ~ rlvf'! r PUJllp...,('t) 

In or~er to evalUllt~ y~ fnr ~atur~t10n mechnn 1sm of 

parametricaIly excited np.rnstein rno~e9, c 8s c ... d i n .. proces~es are 

oons idere~ . Thl!1 s~turation np.rhanisn io basert on t!"le collisional 

di"lI ip~ tion of th t; ~xc1tc'~ l~"ve!'l "'1'1" is effectlv,. for th~ Rern-

5teln mn"I e :! who.,e li near "'''l"n1n<:"l I'), j"!'It col lisional. hccoro:Ung 

t o th1 s mech"'ni"r.1 , p rilN't"V e..'Ccitc" "l,u·t r o n Rern'!lt~ l n lI1O~e 

further <lP.CIl." S, transferin,] t~ .. pnp.rnv f r om the nomain of pr i­

~rv P.Xeltlltinn to tl'tE' ......... 0.'111'1 of to-"er r. r"'fTuencic!1. 1\ simple 

~eriva t10n~J.n /"-/ "ho-,,!'J t!lo/.t in tht' .• /,.,.,,~ t u rhl, l t'nc .. thp.ory o ne 

!="'n '''rlt~ ~l o\.2.1l 'l'l. wh,.r", t'rl i ." n,1ranf!;t ric inc:r'"!I'l'mt corrc!J-

9On<! in'J t o the n-th monochrn'~" tic ~ ri '/f'r r>11r.1p. 

r1~!Jna n~raJlletric nrcr~s~l'" in t"~ tinclIr nh~sr. of e'!evc­

lopment. IIp(m t"c action or rnonochroM"t. lc clrlver ""11111' ·"lth the 

amnl1tut" .. ~~n coul<1 he ~.f''''C"rih'le'! \1~ln ... k.nown pro<:p~ure /9/ . In 

the casn nf! r lll:"'e r strong "rlvpr nU!'1n .. (11l>t~J1'~ j l\e}lti 
lirwar ~~ l":1pln'] rate" of pl('('t rnn 1\1'1') Inn "'''rnste1n r.\O~l'''<, res ­

neetl velY)r>arll"atrlc inr.r".""·nt r.,il-"l!'l , 

"I.~ = &~ r1l-~X' ~ " I1)il<I("J~e.t~)\ .. ('d~E\.("')\ le!. 
''':zIl.} , ,.., IJ L\: (l", A..J;) '( 'Ow )"JP . (1) 

!!e rp ~(lIJll) lIn-"l Vt.EL(w)t ) Ill''' r'llll nart", of the h10h ane'! low- I 

fTeqUe~cy rlll'lectr ic pr.~lttlvities of ma'lnet izt'n pl~!lm8 /6/ . 

The coupling C"oefficient of thp naramf'!trically elicited ('lectro~ 
II nn i on "'ernst .. in mode hy the IIxt r aor-"llnary rtr i ver pump (~.L t(l) 
rcans: 

11' = i(~lSR' f(t-I)ISk\. tll1J -t( <'f<ltl]" 
\"'1l. 'lfI..Q,'- t2 . W I\, t 7 (., 

The external fie l d wave vectnr ~ i!'J o rientet1 alon'l x-axis, 
. ~ 

confini nq mann"tic fie~ vllctnr 110 alonqj y - a:d!l ane'! the wlIve 

vector of excitations 'i a lnnn 7.-axis. FroJII (4) follows that 

th~ atrong est cnuO linq ~, ~he pxc ltp." ~lI.ves exists In the case 

o f £undament"l harmontc( ~"'l) .. :<:rltlltJ.(OJ'l Lt t ) 
In the lo~g -wave 1l!n"th renlon J(f l>c.4:1,1!.~L.::.J.. f.or the 

pltr"!'1etrir. Inr r "mal"1t. • 1 
L tU.:: (It I Cl/; 11.:1' rot itfH ,'1-."+ 

1 .. =~(Iz'f:)(t!")(W~wtl t" t! SI, (5) 
1'3 ohtainen. ':'hp. I1'ltximlll" in<:r"l"1e n 1!1 pO!lsessed "'y the excita -

t l ons w1th wavl'! nUmb~ k s ... tisfy1ncr' y, 
tlRel w.·boJ \\e' liC'O t+t kP.,llf"-'-1S411 Il.. 1 t UL (6) 

t ~. Wo IUffI J Y'- Wre w~ 1 
B~sin'J on (2) an~ (5) f.o r ~n~ftlous collision frequency 

in the fleld o f pulse~ oneratnt" (non!'lonochr~mlttj<:l n r lver-pump 

could b. W~~~:';:(~,H.i')(b {~y 
Here y~ ls anom ... lous colli3 1nn frr'lupncy In thr. c a se of 

Cl':-Ot>f!rlltl'!~ (monochromat.ic) ilr1ve r -P\U'IO(T = t-) . ':'~f powor 

absorhl!'" by pIa!lT:111 per unlt volume rl"",l'!: 

C7l 

Cl. 
,1 \111 ~ Dt. Eo'!.. 

~ 1~ h 'j.~ 2l CC . "H 1:" 
f" 

In thfi C<lSO 0 t l¥on~ nOTU'lo noc'lro"'IO t l c1ty *a1.,qa. .... 2.10 T 
<'11'1'1 1(,,-, 2.10 ~\. -=r Y Prnm hp.re it coul'" 'JP seen t.!ut 11'1 the 

nulse'" ooerlltlon of r.rlvf'!r-nUl'1n5 <'I !'J ioniflc"'nt re""ction o f 

s.hsor"'e~ ener'TY Appeilrs In cn;:1.,111:1.<1on with 1a-1) nnerat.E'd 

dr1ver-!)Ul!1ps. 

Jt is t.C> '"II' notl!<1 tl"l"t in ~h l" prllsanted th"o r y for 

modullltion fr" ... " .. ncy Sl::91'n t .'1 t" h" si1tisf1E'.~ . In the 01"11'0 -

s1te case. th .. ""turatifll' 1""1"'1 Is r"lIehe~ d urinq O!JP. r:IO'iulll­

t10n perio" Tan" cons .... l1'('"ntly, act.\lnlly pulsei'l onerate~ 
drivftr-pul'lp ",,..,.,ea u to hi" rH onerat .... 11'1 rpferpl'cp. to the 

cons1~erl"t'I nror:G!'JSE'S . 

Finall". let 1'9 lI<'IV t~il t in t"" f'il rle of fllnoi"me ntal 

harmo~1r Ncc ltlltl nr.(t= L) IOn'" " ,.., ,. t; .. plclll toklU11ak o l asl1\ll values 

61~ ... J,O &il' Te.. ",i-'5ke.V l~o""'" S" .... ~OT 4"n".,al0\1 " c,,1119ion fre- -
r:""nr-y rp. ... c~f"~ t.hE' vaIu,. o f A,() _ ~O VeL. I'Iccori'lin'llv, it 

con1i'1 he ... on ... l",'e'" thilt t"'" IIn()nillou" ""sorption <l1If: to the 

e'!E'!CllY into Ilernstein mo<"'p!J i~ effe<:tive meChllnis!'1 nf the ell t er­

nal power ~haor9tion by tokamak pl ll!'J"'~. 
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ELECTRON CYCLOTRON ABSORPTION FOR A TWO-TEMPERATURE ELEC­
TRON DISTRIBUTION. 
D. F~rina, M. Lontano, R. POllOli 

Ilti tut o di Filica de l Pla.ma, AI.ocialion. CNR- EORATOM, 

Hilano, Italy. 

At present, electron cyclot~on r esonant abso~ption se­

ams to be one of the most p~omising heating methods in ma­

gnetically confined pla smas (s!.!e, ... . g ., Refs. 1,2,3), owing 

also to the availebilJ ty of high f~equency, high powe~ sou­

rces. On the other hand, non maxwellian electron distribu ­

tions are !ikely to occur in tok~ak devices , due to diffe­

rent fac t o rs w~ich can exploit the low collisionality of 

high energy electrons. The absorption and spontaneous emis­

sion Of electron cyclotron waves in presence of anisotropic 

maxwel lian distributions o~ a high energy component , descri ­

bed by a shifted maxwellian have been analyzed i n Refs. 4-9; 
the elect~on cycl otron absor.ption for a Spitzer- Harlll distri­

bution has been also treated in Ref. 10 . 

Here, we are interested in the absorption o f electron 

cyclotron waves in a plasma which is characterized by a 

two- temperatur e electron distribution, since we would like 

to emphasi ze the effect of the anisotropy of the main body 

of t he electron distribution. tn addition, we investigate 

plasma regimes withWp-Wc..' ·,..here Wp,c are the electron 
plasma and cyclotron frequencies, respectively. These re­

gimes are of interest for most of present- day tokamaks . We 

note that the anisotropy effects in this case have not yet 

fully investigated i n the literature. 
To exploit relativist i c absorption we l i mit our ana­

lysis to the case of propagation perpendicular to the ma­

gnetic field . we have considered the relativi stic dielect­

ric tensor expanded up to the fourth order in the e lectron 

i.3rlDOr radius. This is consistent with the inve'stigation of 
a high density regime. The elect ron distribution function 

is a ssumed with zero average velOcity a nd different paral­

lel and perpendicular tamperatu:r:es Tllr' TJ,.' modellnq a dil­

char ge reg i me with negligible suprathermal effects. 

we report here (~ee Figs. 1, 3) the absorption of ordi­

nary and extraordinary wave near the fundamental cyclotron 

frequency for a plasma with T .. t CTU+2TJ..) .. 1Kev, and dif­

ferent values of the ratiO R" TUI T.l ' we have chosen 
w,,'l/W r;.'2. = i for the case of extraordinary wave, and 

Wp1./WZ =03 for thf! case of ordinary . wave . The two modes 
Show different behaViour as a function of R. We observe 

(Fig.1) that for the extraordinary wave the absorption in­

creases as R decreases and this, general l y s peaking, is co­

nnected with the fact that the absorption mechani.m 15 re­

la ted to the perpendicular motion o f the e lectrons. The co­
rre sponding variations of the real part of the refractive 

index are shown in Fig. 2. 'l'he absorption of ordinary wave 

is shown i n Fig.3. We note in th is case a behaviour, for 
dif f erent R, opposite with respect to the previOUS case. 

For ordinary waves, in fac t, the elementary mechanism of 

absorption is connected with the electron motion along the 
magnetic field. 
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Fig.1 - Refractive i~dex for extraordinary wave around the 

cyclotron frequency, as a function of the frequency ~ , 

forWp1../W,.,2.-:. 1. . The cases a , b , c refers to the imag i­

nary part of N for R .. 4, 1, 0.25, respect.ively; the roal 

part of t he ~efractive ind ex does not change ~ppreciably 
with R. 
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Fiq.2 - Real part of N for ordinar1 wave around the 
tron frequency, a s a function of the frequenC1 GJ , 
t.>1''"IW c.'"=Q.1. The cases a , b. c refers to the v;lluas 
R .. . , 1, 0.25 · r espectively. 
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K-IO 
ELECTRON HEATING OBSERVATION HEAB THE LOWER BDRID 

RESONANCE - WITH mnuCED l...e SCATTEBDiG 

Batanov G.l!.,KoYtizbny kb L.M., Petrov A.E.,Sapozhnikov 

A.V., Sarkeian K.A., Skvortsove N.N. 

P.N.Lebedev Physicsl Institute Acade~ of Soiences, USSR 

1. The problem of p~Blcal mechanismB of nenlinesI' 

particle heating near the lower bsbrid resonance hee been 

discU5Bed for about e decade. The proccss of the induced we­

ve 9cettering on electrons with transformation into ion 

sound waves caD plSi an important pert in thiB t3pe of hea­

ting. The matching condition for thermal magnetized elec­

trons le 
I (<J.t "-,,,yi' K07! "u) / = '\17z \ :::: \TT' (1) 

whe re "'{,. K Q2 • c...JS' • Ksz - pump and Bound frequencea end 

longitudinal wave vector componenta,tTTe- thermal electron 

velocit3. VI - wave pbase velocit,y slong the magnetic field. 

Por lower . hl'brid and oblique plaBma WBves "'e>«(.Jpe and ~«,""" 

wbere "'pt- electron plaaccD frequenc,y. SuppOSing KG1»Koi! 

we have Ksi~,,*Tft;1 . Thia condition leads to the 1ncra­

ssing of quas1linesr diffusion coefficient end. hence, heat­

ing efficiencs. 

2. Quasilineer diffuS ion ooeffic1ent and nonlinear 

wave growth rates cen be estimated f or electron Ma~ell 

velocit;y distr~"bution t'unction with the direct eleotron 

velocits ~. if we define J(Oi«~Z' (m/H)IZKs/K!Jz«'1lQ/1.J,.e 
and (Koz/Kszf(KOCrkJ'« ~/tte . In this oase the sound wava's' 

growth rate reaches its maxilllU.lll whan ~/t?e =0. -v'J 
bence.waves with AS-z/Ks=1, -G.)e>m~sre excited. The 

former is responsible for electron longitudinal impulse 

10Baes,the latter f or the electron hesting.Using the equa­

tion for quasilinear diffusion we can write equation for 

the electron heating snd for the electron impulse loss ra­

tes, eupposing the contributions of both tspes of waves 

are equa l 2 .; 2 2 

5t(t, n7e) '" :-'" 'ifj Ut'1- (2), JT(t,q, Jo-y(f!.."({' J!:"J"!4 (J) 

wbere /7 , re ' electron dallflits and temperstuzoe respecti­

velQ'. Qe - electron c;yclotron frequencs. Ue . Us - defi-

ne the ration of wave enerS' (plaflms or sound waves) toli7;· 
3. The experiment Wss performed in the linear device; 

described earlier [1]. The plesms column wae csused bS hot 

cetbode d1&cbarge in argon st a pressuze of 3.10-4 torr. 

Magnetic tield O.OST. plaama ' dens1t;y 1-2.10 10cm-). Tea ~ 
,._," -, -4 

3-6 eV,fluctuation level ot sound noise U!t ::'\~l"; 1.0 -7 ~O 

Obli~ue plasma wave (24 NBz) wea UBed as tbe pump waTe. 

Electron beating was measured with tbe flat probe. placed 

perpendicular to the magnetic field. The electron ener~ 

dietribution ot probe current. Ion SDUDd wavee apectrum 

was investigated bS c,ltndrical Langmuir probe in the regi­

me or ion current saturation.The intormation about wave­

numbers wss received from spatial correletion measuzoemonts 

aelecting narrow t'requency band trom tbe broad turbulent 

apectrucc • . 

Measurementa ot diStribution tunction before surtching 

on the pu~p indicates thet it is 8s;ymetricsl; i .e. a lon­

g1~tudinal current with drift velocit3"2{;- O.1~ exists in 

plaama.This cur rent 1& responsible tor ion sound turbulence. 
Bss idea,a brosd plsteau 18 revesled on tbe electron dist-

ribution tunction tor energisa bigber tben 5Ts.~he pIs teen 

is due to ~inetic instabilit1 of the initiel eleotron beam. 

~1s instabilit;y induces a broed spectrum ot Leng~ir wa­

ves within frequency range 0.1-1 GHz. Boerg1 densits of 

Lengmuir no1&e is fleo::'0.02-Q,2,estimated trom tha energ:v los­

aes ot elsotron beam. 

Switching on pump leeds to increase of temperature and 

sound noiSa(fig.1).However ,Langmuir noise intenei t,y ,caWled 

b3 the electron beam,remeins constant. Increasing the drift · 

velocitJ leads to incnease of initial sound noise and ion 

temperaturc(t1g.1b).Simulteneouols.relative growth both of 

sound notee level end of temperature decraases.Correlation 

m"essuremsnts demonetrate essential increase of longitudinal 

wave vectors ot sound waves.At the aame time relative in­

teneit, of short waves compared with long waves,inoreasss, 

too.Besides,measurementa ot perpendicular wavenumbers ahows 

that 1n strong pump fields (Ee>'::: 10 Vj(m) KSl'::.Ks .Correlation 

meaaurements results corroborate the condition of I-s sca­

ttering proceos going on: KSZ > cJ7~ ~ Icm -I. 
4. Using equationa (2) and (3) the estimates of quan­

tity and dependences of electron beating cen ba made.tak­

ing into cODSideration, that heating losaes from plasme 

column are determined bS electron heat-conductivitJ along 

magnetic field. Ths compar1aon ot the comparative contri­

butions ot different psrts in tbe heating balance equation 

ebo~ tbat the main psrt ot' energy for electron hesting ifl 

dsrived from the energy of Langmuir wavea.oxr,ited by elec­

tron beam in the proc~sB of scattering electrons on neut~Bl 
stoms. The meaning of l-s scatte ring in the heating pro-

cesses is in decreas~g longitudinel heat-conductivit;y 

(/7"7;)'Ylnhl'/" t; v..8onTe +2'#.f/.(~"/'l (4) 

where A. -characteriStic heet-conduct1vit;y length, Jell' -
electron-neu~r81 collision frequancy.n? - electron meea, 

~.li. - pump wsve and LanglllU.ir noiae intellJJity. The 

electron heating value and ita dependence on the pump 

wave ere in sood asreellent with equation(4) . 

The performed investigation demonstrate the signi­

ticance I-a scattering in the process of nonlinear elec-

tron beating near the 

K a 

I 
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Fig.1 . Comparison changes 
of the electron temperature 
and sound wave spectral 
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KACNETIC COMPRESSION. NON-ADIABATIC PARTICLE HOTION AND 
INTIUNSl C STOCKASTlCITY 

Rans Pernon 

Studsvik Energiteknik All, S-61182 NykHpinC. S\leden 

Introdu"tion. Thi l is a brief progreu report from an ongoing nudy 
of "",gnellc compreuion and nonadiabatic particle mo tionj a more com­
plete a"count ia in preparation (irnf . l). The \lork s tarted aa an attemPt 
to generalize, by including to aome extent collective e{fectu, some. of 
the reaulta by Krivet., Peregood and wilhelmaaon(Refs. 2,3), also used 
as a buis for plasma heating experimenta (Ref.4). A particularly·inte­
resting 'lueltion con"erns the sensitivity to colle"tive effects of the 
noteworthy time and space coherence ot the energeti" part idea that waS 
found by these authora. 

The aim i. also to contribute to the understanding of magnetic co...­
press ion in general. vith attention on shielding and induction effe cts 
bet"een different paru of a plasma. the particles of which are IOOre 
freely movable tban in a fluid; the occurren.!e of nonadiabatic motion 
and the aBSociated production of action; con.iderati on of VariOUR aKldel 
problems involving non~inearly coupled oscillatora, notably \lith onset 
of stochlllticitYi i lluminating the inteLplay het"een magnetic flux 

. and plasma rotation. 
Th .. th .. ory of coll i aionle&5 plaslll.ll is plaKued by the formidable 

ubitrarinesa of the e"act ateady states . given by any function f(W.) 
of the constants of motion compatihle "ith electromagnetic aelfconst.­
tency or other (Ref.5) considerations . and by the poasible inadequacy 
of such a representation when the system is nonintegrable but not com­
pletely ergodic. Within the above·frame\lork . at~empu are being made 
to search for and properly characterize · a s ymptotic sutes evolving hy 
nonlinear. transient processes from pertinent initial con.ditions. 

Model. A cylindrically symmetric. quaaistationary model i a used. \lith 
a unidir",-ctional magnetic field paralld to the axis and partic.le mo­
tion perpendicular to it. Magnetic field and induced ehctri" field are 
selicollBistently included. emphasizing shidding and induction effe"ts 
and free streaming of the collisionles& particles, "hereas electrosta­
tic gradient fields are only included ad hoc; the requirement of qU88i­
neutrality i a to 80me extent Bupprease-'.--

Neglect ot the rndial gradient field E has monly been done, even 
if Er ~an easi~y b .. inc~ude~ .. The.aim is tor~iut a~aly~e c,:,rt~in 
""'chanu: ..... uung the slmpl1flcatlon to obtnn quallta tlve lns lght 
r equired-for the sharpe r problem definition necessary for a Btudy of 
a complete plasma. One could say that the model uaed so far either 
corresponds to a aituation with an assumed, neutrslizing hackground 
without appreciahle azimuthal current. or in its discretized form to 
neutral. polarizable she ets of ions and electrons , provided that the 

• geometric mean of the matlsea i s taken . lIo\lever, such polarizable sheen 
have liJDited application. especially \lith nonzero bias field.(Ref.l). 

The initial sUte simulates (Ref.l) features of the plasma respon­
se to an applied _Knetic field a tep: 11 i. kept cons tant . and the 
atate at t .... O corresponds to ordinary °cJcu -shielding "ith a purely 
nimuthal velocity. having a radial variatioR cona istent with Ampere~ .. 
la\l. a spatially hoP>OgeneouB dens ity and the condition of zero canoni­
cal angular momentum L7' imposed by zero temperature and bias fidd 
(Ref. 6). Since there is no 2: 1 betatron flu" relation here, the radii 
will cbange and oacillat ions appear. Some casei of nonzerO I:P and time­
-varying 11 have aho been s tudied. 

t n thi diac r ete model, the sheet radii are used as Lagrangian co­
ordinatea, x" relates v" arid A, • particle density i s obtained from 
area chsnge, and the jump in 11 at a sheet i8 handled by taking the 
arithmetic mean. The equationl of rad i .l motion are complemented by 
expre l sing tbe vector potential at an arbitrary point in term. of the 
current, and· location. of all the aheeta , and the radius ill then s peci­
alized to coincide with each of the ,heet radii in aucceuion~ Thi. 
leads to the fDllO\lin~ system of e quations for the Ai: 

i;(6",+a.)F(+)A, =P,IdX' . (; - ~.9, .. ,,"1 * .. / t ~ ~ ~-' 
\lhere!.i. s chara"teriltic length. x. the nOnEllllized sheet radii. and . 
I i a tbe current in the e",ternal lo~p. The conatant. a. are meaGurea 
oi the !'~hie.ldinlstrengtb" of the sheets. and f(y) - ~ for i y/,$,l' 
f(y) .. Hy for y/1"1. Sin"e the sheets \lill craBS, track must be kept 
of their relative poa ition dur i ng tbe motion. A constant-flux boundary 
condition can enily be accomodate d. 

A ainsle sheet. The frequenci es of nilll\ltbd and radial IDOtion .of the 
partlclea of a single sheet are decrened hy the ahielding by factou · 
I/(Ha) and l/(T+i' • respectively . With time-varying B this splits 
up the magnetic UIOIIlent into t"o distinct sdiabat.ic inva~iants. and some 
cluaical resulu a~e r e opbain .. d in a modified · form. Wi:th consUnt B , 
the orbita are azimuthally compress .. d and pre~e8l' and the kinetic 0 

energy oscillates, as a result of the electric field induced by the 
v1lriation of tbe size (not 11) of the inner region. 

Due to the phase aingularity at the origin . the mean azi .. uthal 
mution ia opposite to v . This ia be tte r understood if nonzero L9" 
o.iginating from a slDBl~ -biaa field. are considered. conveniently ex-. 
pre ued by a parsmeter £'. The equation of IIIOtion contains a factor 

( 1 - tt/ ,,4 ). \lhich shO\la the exceptional character of e .. O. A nulllher 
ot i1llJlortant quantitiea are discontinuous tor thia value of e. (TI,,, 
III.IIgn .. tic flux i l continuous, however.) 

Quantity (evaluated at 
inner tumingpoint) 

lim 
ErO 

E - 0 

;''1' c.Jgr o /2(l .. a) .. v'l'~(lJ 0./ -,,:;ro/2(1"a) 

I, -00.: -aB;; 'fo(Ha} 

Magnetic energy in :re.; 0 

'00 

Ss 
lnner reglon 'T1- 2 ( /i )' 
Re...... ~8'=:: ¥' ~a. (l4a) 
The modulua of v~ become6 the SIllDl! a s lnltially. Finite magnetic energy 
ia enclosed In an arbltrarlly smsll realon. and thu i6 connected with 

'a kind of inve .... ion: In the limit of zero thickne ss, the II\Ilgnetic ener­
·SY in the central rod become. equal to that corres ponding to tbe ID8gne­
tic field itlitially excluded from the inner region by the shielding. 
The "boundary-layer" properties of the a"ia are not an effe ct of the 
coordinate system; t:,~ strllcture of the layer "ill certainly Jepend 
upoo charge separation phenomena. With negative bi .. and a),l. magnetic 
field r e versal will have taken place already outside the equilibrium 
radius. vtlereas smaller valuea of a require smaller radii. 

T\oo sheet.s. The e quation. of motion f o r t"o equa l IlUl gneLic sheets a re 

~l - -"1/4 • Fl ("1'''2) ; il2 " - "'2/4 ' F2("'1 · X2). valid for IX11>1"21 

and related e><pression},'f~en tbe oppoaite inequality hold •• Here 

F - (/+a..)X.l.- Cl. >V~IJI+a. x.1+a/J...j'Jf. • F _ 1+17.) Xl{ 

, - [[1+ X/-f/X/ ..J J ~ KI+rijX;:"'(lx/ 
Clearly . 'X. are discontinuous for "1 - t x

2
• but ",.and x. are; conti­

nuous. Thelforce i. derivable from a potenti~l . th~ equi~oten~ia l 
lines of \lhich are circles for a - O but become flattened for a>O. 
Already for a"l they ue allDOj;t· "quates with vertices on the gradient 
discontinuity line •. Th~ e'luations have been integrated in a n\U:lber of 
caSU. The !!2h!!i.i2l!1 are a inus-like. oscillatory. with time-variable 
phase, amplitude and frequency. It is instructive to cons ider the 
"~il!D:iDUi[dt I j & JXj dx., ~ith the integration extended from the 
aXlI to an extremum or convelsely. 

The e",,,hange of action (and energy) bet\leen the t"o oscillatou 
becomes more pronounced as a grows . Fig.l 5100'"" res ults for "1(0) .. 1, 
x2 {0) .. 0.5 . a- I. The fooints have been joined together \lith .mooth 
curves. Two aKldea of variation have been found: In an !!!!.:i!!'!'!!~!if_'!'£~! 
one of the other of the t\lO oscillato .... stays at a high level of 
energy and action . and has about 20:t higher frequency than the other 
(Fig . la) . There are aho transitions to a !:i!"!'~.H!L~~~' "ith s 
aa..-t .. eth variation of 11 and 12 (Fig.lb) . The oscillators are 00l0I 
frequency-locked . with an approximately constant phllSe shift, except 
during slll.llll time intervals around the knees of the CUfves. ,,·heo the 
phase shift changes sign. The transitions between the modes appear to 
take place at random, hut the data· are in5uffici .. nt to ensure this. 

TI!L!£i!!f!!!Le!!!.!:! "orres ponding to x2- 0 show regular curves for 
5II1.II11 values of a, indicating that the s ystem is then integrable or 
near-integrable (Fig.la). Already very small valuea of a (.Ol) produce 
curves that extend "ell away frolll the, points on the Xl-~xis ·that 
result . "'hen a - O. Thus. even a minute amount of collectlve effecta 
"ill strongly reduce the coherence found \lithout such effects 
(Reh . l.2). 

11 .2 

.1 11, 

2~'5~0----~30~0~--~3~50'---~4~00'----4~5~0--~5~OO=+" 

:t>Qooooo 
500 550 600 650 700 750'1: 

Fig.l. Action integral6 versus normalized time. Fig.a ShO\l5 the 
U}'tlll)l'tric mode. and b . a transition to the symmetric mode. 

x, . 
'. 

• . • • . . . • . . . ... ' .. ~ ..... 
Q. 

--J.-+-d , . .,.. ...... "".-. " . . . . , , 

!.is.:.!:. Poincare plots "ith '" - 0 for the two-oscillator cue \lith 
Xl (0) .. 1 , "'2(0) .. 0.5: 2 a) a- O.l i b.) a- I 

Fig 2~ ~hows the Poinc~re plot for a " l. Clearly, there i. strong sto­
cha~tlc1ty, "'Ost of "hlCh occurs during the symmetric made ... hen the 
OSCillators are frequ e ncy-locked. 
.. . Studieo of. t~e phase space divergence of near-hy nrbit . have becn 
1nlt~ated. Prelullnary estimate ~ ~ndicate that the !S.:":!!.t!:of,Y may be 
as hl~h as 1/4· ..... fas g 1/8,,,,, r 1n the symmetric mode: The a af'l'lll'l'tric 
mode 18 ~eu clear, "but e",po~Xn£ial &<"o""h does OCCur. Three-aheet 
calculat~ons are uodeNay . in order to study Arno1d diffus ion. 

I \I~ sh to thanl< Mr. S. Linde for cartYin& out the ;'umerical 
. computanons. 
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Ab~tra('t : The propertie s of' bo 5htistieal theories of' the 
eubicnl.ly noolinear SCl\dxlincer equation &re cooddered. 

An importtlnt. ftIOde l of" st.rong LangIl'llU turbulence Is the Zakharov 
equat.ions (1) 

(11\ + o~)E(x , tl • n t (1) 

(2) 

whiCh "'1'0 written he l'e in dir.lcnaionles& unit:; (or the one-dimensional 
ea~e ; U5:U~', t he par=l;er f. . 1. The nl!ld E(x,t) i 8 the lov­
frequency e n'lelop!' of t.he high-f'requene;r Llmgrru.ir eleetr1~ fhld, and 
n(x,t) i. the low-frequency density verilltion . Several statistical 
theories of these equations hove been proposed [2-7]. 

Under certai n clrcu",stance~, the tl!11t! derivatives OIl the left oC 
(2) can be ignored (Cor=til,y, £ can be ~et equal to zero). Then (2) 
CM be int.egr at<,d in Ipllce vhe~upon (1) becOlllCI the cubically non­
linenr Schr1)iinger equation 

(') 

where W is the ~p.tial IIverll.£e of I El ~. It il the purpose o f thia 
paper to discuss t'WO possible Itatisticll theorien of C~). We do not 
dbc"ss further tile regi",c of validity of 0) ; this important subject 
hlls lJecn "-iOCU5sed elsewhere [8,9J nnd deservel II10re work in the 
future. 

2. Adlllba tic LbU of a St .. ~.ht1 c !!.l Theory 
of thc Zakb:rnv E 'w~t1ons 

The cubically no. ... line u- Schr3cU.ngcr equation [~) is obtained frOll 
the quadrat1cally nonlir:ear Zakharov equations (1) and (2) by t lllr.ing 
We adiabatic l! lIIi t £ ... 0 ... hereupon tbe dcul ity bec(XlO!s 

n . W- I EI~ (4) 

Thu", we cO'l.ld consider COllstruCting a statistical theory of (}) by 
first constructing 11. 5tatisticllL1. theory or (1) and (2), and then 
tuk1ng the adiabatic limit' ... O. A .. tp,tistical theory of (1) nnd (2) 

hll~ be"n ~tudied by DuEois nnd Rose (1), who apply Krllichnan ' s direct 
intcrllction DpprOlt il!llltio~ [10, nJ. lie havc rc pe ll ted their calcula­
tiD[l, incJ.udi,,~ .the factor (, and have the n t al':e!l the adiabatiC li1:11t 
£ ... O. 50~ of the re::ulting form..t1l1.s nre found to differ by impor­
tnnt fnctou of 2 fr01l\ th05e to be obt ll.incd in the next section . Thh 
arices as foUOWll. Kr aichnan's dirc<:t interlic tion approximation 
[lo,nJ ror qued r aUcall..y nonline ar equat.ioos is au exnct. description 
of 0.."1 associated ra.--.d= <:oupUng IDdd, provided t.'at Lhc initial 
vo.lue e n8emble 1"or the r a",10111 couplina lIIOdel 10 Gaussian. However, 
wh~n n(x) is r elnted Lo E(x) by (Il) 111 the adiabatic li,"it, it 10 
impossible to CQlll:;truct suc~ M enscoUle. This is the r eason 1"or the 
ractors of 2. I n the next section, we discuss an "Ppro&<: h -..hich 
avoids t!l.is. 

}. Sl,at.1~t1ca1 ThenTy of" t!1<: Cubically 
l10nlinenr Schr'6dln;;;n r !:.ouation 

There exict.s a sta tistical theory fol.· cubica ll,y nOlllinear equa­
tiO'IS [12- 111 whi ch is analouous to l\raichnan'8 direct internction 
u.p1>roxi~t1on fOI' qull.drati<:ally nonlinell.r equations; we call it the 
cubic direc t internction approximation. We have applied this theory 
to the cub l."lI11y nonlin~sr Sctu'lldinger equation, and have obtained the 
following re5ul t s. 

(I) 'rhl t hlor" 11 r .. 11l1b11. It il onl,y an apprOJlwt1on tor 
('), but it i. IltICt. for thl cubic rl.nl1clII couplina modal, '0 that it 
can nl Vlr y11111 .uoh nonlln.icll roaulte I.. Mlat1v. Intu'BY 'pletrl. . 

(b) It. 'pectrutll ha- a'raylor IIIriat e,.;pl!l.ion 1n time which, to 
order tl , 11 the UlII8 AI that of (}) if thl initial. value en.embll i . 
Qtrulltan . 'rhil i l one of the pbell when ths factor. of 2 diacuAled 
i n the l r evioua aection .pp!!lI.r. 

(c It conaerve! ' thl! ensembl e aversae& of 

(5) 

(6) 

(1) 

vhich are conserved by each realizo.tion of (,). 
(d) It correctl,y reduces in the arull II..:Ilplitude limit to the 

Itandard [l,18J weak turbulence theory ot (}). Thi. ta. IlIlOther place 
vbere t.he f actors of (2) diGcuued 10 the previoua section enter. 

4. Modulational Instability 01" 0. Norrow 
Turbulent Soectrun 

One of our long ranae goals la to eOtllPare the predicUonl or the 
various theor ies ot" eubic LangTJUir turbulence with lilmllaUons of (}J. 
As a fira t step in that direction ve have conaide red a aimplitied 
lIIOdel or (}) which is intended to mimie the evolution due to the 
lIOdulatlons.l. instability 01" a narrow turbulent spectrum. Th.is 'fill 
enable us tu c~are the various theoret:j.cal growth raLes nth those 
obtained from si!l1\llations of this model. In anothe r publication (19], 
we will cOlloider theee subjects in greater detail. 

Acknowledn...,nts: We thtlllk M. V. Goldaan, P. J. HlUlsen, G. L. 
Payne, and G. Relter for stimulating converaatiolll. Thh work Villi 
supported by the United Statu National Science found u.tion and by the 
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3l'ATULLY-TIME EVOLUTION 01 FAST MAGNETO SONIC 
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In paper [ 1] by means of ~erical integratio~ on ... 

dim~nsional magneto sonic waves of finite amplitude pro­

pagating along a radius of cylindrical plasma wsvegude 

across static magnetic field became the subject of study. 

It was shOwn that in the' eourse of time a profile of 

~ propagating ~ave acquired the form of a solitary wave 

train w1 th increasing ampl1 tude. 

In this report, in aceordance with paper t1],the dyna­

mios of PMS-waves of high amp.!i tude was investigated 

analytically and numerically, the waves propagating in 

a homogeneous plasma waveguide at an angle to Bo' We con­

sider the plasma gas-kinetic pressure to be low, as com­

pared to magnetic field pressure, and suppose the frequ­

ency of exc~ted PM3-wave ..tL to be with1n\ol.~(~<'..j\ol~,"I,'; . 

For describing plasma dynamdcs in this caee, use could 

be m·ade of hydrodynamics equatione with an addition of 

field equationa. As a rule (2), in experimental conditi­

one a longitudinal wave number of exc~ted oscillations 

\("l is much lower than \(.l.'; rS.4 (0. - column radius), that 

allowing to use perturbation method while analyzing 

the results. To a zero approximation on the parameter 

I.-=\("It/\(.l. , plasma motion is one-dimensional and is des­

eritFtld in Lagrange variables by the equations: 

"",'I.'I..=-~'I..,,"~ +It')lr~\v)''"', ~(~\_() (1),(2) 
"""to....... ""t!Q, '~o. ,"\'Y"'bG.o.} , 

2..[1.. ~\")-" ~l""\~)) ,. '~_-'.''''I-.\ D) ,'1;1" .~ '"\Cl."b00 =-,~ ,.flJ\.'1.. ""bo.." 

where ~* is the frequency of electron-ion collisions, 

h ~ B1~~."(,~\-c.I/"'~c..), --.. .... t'''''l''/v • Equations (1)-0) 

describe plasma radial motions at prescribing both the 

initial (~ .. 0) and boundary ( r _ .ro ) conditione. In 

the first case the variable 0.. ie detertdned by the equa-

in the second one - by ~o.c 

... rl't.) '(I,lHl'l .) lJtt..) , where ro and V. are in1 tial values of 

a coordinate and time, n _ N I Ho - the densi"ty , \1= ~ _ 
V, 

is plasma Mass velocity. Prom eqns (1)-(3) in variables 

( rot -.; ) we find solutions which take into account densi­

ty and ~agnetic field distributions at an initial moment 

of time. In variables (~., 'I;: ) solutione are determined 

by conditions at plasma colu~ boundary. Let us notice 

that lIo1ut:l.onll o~ the BUBtew (1)-.(3) parllllletrically de­

pend on axial coordinate "'f. 1 because of prescript:l.on of 

boundary conditione depending on r 

Analytical;. eolution for eqna (1)-0) could be find 

while using homogenei ty property of these equations rela­

tiv. to variablers "Wo and \.., • .1souming collision frequ­

ency to be a low one and I,.. (",Q.) _ 11..'9) ~~), ":f.. ... \otf) oi.<'Q,.) 

w. derive from (1)-(3) 1 

(4) \-'"TI.. .... )"" t(t 
~her. t~t:;, .. .(, \,l) ere constant values; minue compliee 

with wave travel to the center, plus _ from the centre. 

For coordinate functions S,~ we heve t~e set of equati-

onsl 

(5),(6) 

where B and D ere separation constants. 

Numerica l eolution of eqne (1) - (3) was performed un­

der the assumption that the lllagnet1c field on the boun!ln­

. ry of pl"aema colUDlll wae changed according to the low: 

" -.... • ~ si:.. !O..' L%. 1-' h .. 1 +",,\fI,('I("'\)"~'\l-t. 1, where ",-UIo~, .. L(..'4""-t. .... ~ I 

a plasma is aeeumed to be a col lieionleee one. Pig; 1 

shows spatially-time evolution of nonlinesr FM5-wave un­

der the fi:l:ed 1: • In the courlle of time. as the Imve ap­

proaches the center, it ia observed the releaoe of a 00-

litary pulse, the amplitude of which eubatantico.l1y rioeo 

at a simultaneous decrease of ~idth. The time evolution 

of an amplitude of FM8-wave in point r ~ a I 3 at vsri-

ous"" values, preBentBd in fig. 2. ie in accorde.ncc l"Ii th 

the procese of forming single pulse given in fig. 1. 

The results of numerical analysis are in qualitative 

agreement with the data obtained from experimrnt s on 

the excitation of high-amplitude FI.;5-I"."!lvca (2]. that 

following from comparioon of the graphs gl ven in fieG 

and 2 of this work with the graphs o f figu 4 B~d 5 of 

paper [ 2]. 

REFERElTCES. 

1 . Yu.A. Bsrezin. l>rUtl.ll:.ech.& Tech. Piz. (USSR) , 

no . 1, p. 107. 1966. 

2. A.S. Dv.kat , '1 •• \. Bv.ahko, L.l . Grir;or 'eve. et a l. 

K-13 

8 th lAEA Conference, lirussel B. 1980, Book of .\botr:l.ctr: 

ru.:rORT ctl- "}8/Z-5,P.214. 

• • 

F':1g.1 Dpatia11rti.me oT01'ltion of nonlincar FUS-V7!)Ve 

(k~z .. 1.57) 1~ .. 3. 2)~",6, :5)": .. 9. 4),\;",12, 5~ .. 15 • . 6~_16 

• 

Pig.2 Time evolution ot PW5-r.ave at point r-s/3 

·1)k,z.0.00, 2)k,z.0.26. 3)k~z .. 0.52. 4)k.z_o.78, ~)k~~' 



K-14 
LOllG-ur.IE SBS QSCILLATIOlfS IN PLA.Sl4AS 

WITH &JPERSOHIC FLOW 

K. Baumgiirtel. K. Sauer and 'n. Si.ind.er 

zentrallnstitut fUr Elaktronsnpbysik, 
Akademie do1' Wiasensehatten de1' DDR, Berlin, DDR 

AbStract 
Theoretical evidence of long-time oscillations of stimulated 
Brillouin Backscattar from an underdsna8 plasma with. Buper­
sonic flow and a reflecting boundary 1a reported. For typical 
parameters of laser-plasma experiments the oscillation ~eriod 
ls t.) T'" 150 where (.) is the ion-sound frequency belonging to 
2k • tong_time SBS oBcl11atlons may be respOnsible for the ob­
se~ed burst-like behaviour of bigher harmonic speetra /1-3/. 

Theoretical backsround 
In paper /4/ it was pointed out that a partially reflecting 
boundary can strongly influence the SBS by enhancement of the 

effective noise level. In tb18 ~r wo study the te~poral 
evolution of SBS in flowing pl asmas and sbow that doubl e re_ 
flection at botb tbe boundaries and zero-frequency density 
pertur~ations can cause l ong-time SBS oscillations. Different 
levels of description are usedl tbe full SBS equatiOns and 
their reductions to mode-coupling equations. 

1._~!. §B.§. !.~l1.2.D!.: Tbe process of SBS is descrj,bed by tbe 
standard system consisting of (1) tbe HP wave equation in mo­
dulational representation and (2) the fluid equatiOns inclu-

(1 ) 

(2) 

In these equations, A is tbe ratio of electron quiver velo­
civy to electron thermal velocity, u is the f luid velocity 
normalized by the ion-sound velocity ve and n is tbe plasma 
density; t and x are normalized by tbe iOD-sound frequency 
lJs..ksv

s 
(ks=2k;{t) and the vacuuro wave number ko, reap. 

Furtbcr , the following notations are used: 
.. = 2V[Vslc I ~:~Vl, G~ -1- n/ne , 

is tbe critical density. wnere nc 

i._I4.n!,ll£.i!,e!! e;r!!r~c_t~e.2.rz: In a first step 01' appro­
ximation , small perturbations of the hydrodynamic quantities 
are asswned (n/no=1+ii, u:!4.+u witb ii:dn/no<'1, 'il:iv/vs<.1 ; 
M:vo/vs is the Macb number of the plasma f l ow). 
l-_S!Y!F!.t!.O!!; .2.f_"!:,a.=.t,:: !p!.t!.a! .2.8E.1.!1!.t!.O!!B.l. According to 
tbe assumption that the Brillouin instability is localized 
at ks:2koYlf' the 1'ollowing repreeentations can be uee~: 

A(x,t) '" A+(x , t) e1k:r + A_(x,t) e-1kx , k = Y£' ' 
ii(x,t) '" Re [p(x,t)e2ikx } , n(x,t) '" Re{q(x,t)e21kxj 

As result, a coupled system of partial differential equati0D8 
for tbe "slowly" varying amplitudes .1+' .1_' p and q is ob­
ts1ned . 
i._Id2d!.-E.0EP!i!!iLt~e.2.rz: In this appronmation, temporal os­
cillations according to the dispersion relation of ion acou­
stic waves in flOWing plaslllSA with k=k:a are separated. With 

A_= u_ el(1+1~)t, p::j;.-i(1+M)t, q~e~(1+!.!)t 

we get the mode- coupling equations 
e>A.+ _ .... aI_ ... 

""1r'i' '" -C q A_ 'Ti" '" -C q .1+ 
-1 no 

C =~·nc 
~q l1+U) erg: 1 .... 
~ + -rrx -If A+A_ 

(time derivatives in the equations for A+, A_ neglected) • 
.z.._I'!8!.1II!. ~e! ~ l!.~!e~; As initial state, an under­
dtlllSe bomogeneous plasma l83er covering the fixed region 
(O,L) is .assumed. The supersonic flow is directed towarde 
tbe. incident radiation. Tbe hydrodynamic porturbations at 
x=L are assumed to be zero. Tbe parameters of our calcula­
tions are. no/nc'" 0,3 , y,....2 , L", 25~ (). oc21/ko/c), loci_ 
d~nt field amplitude Ao= 0,3. 
Results and diScussion 
Fig. 1 sbows resulta obtained ~ numerical solution of the 
full SBS equations. Besides of osc1l1atiollB with (.o)s' · the 
reflection coefficient undergo~s Ions-tiDe oscillations 
nth 6. period of T:::: 150t.J;1 • Botb min.1mum and. I18Ximum re .. 
flectiv1ty are cbaracterized by typical spatial structures 
of electtio field and plasma density (Pig. 1b-e). At 1IIini-

mum reflectivity tbe density dieturbance is seen to be com­
posed of two separated phaSe-ahifted parts whose scattering 
contributions match appro%imately to zero. In this case, 
t be perturbed density profile acts as a resonator with a 
slightly enhanced field (Fig. 1d,e). SUch cOnfiguration ie 
created by tbe combined action of both the supersonic flow 
and. a reflecting boundary. The m&cbaniSIl. ie Ullderetood in 
the following w~, oring to causality 1"8&1ema, the evolu­
tion of SBS in the case of supersonic flow ls sensitive to 
tbe conditions at tbe right boundary. A reflecting right 
boundary may strongly influence the temporal evolution of 
SBB wben a portion of scattered radiation oan reacb it via 
reflection at zero-trequency density disturbances or at the 
left boundary. This part of eoattered radiation is the 
source of pbase-sb1f'ted denslty disturbancee whicb pene'tra­
te into the plasma from tbe righ,t bound.S.ry and compensate 
the SBS contributions from the region near the left boun­
dary. 

Loll8'-time oscillations appear in all approximations in 

whicb the iOD-ecoustic dynamics is treated in second order 
in time (sec. 1-3), even without a second left boundary. 
Mode-coupling tbeory gives oscillating SBS wben two re_ 
flecting boundariee are taken into account. Pig. 2 shon 
solutions, wbere the boundary condition 

A_CL) ::: f A_(O) 

with a reflection factor 1'= _0,01 haS been used. Tbe 
change in the sign of q (Pig. 2c) indicates phase-Shif­
ted contributions of tbe density disturbance. IRI? '" 0 
is equivalent to tq(x)dx .. 0 • 
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Recent ly there haa been growing interest in theoretical 

studiss or nonlinear processee which develop as laser radia­

tion intoracts with a plaema corona. At present more empha­

sis is placed on the influence of strietion deformation of 

a plasma prorile on the efficioncy of resonance abeorpticn 

of dn EM wave. A possible approach to the analysis of the 

problem is associated with the use of a 'stationary model of 

the intoraotion of p01f9rful ELl r adiation wi t h an inhomog9-

neous plasma layer [11 . Siruplicity and obvious results are 

~ot the only advantage of this model. Presently there is 

evidence for reali~ability of a s tationary pattern of stric­

tion deformations oocurring in the inhomogeneous plasma in 

the external qUMi-Btatic field [2J . l.1oreovel', recent Dur.ler­

ical s tudies of the dynwnico'J of powerful EL\ wave absorption 

i n a supersoDic plasma flow [J 1 sug~eat that the system 

can arrive at a quasi-stationery regime vlith the reSODlUlce 

absorpt ion coefficient slowly varying nsar some mean val ue . 

The goal of the contribution is to study the station-

ary regime of resonance interaction of EM waves with a 

plasma moving with 3upersonic ve locity. 

The stationary approach assumes the preaence of inho­

moge~eous plaama dsnsity profiles JV and t he plasma flow 

,(eloci t y /;. "in the absence at: an external Eld w'ave. In 

the case of a supersonic pln.roa flow thia condition ia 

readily met for the spher::l.cally 8\tIWlIetrical model gi'Ien by 

(U'-t/:jA + 8,I(Ai<=O, fo/ut'= YcU,R,,, (1) 

where U is the hydrodymtmic VQl oc11;y nonnalized to the 

sonic velocitYi ilc . U(.R t ar. the plasma paramcters at the 

critical po1nt. Taking into acc ount the ponderomotive acticn 

of a h.f wave havill8 the electric neld E =1 [l0/6"14-1) + u: j 
t he particle denaity is deacribed by the equation 

".~rRi Ne' -1] + eh I( = _ 2' 
!< }.It. Ne £,2 

(2) 

I' 
f/=IG.iNc. ~-I1i) is the characteristic "plaam.a ;f"ield" 

of collia1onles8 nonlinear affscts. 

Purther we shall use a simpl ified model assuming that " 

the profile dat:o~tions am not too great and expanding 

the l . ft-hand side of Hq. (2) over the smallness parameters 

~= 1..R -1 <;c: 1 , cI= N <:'< 1 In th11l approximation an h'l\ 
• AI, 

wave near the resonance region can ba C0D31dered plane thus 

de.or ibed by tb. known equation ~or ths oomplex amp11tudo 

H 'f ;H(M'e ~, J. ,) , J of It. h:t'magnetic field '=~ ---s- rf,tWf,~- l n}( T cc 
If ' I r 

{jf - : :!I .,. (E - -J,>/-e)~ = 0 (J) 

where E= 01. ..:.i,f i .o the dielectric permittivity of a cold 

pl uza. It..- ~ .J -;fm8=~ . Equation (J) togather with t he 

relation for the rsal part of dielectric permittivity 

f!!'+ jA'-)(R;. it,'~1 oI - ,?- )=- R~{(,;t//'+-A'e/:tI;J (4) 

.211c. ;l. Uc. t=YoR,,-
oo~r1 .... ooaplete system for the inveetigaticn of the 

~teraction between an intenae EM wave and a auperAonic plasma 

ijetore passing over t o the reBults of numerical integ­

r ation (3)-(4) cona1der the dependence ot(~) for the fixed 

vlt.lues of tangenti&l components ot: ru.! fields 1(,. ..... ;t( and 

f l ew. 

~' Er ..... E . 5imilarly for 4 .... 0 the relation (4) was stu-

died in [4 J for determination of the 4ielectric permittivi ­

ty of an isot r opic plasma for the given electri c displace­

ment (,/) .... ';/f ). Specifically, it was ohown that with the 

p.xcess over some critical value W>$e. the dependence 

cX.(~) becomes ambiguous and the trannition from one Dl"anch 

to another corresponds to the parameter jump . In t he pre­

sence of the additioUB.l fector lfi:O the coordinate of the 

jump is shifted. However , the statem<lnt on the ponsi ble 

wnbiguity of the aolution remains valid. Thu3, for obtain­

ing the jump the preBenCe of the 101lt;itudinul cOQPGn{!\~t of 

the electric field Ee .... $h is of principle. 

In Pig. 1 the characteristic structur .. of al .. ctric 

fi eld and the deformed pl asma denai ty profile obta:Lned are 

ehown for tic'" 2, Rc= 80 (the characteri:Jtic scale of the 

density inhomogeneity at the critical point L "'30 k:; f), 

Jt)/e = 0.05 . For compal'ison in Pig.2 a oimilur pattern 

is given v(hich is reali zed in a dyn"B!nic numerical Nodel 

(note that for a neodyr.liwn laser the correspondinG ener gy 

flows reach the value 2 f" 5 10'4 ':llcm2 ) . 

'l'he dependence of the aboorption cocffi cicnt cn the 

i ncident radiation flo',"{ i<l represented in Fi g . J for the 

parameters V{ = 2, I{ " eo , .r c lO- J ,-$,").?B= 0 .05 . 

l'ote that. thc elect rodynamic p.l:oblo lH which lieu i l"_ the 

solution of I:.:qs. (J) - (4) before and after the jUlilP und- meet­

i ng the relevant boundary condi tions has a solution only 

up to a certain value of the incident energy flc\'l [5 J This 

eliminates a possibility of oatzhing the solutions a.t the 

"jump". Strea£! that the reGion of existence of 3tntionary 

solutions diminia.hes with decreaSinG );0 L . 

K-IS 

Thi3 result enablcc onc to Ofrsun;e thal the qllll.:; i-::r:"u ~ ic 

regjm~ of plasma-I'lave interaction wil l break l1i th t ile increase 

in power of the radiation flow in the nonstutionul'Y problem . 

This can lead to an cssential redistribution of the absorbed 

energy between thermal and hot elect rons. 
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Introduction 
Recentl y experimental evidence wae given tor "radiation 
at balf the p~p !requancy 1...)0 a t l~Ber-:plasma interac­
tion /1/ . ~11e radiation at t hree halves ot the l aeer 
frequency can be attributed to both Raman ecatterlpg 
and ttvo_pl as mon-de cay the (,.,)o/2- radlatlon le directly 

produced only by Raman e cattering . The paper drawB at­
tention again to the latter proces s aDd pres ents .reQul t e 
concerning the growing period ot the Raman instability 
in cn"inbomo6oneous plaama. 
Eouati ons 
The approach Is mainly numerical and starts trom a cno.­
dimensional hydrodynamic plasma deacription . The baSic 
eqc.etlons ere 

d." 2·" 2.,, 
2 • 

+ (wt - 2 <.Jp 0." 
2i~L Tt + JV~ Wp)Er. = ~E - -

W'f 'Ox 
~." /)2." (Wi 2 v to) 'OEi ,2 

2iWT Tt + ~ 
+ - w 'tor=- 2'E T -P 0% 

OE 2 a2
E.rH 2 2 v(.)~l!!. 

2i'.,.JT~+ C -;;-7 + (WTlf" Wp)ETft- 2'E T~ 
i')t 

Ex" Er. E-rH are the slowly time_varying amplitudes of 
the longitudinal (L-), t he transverse (T-) and the t bree­
halves (TH-) wave, respectivel y (normal ized by mt.loc/e) . 
vE is the pump quiver velocity, vT is the e lectron ther­
;nal vel ocity. The frequency IM.tching conditiens are 

Wc '" w L + U T WTH ::; W C + l.)L 

(~e - pump frequency). ~e se cend- order space deriva­
ti.vos e.re kept in the equations I that is , ~o use is ma~ e 

o! t he· ~{B apprexilM.tlen . Landau damping ef the L-wave 
~ s i n~ luded via an additicnal f actor (1 +0 , 25i(~L2/L) 2-

) 
- 1 2 P 

1 ) at vT as l ong as WL/wp"> 1 • A linear delll!lity 
:-::-c£:!.le is taken which varies trom zero to. abeut halt 

ef t he cr itical density . The s yetem has been solved by 
~tandart discreti zati cn schemes tor a variety ot para­
J":oter combinations vIle , vT/c and L (denaity gradient 
~c~le length) . A small initial fi e l d Ex, is assumed t o 
be prcser.t . 

~ 
Fig. 1 shows (a) the t ime evclution of the instability 
:?or a typical parameter s et (vIlc.O , 1 , L/>..o'" 50, "0. 
pump vacuum wave length , vT(c= 0 , 05) and (b) the spa-
tial ntructure of the wave tielda at Wo t = 500. The 
"abs ol ute" nature ef the instability is obvious . The 
Gro~t1ng decay waves are cenfined to. particular trequen­
r.les near ~/2. independently et the f r equency of the 
initial f iel d. The shift against Wo/2 depende cn the pa­
rameters . The L- o.nd the TH--wave are generated in ter­
~ard direction. After tetal retlection at its turning 
point the L-wave ia Landau damped away before reaching 
the boundary . The backward generated T-wave is emitted 
into .vacuum. Tbe curves indi cate that the instabili ty 
operates in a narrow s pace regioD i~edi8tely adjacent 
t o a quarter ef the critical density towards lower den­
Sity. Pig . 2 shows the growth rates as fu.nc t ion 01' the 
pwnp intensity tor different L. White et al. 1'-1 prediot 
Bocewhat higher growth rates, but both the pl sema inbo­
~genoity and the Landau damping is treated in a toe rough 
way in their calculationsv Fig. J demonatrates the influ­
ence or the electron t emperature on the frequency shift 
cf ·the T-wave (a) and on the growth rate (b). Note the 
sharp drop of ~ a t vT"c-.::r 0 , 15. The f requency shitt chan­
Ges ite ~ign with growing temperature.It turna from bl ue­
shift to, red-ehitt. The L- and ·the TH-wave have oppoaite 
shitta. Tbese results are in good agreeme.nt with s ~ 

treatment (Fig. 4a) . I t predicts an absol ute i nstabili­
ty it bcth the mismatch 01' t he wave vectore and ita spa­
tial derivative vanish /J ,4/. Fig. 4b ehows at whioh den. 
sity the c ombined matching condition ie fulfilled tor 
differ ent temperatures. This curve helps to interpret 
the drop ef 1i in F1g. Jb I as mere the operation regime 
of the inatability ia ehitted towards lower density, as 
mor e Lendau damping et the up-shifted L-wave comea into 
play. Fig. 5 s upports this view; i t showa spatial pro­
fil ee of both the L- Slld T-wave (v,:lc .. 0 , 2, LI AO . 50 , 
vEic::; 0,1). In contraet to Pig. 1, we eee here a stan­
ding wave structure of the L-wave which indicates a s ig­
nifi cantl y left-shifted operatien region ot the instabi­
lity. 
In addition the equations were solved with reflected 

pump wave . The etteet was (i) a jump in tbe growth rate 
apprOXimat ely by a tactOl:' >l2' e.nd (11) '" etrong opatial 
modulation of the L-wave according t o the atanding wava 
pat1;ern or the pump \~ave . 

Aleo pump depl ation due to the back action of the decay 
waves on the pump has been incl uded. The instability sa­
turates but the s aturation levels turned out to. be to.o 
high. Thus , saturation due t o non_linear wave interaction 
is net etfective enough to produce acoeptable levels. 
ReterenC8S 
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COMPACT TORI AND TOROIDAL PINCHES 



EiJ'IOIDaY ll'D lHISIOS OP OOLLISIOllLESS PI.ASMA HBATIBG 

BY SHOCK COliIPRESSIOII' Dl .A. CLOSBD i'RAP "COMPACT TORUS" 

A.G.Bs ' kov, R.Kh.Kurtmullaev, Ya.ll .Laukhin, A.I.Malutin", A.I. 

JIIarldn, Yu.S.14&rtushov , O.L.Rostovtsev. V .li.Semenov, Yu.:B.Sosunov 

I.V.Kurohatov Institute of Atomio Energy, USSR 

Gener&tio~ and beating of compact toroid (CT) b1 an aXial 

shock compre1eion is the principal approach of the Soviet CT 

program~J. It provides bigh efficiency of heating and is found 

to be one of the factors stabilizing CT[Z]. 

1. The experimente have been carried out in a device with 

diameter 2r..R40 om and magnetic field Bm~11 kG. Dynamios of 

the process is illus t rated by the s i gnals trom a set of dia­

magnetic loops (Pig.l). The signal D-B -12~B(r)rdr=B -B. The e r.F e 
regime without crowbar (the 2nd half-CYCle; is given. Tbe pro-

cese includes the following stages: reversal (1) , establish­

ment of a radial equilibrium (DaDeq>' the pulsed triggered re­

oonnection, formation of a poloidal piston (T~10-63) and a 

long!.. tudinal plasma ploughin& (2), an s.x:l.al ahock .ave gen~ra­

t~on (3), it~ cumUlation at tbe midplane (4), relaxation and 

the establishment of equilibrium (5). The relaxation time is 

'l ..... (2_J).1O-6s. 

2. Tbe neutron yield (up to 5. 107) c~relateB with the 

diamagnetic jump ratio Dmax!Deq (Pig. 2). The temperature Ti 

found from the neutron radiation (1), ae .ell ae the sum Ti+'e 

derived from tl.e diamagnetic signale and a known density (in­

terferometer) at two croee-eections: z~50 cm (2) and zR68 cm 

(J) are shown in Pig.). The electron temperature Te (4) found 

by emergence of planma streams running in the direotion of 

sbock oompression witb the double pist!Jn velosity VII "ZVp' The 

accelerated noli's are registered by a He-Ne interferome:ter 

(Pig.8). Characteristic pecularitiee CJ) obeerved at. the 

leading and trailing edges of a density pulse (Pig.8a) cor­

respond to the partioles running in front of the piston and 

from thD opposite end. The dashed lines (1) r epresent the mo­

tion of the shock tront. diamagnetic signal ms:xi.mum and the 

piston. Thus, tbe cbaracteristic en~rgy acquired by iODS cor­

reepondB to ZV p' ?hie fact explaines the relation between the 

final temperature (-1 keY) and the value miv~/2. 
6. After the, axial oompression the plasma parameters vary 

smoothly (adiabatioally) in acoordance .tth a variation in the 

external field. Tbe curve 1 in Pig.9 ohows the measUred jndl, 

the dashed line (2) represents the same -..alue calcul ated trom 

the known initial density no.Z.J·1014 cm-J and from t he CT 

geometry r s(t), Ls(t). A good confinement of partioles inside 

a separatrix is obse.~ed. 

Thus, a high effioiency of the axial shook heating (Tg 

keV, rise time of shock field !/4-10 mks) is sbown in tbis 

paper , some regularities in tbe development and relaxation 

of the sbock flow are studied, 
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shown. Comparison with Ti demonstrates a prevaling role of tbe 

shock heating. Osc111ograms of impurity 11nes C1V (1) and 

CV (2) are shown iD 7ig.4. Witb tbe arrivel of a shock wave 

(t .. l0Us) an abrupt decreaBe in tbe ClV intensity and an in-

orease in the; intensity of CV are observed • .A. downstream 

electron temperature Te2.180 eV and an initial temperature in 

the neutral layer 'el.aO-100 eV have been determined from the 

observed t ime dependance of line intensities. 

J. ~ evolution of fi(B) at the etage of compression is 

observed by • 9-channel neutral analyzer. A auper-maxvellian 

high energy region B>0.8- 1 keV appearing before arr~ving the 

main hydrodynamic perturbation, ie registered together with 

tbe core of low energy partioles (T_130_200 eV). A difference 

between the distributiun function observed and the Kaxwelli­

an one for three 1natants corresponding to tbe init iation', 

development and to the completion of the sbock process, is 

shown in Pig.5. The final sbape of tbe distribution function 

is shown in P1g.6.~xise in the average energy of· ioDS corre­

lates with the shock tront (Pig,1a). During this time inter­

val tbe maxwellization occuree (Pig7b). (bW is a rms deviati­

on of the signals trom tbe Uaxwellian distribution curve). 

The results shown in Pig&.5-7 co~eapond to the bydrogen 

plasma and B. ,&.%-7 kG. Comparison w:L th the main regime (Bmu" 

11 kG) oon:tinn the expected scaling: To<B2• 

4. !he time of ion-ion OOllisions~ii.l.5' 106~!~JO~ 
(o.2'1015clll-3) exeeda the relaxation time by tbe order of 

magnitude. A 0011i8ioo1ess thermalization obtained in tbese 

e);peruente gives pbyeical grounde for extrapolatillg the ap­

plied method of heating up to the fu~ion parametera, 

5. Observations sbow that the shock flow ia acoompanied 
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INITIAl. IBSULTS no1 TIIB HJITl(lA 

UVERSI!'J) FIBLD PINCH !Xl'UDfEHt 

P G Carolln. L firth, C W Gown.", G C H He.yvood, 
I H Hutchinlon, A A Nl vtOQ . V A Piotl"owica*, 

}\ a C Warn, P D WilcQCIr. and H It. B Bodin 

Culhaal Laboratory . AbinadOD, Orlor,hhire, UX 
(EIIA4.tQ .. /UKAfA FuUon ..... oc.l4.tlolll 

*O:dor4 Polytechnic, OXford , UI. 

A8STIlACT Rev.ned £i.ld pinch pI ...... with 1_ fluct .... tloia hvela 
~n .. t up Ulilll .. If revlreal on iU ow .Dd .lIi'tad by B 
fidd eontrol at curnnta up to 300kA. Tb, current and fiald revtr­
.. 1 In aUlt.iMd for up t o s.. . "lha nliltivity od d.n,ity vari­
.tions .re dhcu .. ..s. 

INTlI.ODUCTlOO The objact ive of UBTXlA (Itia • 0.8/0.2.601 , 1 • 400 -
SOOkA, puln le0lth· 5 - IOu , tin ti_· 0. 1 - 2.o.u) h to etudy 
RPP [1] di.tributiona .ot lip with. alowly ridnl cur rent u.inS the 
pl l1l11011 .elf revenal effect ... bte.d by ext.mal S+ field control i n 
.. ,"ot .. l .... 11.01 to'r"i4d v .. ~ ... l. 'It hA ' he .. n ah ...... pravioully, 01:1ai­
naIly io Zeta [2] and then on Eta )eta II [3 ] .nd TPIHJ.(K) [4]. th.t 
cOllfio_ot wich T. ~ IOO.V cllD.ha obt.ined .t CU'ruot, of • few hun­
dred ItA io s uch sy.telU; which IIOW include ZT-40(K) [5] . Th. lIIinor 
ndiul of IIBTXlA i •• bout ewice that of Eta Ben U .nd TPE- la(H) end 
I_hat "",re then tluroc of ZT-4IOO'l). Here we r epor t the r .. ultl of 
pnliAin.r y eXperiJDantl ulinl .lectrical aae.IUr_ntl, .n HCN 1 .. 81: 

inuderoaoetotr and • vilibl. radiation .pect1:Ollll!t.r. 

DESCRIPTION OF MACHINE [6.7 , 8] Tbl clp.citor b.nk Iyat'"" Ulinl 8 
and 'OkV UDlel of total InlrlJ 2.25HJ. la a flu;ible arr-nsellMlnt with 
lit field control ..,d power crO"olbatl for ho t h I •• nd 1& circuitll. Tb. 
v.cuum vonel il of .tainle .. at .. l bellow. 0 .3_ thick and hn 42 
pumping 'Ind di.anoa tic porta . Tha atabili8i'ns . hell la of alWllinium 
.lloy 2.5m thick lod ."lit in th ••• od e direction.. The B. wind­
ingl , lIIOuoted directly On the , hell , compriu 16 .. t. of 8 turns .nd 
the I. wln4inll, .upported by tha abell , Ire in 12 eet. of 5 turn. , 
liviol turn.. ratiol (rOIl 5: 1 to 60:1 . The. It viodinaa are dhpleced 
inwarda 4ac.:. with relpact to the concentric iner and . hell . A IVI 
iroo cor.!·1 u.ed. Liner blUnl in litu at 1500c .1Id ,low dhcharle 
cll!anilll [ ) with. ain,le electrode It lA h.ve been ulld. A bi .. ed 
fila_m t • d. initial br .. kdown. 

RESULTS IN DIFFERENT OPZJlATUlC MODES Several mod .. of I.tt inl up 
and IU8tal.n1DI d utnbur1on. have been Itudied ulinl different .rran­
gementa of the Z. .nd B. circuitl. TJieee include nU reve.r .. l 011 

it. own (Zet .. llID<Ie) and two vari.ntl of 'easi.t.d revera.l' in which 
e negative 8~ la .pplied axt.nelly to control th. evolutioll of the 
di. charge . In the Zeta mode the B. coilm are ahort circuited to con­
.erve toroid.al flu& &ftar In initul ~ h..., heen eat.blhhed. In 
the 'matched 1IIOd. ~ the revetlld Bt innde t ha liner h producad by 
the pta._ and th.t ouuid. by the circuit 10 th.t no flux cro .... 
the line'r (Ve -0) . I n ' eided revered ' the 8t nutlid. tha lint.t i. 
driveo oeg.tive f.l ter than that produced ioude hy .elf raveraal 
eVe < 0) to inc:re ••• the fi e ld r.venal ratio. Tbi. mode hll beeo 
Uled in Etl Bet. 11. Example. o.f wl vefonIUI obt.iocd .re .hown io 
FiS I (.)-(c) both without (6Olid lioe) and with (4 •• had lina) power 
crowb.r to extend the current pul.e . Electrical perfor.ance Iu..­
letions of v~, 8~ .nd SI h. ve beeo lUde with. Codll blle 4 on evulu­
rion through I .. rh. 0 u.. t.ot.naoualy relaxed diltributionl. The 
plaoma .ct. 41 a four unIlinll I lameot couplinl the poloidll .nd 
toroidal cir'cuit. [10] and. tha n.t.tivity i l choun to fit ll{t). 
Figure I (b) ahowl reslIlt. from thh code (croulII) comp.red w th 
," .. urelllenta. Theea calculationa ihow thet the flux C(ln l utllption can 
be reduced by field cootrol. The normalised volt nco~d. parameter, 
l'tdt/I&R , i. c.lculated to he 1.08 for e .elf revened cue and 
O. 2 .for e matched revereal cau , coarpared with _lIured v.lu .. of 
1. 2 - 1.35 .nd 0.9 - 1. 2 r"plctively. The relation betwee n the 
field reven.l (P) and th. pinch parUleter (el, Fil 2., h .iailar to 
thl .o-c.lled ' univet .. l' 1- a curve £11. 

VARLATIO!i OF aKUAVlOUJ. Wlnt PRESSURE Fiaure) .how. thl plllllo6 
ruiltlnce (k) lIod t he current decay time hI) ••• function of 
nUins prulure (Po), Th. pla.ma reai.tanee ia calcul.ted froa V 
' lId I ' IBumiog ao inductlnc. 11 • fUllctioo of e. It i. aeen that 
R increases and decreaau 11 Po ia rai • .,d. The leve l of 1II"lnetic 
fie ld fluctuation s at the I<d,. of the 4i8charse (68/8" 1%) Ihows 
little vari a tion with I're.~un. A.t lower filling prnl urea th .. n 
thOle ah"""" nO reli.tble gaft bnall.down has yet bee n obtained nnd .. 
low preuure r elime with incn .. ing field fluctuation~, .1 aeen in 
Eta Beta Il. 1. not re.ched. Although lov-Z impurities, perticul.rly 
oxygen ftnd nitrogen • • n cle.rly i.n evidence, calculationl indiclu 
t hat these could only contribut •• ilnific.oUy to the anerlY 10llu 
. t high filling pre .. uru ( > 3l11ton ) and lit low currenu « 100kA) , 
4uring the aUlt.ilUllllnt pha .. , whan I/N reach .. 10-DAm, the .. louea 
an in.ignific;lnt. The priocipal energy 10 .. in thi, phll. could be 
trOll turbuleot convection or 1ron radl .. ti",,; th .. ie.,... <l",oc."tr. ti"" 
h .. not been Glf'>lIured , bu t unipol.r . (C d81i18le to the linlr h .. been 
ob •• rved . 

J'LASl1A DENSIT't Tho line avetAlc denaity, ne' i l lIIelllured with s 
ellllple HCU la8er interferOlltte r whoae plasma arlll i. a 25_ dillllleur 
beam along a vertical minor <I11lllllter. In the abaenca of e phese 
qlladroture Ichellla there 1nl OIIIbiguities in int e rpretinl the ph .. n 
ah ift; aho the den. ity variation dudnl the early .tlle. cannot h. 
r .. 01ved beceu~e of th . la(Se denaity fluctuation. pnlent in the 
ailnl1. After pe.k curnont the-e fluctu.tions decrolle markedl y , 
f.ll inl to about tine'" 1011111-3 .... in the frequency bind 5 to 100kHz 
during the en.uing qui.t period. llurinl thi. period tha density 
dec.y. n u dily . The tenain.tion in the pI ...... cucr!.nt i. ulu.11y 
.ccomp.nied by .. n i ncra .. e i n denaity fluctu.tion. 6n. by • factor 
of .... 5. At tbi. ti .... the electron density ·i. typic.lly .... 1019111-3. 
tlllUlpleS o.f the 4enlity . volution deduced tentatively frOlll the 
interferOlater . ignal . re Ihow" in Fig 4 , which illuatrat .. tha 
obaervation tb.t when th. pl .. M current is IUltained by po. itive V. 

ch. clanlic, decay. !IIOU Uowly (UC)'CUII& efheu hav. DOt yet b •• n 
.tudie4.) . rn IUDy ~nditi011I the 1'1 •• _ clln'ent terai .... t .. vlien the 
nvun.d B. dacIY. to ' pprolli1lllluly uro (Pi8 I) . In prolon,ed dil­
char, .. , however, terainltion can atart befon revenal i.lo.t ."cI 
.pp.en to be linked to chI! h11 ill deMity. · Duriu& the decly ph ... 
the .tIuGling param<!tftr , VO/Vth . ; can reach '1' 10Z. 

CONCLUSIONS Rev.ned field pinch .. hIve b"en let "l' ill lI!TX~ vith 
curtenU up to lOOkA and IUlrained up to 5ru with low ulnatie field 
fluetlletiOllI (611'/B'" 1% nu). Initial nudiea of difhrellt ."reilll 
Ill' 1IIOd1. helf , _tehd and aided nv_nal) have been aada . Th. 
Iro .. behaviour and the pl .. 1U. c:ollplinl of the I. and le c:irc:uiu 
alree with predictioUl. Mdnt.inilll the plallU. current lu.t.in. th.· 
revened B •• .tow. up ch. d.n.ity dlc.y Ind h .. litth efhct on the 
l.vel of Manetic field fluctu.ationl. When "the Tevlued .. ia ~Olt, 
chi planaa cunent declY rat. alWlYI incr...... In prolonled dia­
charl", current termination c.n occur before raverl.l la 101t . 
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INItIAL REVERSgo-FUn,D FINCH !Xl'ERIKltNTS ON ZT-40M 

. WITH A. METALLIC VAClIUM LINE.R 

D. A. Baker, C. J. l!ucbe .... uer, L. C. l\u rk.hardt, J. N. D1I1&r<:o, 
J. N. Dooming, A. RaberaUcb , It . B. Ho ..... ll. J. C. Ingraha .. , 
A. R. Jacobaon, It. A: n a re , E . K. Little, R. S. Kaaaey , G. Miller , 
J . A.. PbU lip. , A.. E. Scbofleld , It. P. Schoenberg, It. S. Thomas , 
It. C. watt, P . C. Weber, and R. IIUkinD. 

ABSTRAct : Receot rI.veraed-field pinch (IU'P) experimentl with ZT-~OK, 
oper.ting with a _ t a llic liner, have demonnttated improved pI ...... 
pa r ametera co.-p.red to operation with. ceraodc Une r. Conflnellll!nt 
of . hot (150 eV) pla8lllll In . n RPP field configuration with toroidal 
eurrent (I) duratioo of - /I .. a . t 200 ItA han been acbiend. 
Quincsnt etnd1tioon have been obtained with botb VI.nd i t po.Hive . 
Tb" t o tal. torotdd flux (t .. (8,f) c lo sely follow. be timol! behavior 

:!lId!tiooa W!~: ::t!~!~·~II~o~:~e~~,,:-~~:~~~ !~e:d 0 ~~2 -T ~ .15 1', "beat " 

INTRODDCTION : ZT-~OH, a Reversed- Fiald Pinch (IU'P) experi .... llt,I.2.1 
r ecentl,. a t.rted opera ting .. 1th • 0.38 _ "Mek Ineo ... l v. cu,,'" liner , 
.. bich replaced . • ceraodc Hoer. The line r i a moun ted inside. 22 lID 

thia toroidal A.l ahell tha t has .n illoer diameter of 0.~4 III and a 
major diallleter of 2.28... The initial D2 filUng pre.sun. h in the 
range 1.0 t c 10 mtorr . ILl: thIs title expe rimentn up to 250 ItA 
(madlllUlD dedgn current ~oo ItA) have been carried out in the Ht.l 
Uner &fatelll. Pa.sive or .ctive (power ) crowbnr a .re ava Uable i n 
the poloidd (B 9) a nd toroidal (B) U l!ld circuita. With p8saive 
c r""ban .nd zero pia .... r eahtante the B~ nnd 90 field circuits have 
field decay tiQea of - 3 a nd - 5 illS , respectively, This 1& 
• pproltiutdy f ive t1lo.e, gre. t e r than could be acbieved with the 
cir cuits u .ed with tha ce r .odc line r aystelll. . 

Thh paper will report 00 : • coosp.ris on betwe e n ce ralO.1c and 
lIe tal liner oper . tion ; pia ..... para.-ete r n achieved 1110 tbe !lIeul liner 
.ystem with p8saive crO'llbar; . nd opera tion with an a ctive crowbar. 

COlllparhon of Cera1l.1c . nd Ke tal Linen: The pinch resistance under 
11001· ... 1 oper .tion with the mata l liner is l en. thao 0.3 odl Uohm , .n 
orde r of tll&gn ttude lover than with the ceraodc liner. The difference 
in I ' dec.y tiDea (Pig. 1) i8 • me DIIure of the lIIIpf<>ved conduct.nce 
of th: ZT-40H di.ch"rge. COlllpared tc ZT-40· cer s1llic liner discharge • • 

. The i.-prove d conductnoce of ZT-~OH dlachargea in .aaochted with 
• drllOl8t1caUy. lo ..... r fluctuaUon level . The fr.ctiolUll 
root ..... ean-lIquare nuctu.Ucoa in InterferOl.etric pha. e, • - f nedl , 
• re prcfUed fnr a lIe t o f vertical inte rfe rO!lUlt e r chord •• 1n Fig. 2. 
gxcept for the ahort ql,iesceot perioda , fluctu. tions obaerved in the 
cer .odc line r ayate.. are large coap.red to the - 1% fluctuation. 

~:~~~:di!OZ~~~~' SI .. 1larly the fluctu a tions in I. and ~ sre lIIUch 

- The penk ' e lectron t emperature (Te) (lIH!aBur e.d by Tholll80n 
scattering on .xi . ) in ce r a1l.1c liner dtsche.rgea v.ried a pproxiOlllluly 
linearly with I, (at a gi ven pressure) .nd required ~/l0 ItA to re.ch 
100 eV. The pe.k T In ZT-~OH .ho ftcal ea .. Hh I .nd hap .lready 
.ttained 100 eV ac thee.rellttively l ow current of 190·1tA. &8 shown in 
Fig . J. Alao. the met.l liner Hscbargcs .lIIII intai n their on-axi a peak 
Tt for the re ... inde r of t he current pulae, vherens the cer.m.te liner 
d schargea cool ed duriog the current decay . . 

Hetal Liner Operation (Pani ve Crowbar~' The ZT-~OK expert_nt haa 
been operated 1110 three IlOden: a. • noo-reversed pinch and tllO 
revened field pInc h mode s , aided- and aelf- reveraal. Meanured 
pl./IOI& current and externa l toroldal IIIIIgnetic [hid wave'tonDn for tha 
non-reversed pinch •. nd a i ded- reveraed pinch are .hown In Fig. ~, 
where t he current abruptly t e noinate s ot - 2.8 m. in the revened 
field caSe. The difference. indica ted 1110 Pig . ~ only occur tn 
certain regi mes of ZT-40H operation which, .ccordlne to other 
diagncs tica , corre Bponda to a " b<lrnthrough" of OVI . I t i. found that 
the pia ..... cu r rent dec. y timea .re O . 2-O.~ lOB nt higb ( > 5 mto r r) ' 
initial D2 gl\8 pr e a sure. In the non-revened ca.e , .s the pre.wre 
i a l owered. the decay time showa a aharp incresse in the 3-5 .. torr 
r.nge, and then decre . aee a a the ~re .. u re I . lowered furthe r . 

When ZI-~OH ill operated in .0 aided reve r sal mode , the S81le 
behavior i -a ob.erved except that the decrease In the decay time at 
l ow pre.sures is not observe d to occur down to - 1 mtorr below vhich 
g&8 breakdovn 1111.1t. o peration . 

Thomson scat t erIng uteasur e..enta on . xi. 8how that the incr .ose 
1110 current decay time is .ssociated with a rl s e in T. Figure 5 
allow, Te , IIIHlured at 0.7 111 ft lnto the dhcharge, Bt thre: differeot 
c urrent leve la. Te of over 100 eV dr e obtained 1n nil caseD .h"",, ; 
a t the lower currents, telllperoture 8 ebove 100 eV occu r .t lowe r fill 
pra.su r es . 

In su"""" ry , wben ZT- 40M is operated with paasive crowbar , In a 
regime where the OVI burns th r ough , cu r ren t du rntlon o f _ 3 ma and 
c urrent deca y U1:Ie . o f - 3 liB are ac h.1eved. 

Ke t al Line r Oper.tion ( Ac t ive Crowbar): The B power crowbar circuit 
sustuino the r evened f ield in t he outer reg i o~ of the discharge ( . ee 
Pig. 6) . (The ",",gnl tude of t he reverned fie l d varie s due to plasma 
ci rcui t in t era c tion .) The tevened field Bt the wall which 
pfuvioual y decayed i n - 0 . 3 nil 16 extended t o - 5 liB. KaiotlllUlnce of 
tM r llYer u d field 19 accolllpanted by R corrc sponding lengthening of 
t he I, durat ion . Activating the I p""e r crowbar results in • 
fur t hc exte nsion of tha I pulse dur~~ton to ~ 8 o>s. The toroidnl 
fl u.. clo. ely follewB tb~ ""vllfotrll of I • 1I1t h a proper choice o f 
c.pacltor hank voltoges , the I can be prot ra!llllK!d t o be con.tant, to 
toc:u.ao or dec: t ease (Fig. 7t. It ls signi fic. nt that the toroid.l 
flux increaaea aa I i ncre ..... indicating. pou ible dynaaro . effect. 
Tou l elactron I nfento r y at ea rly ti .... . .... a ou red for pa8sively alld 
ac tively crowbarrc:d opera tion obta1n"d fro.. the lnter f e rolllBter .re 
shown In P18 . /I . Power crowban i.,prove the patUde eonUnellll!nt. 

CONCLUSION: Uso of s .... tallic vacu\Jlll liner wal l i mprove. RFP 
operettollo as fllo11I1oIlS: 1 . ) Pla .... rea1st1vity decru 91!u by grcater 
tMn an orde r of IIIIIg nitude, probably because the (observed) 
fluctuation level h g rudy reduced . 2.) Quieacent di s charge 
duration. up to -'/1 ... have been .chieved . · lioreover qu i escenee la 
.. atnui~ed even with poaiUvs tcroidal volugc, ccn t ra r y tc eorl1er 
repor.tI . 3.) Electron tempera turea·of> 150 eV huve been a chieved 
at 250 kA. and are .. aiotaioed in tioo. 4.)-Toroidsl flux and reversed 
toroldal fie lds .re regenerated and .. intained 1110 poller c.rowba r 
operation for times large ""mpared to classtclll dlffudon time •• 
5.) Application cf power c rowbar penllit. sustained ~uie.cent 
cper.tion. 6 . ) ParUcle decay tl ..... have increased up to 1.4 lIla snd 

'~:;~i~!~iO!~U rates decrease ,dth increaa1ng 1 •• nd pover c r owba r 

ACXNOWLEIlGHENT: The authora acknovhdge the guidance a nd support of 
H. Duicer a nd 11 . E. Quinn. 
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BXPERl.MENTS DJ THE "TOR-LDrER" DEVICE 

A.G.Es ' kov, M.I.Kitaev, R.Kh.Kurtmullaev, V.M.Novikov, 

V.I.Semenov , E.P.Strizhov 

I.V.Kurcbatov I ns t i tute ot Atomic 8nergy. USSR 

A quasi-apherical shape of a heavy- shell and closed magne­

tic fie ld struc ture are specific feature of the fusion Tor­

Liner (TL) approach . It enabl~~ ~o reacb breakeven at feasible 

parWQetors: 

1= 100 cm, 

In B, siven paper the results of the experiments on tho 

COUlpll.C~ toroid (CT) gener ation , itll tr8J\I'IIPOl"tAttnn, trl!lPPi..nC 

in th~ linor are given . The experiments have bean carried out 

in the TL- dovice shown in P1g. 1. The TL-device includes a 

sbock chamber where a compaot toroidol plasma configuration 

is formed , ho~ted ~d accel erated (1). transportation ctannel 

with a SUidinS magnetic field (2), driving coil and a pro~iled 

l iner () . Construction of a current-carrying conductora in­

serted into tbe driving coil is sbown in PiS. 2. ~~ principal 

feature of t hioconstruction i s the pres enc e of only two slits, 

which are not sreater than 0,) mm wide. This reaults in a 

considerable decr ease of ripple amplitudes which develop du­

ring liner acceleration. 

Generation and heating of a compact toroid ( CT ) is per­

forlJl9d in a scheme described el:where[2]. It includeo triS­

gered roconnection of magnetic fluxeo at the tube ends by 

llIeBnS of controling coils. 'Injection of the toroidal. plasma 

configuration is pr ovided by a proper synchronization of the 

controlling coila . Pig. ) ahows a number of axial. diatributions 

of plasma diamagnetizm at various moments. A longitudinal mo­

tion of the topoidal configuration from left to right is clear­

ly suen. A motion in the opposite direction can be achieved 

by a corresponding change in synchronization of the trigger 

coilo. 

Oscl110gramo obtained f r om t wo magnetic probus and from 

an interferomo t er wbich are located in the tr~sport channel 

at a different distancec from the ahock coil are shown in 

Fig.4. The peak ot a magnetic signal corresponds to the P&8-

sage of a toroid middle cross-section by a probe . The 10. den­

ai t.y plOSDlIl registered be~orl! the main CT-signal is explained 

by a particl e loakage from the ahock chamber at the ~irst 

holf-cycle. Tho typical parameters of the injected toroidal 

configtU'ation: 

1- 20 .;. 40 Clll , d .... l0 '" 15 cm, 

V-(O. S ... 1}'107 CrIlls 

The inner CT structure , i.e. plasma pressure and c~ent dis­

t rubution is of principle interest, in particular, i t deter­

mincs pl~roG stability to linea of force replacement. 

Radial Dz<r) distriuutione obtained from 10 probes l oca­

ted at different radii in tbe tranoport channel (z _ 148 cm) 

are .shown in Pig . 5. Nagnetio field meaeurolllonts were perfor­

med i nside the moving toroid, bence a duration of plasma-pr o­

be. interact10n aa well a8 plasma perturbation were small . 

Similar me4Durements at t he By component have shown that t be 

~ssure distribution at the central toroid cross-section 

P( r) can ba d~termined trom the.Bz(r) profilo Wi th a 10-20% 

accuracy. D1utribution Pe r ) obtained in this way n.a bean 

used to determine an equilibr ium toroid etructure and ita 

further evolution at a quasi-spherical oompressi on, !he re­

gion unstable against convective plasma mo t ions is shown to 

be reducing during oompression[)}. 

Pig.6 demonstrates driving magnetic f ield in the 0011-

liner sap B( t ) at the edge ( 2 ) and in the middle ( 1 ) during 

liner acceleration at U. 2) kY and W. 500 kJ . fotal 0011 cur­

rent () i s aho.n too . ~be signal profiles confirGW a quasi~ 

s pherical liner dynaIJIics. 
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co)a>J.C!r TORUS: IIHD S!J.BILI'l'Y AIm IBNER STRUCTURE IN 'rHE 

PROCESS OP POWERPUL COMPRESSION 

J..G .Xa1ig1n, '.P.Kreech~, R.Kh.Kurtmullaev , A.I.Malutin, 

A . P.Proshletgo~ 

I .Y.Kurcbatov Institute of Atomic Energy , USSR 

rhe term of oompact ·torus include the etructure of clo­

ud magnetio trap ( ... ...., ,'p~) and ell totalit,. of the ex­

perimental methods and phyeical proceeses leading to the 

establishment of the required final state (Pig . 1), that ie 

the trigg~ing.·.syshm, JIllagnstic barrier, the systsm of po­

loi dal and toroidal magnetic fields gensrstion, the chamber 

of Rta t i onary confinement (Pig. 1)!1] . Controlled reconnec­

tion plaJa an 1mpotant r ole having a drastic effect on t.he 

evolution and p.rameters of the compact trap. 

1. Development of the reconection proceee under ~ -

triggering coll .(r.-10 cm, B-15 kG) is shown in Pig.2. 

separatrix rlldius re is·. derived frolll a DBIlIber 01' cOlllpensa tid 

lo.H .. Bvolution of the separat rix profile l'e(z) illdicates 

10cal1 .zati on of the reconection proc-ul:'u in the III1ddle 

plane of the t riggering coil and i ts svslanchu-llke chara­

cter •• f be cb2racteri8tlc reconDuction time is found to be 

't'rc~ 0 . ) mka (_r,/",) "hen 0. radial inhomogeneit,. of B(r) 

and an actual shape of re~) (Fig.) are taken into account • . 

fhe poloidal pioton fOrilled in this w~ bave a diffuse D(r) 

distribution and is l ooe.lised in z-direc tion (a. z "'r s)' eo 

that it satisfiea r equirMente uf both stability aud effeo ­

tive Bbock oOJ.Qpre3s10n. The similar reEJ\1l 't\ Yas obtained in 

&nether .agnatiC structure of tha reconnection zone (Pig.1) 

2 • • Bftioienoy of p~a8ma ploughing ia shown by interf ero­

Dletric lIaA8l,lr.elllante (Ha- lI'eiasari ,,1 .. 6)2,8 nm) (:F1g.4). Cur­

ve 1 ia all interferogrem, ourve 2a- diamagnetic signal a t 

the 8ame orosa-section. Amplitude and with of a density 'WI­

se are In a good egreement with aBsumt10n of amoll p~ticle 

108Do. through t he poloid&! piston. 

). PrOIl the Tin'pint of plae:cls Dtabili ty its radial expan­

.ion and .et of a diffuse magnetic field distribution B(r) 

are important cOD8equence of a compact torus shock formation. 

!be obaerTat1ons have besn done With a eet of 10 radially 

distributed aagnetic probes, l,5mm in diamete r. Tbe transi­

t ion f r om an unpertubed (narro.) neutrallayer (1,2) to Q dif­

fuse magnetio field distribu tion in & ahock heated plas~a le 

claarly Deen (Pig.5). The regular stable contraction is wor­

tl,. ot notice , especi ally becKUse this staga is accompanisd 

by extremel,. strong perturbing f actOTO . rapid chaogos in tho 

torua s bape and etructure. 

4. An addi tiOIllU 1IIIportant 1.n!onllaUon wss obtained Wi tb 

the &id ot a framing image conver ter camera. It took four 

end on pbotographll through a narroll radi..u ell t with spatial 

and spectral reeolution. The regietered spectTal range was 

oqu..l t e looo.L 'tJie separatr1x moution and inner structure 

eTolution can be eTe.luated froll the bremstrablung eminsion 

(Pig.6) ( 1 ,2 - r adial comproDsion, 3,4 - shock arrivel). The 

&%ial pI .... f low and ita effective relaxation ars registe­

red by the Doppler shift and broadennig of C.illllille emieai on 

(P1g.6b); abock heating ia accompanied by a regular change iu 

br .... trahuJ.Wlg l'adiation IiUld IJ1Md cill intensiUu6 (Pig.6c,d). 

~egUlar1ty and Oou.iBtent e~olutioD o! differont spectral 

L-6 
intervals as woll as correlation with other diagnostic data 

indicate MHO stability. 

5. S1m11ar behavour reveals X-r~ omiesion (Pig.7) , which 

correlates in detail with diamagnetic .signal: r ise of inten­

sit7 at radial oo~presaion and the main jump in the shock 

wave. At the first stage which is characterised by a narrow 

neutral layer a amall group of hot el ectona nth Te ..... SOO-700 eV 

ie obeerved. The shock wave heats the whole masa of el ec t rons 

up to Te ....... l00- 200 eY. 

6. I n conclUsion it io necessary to emphasi~e that all 

the dependences described are inherent precisely in the re­

gime of controll~d ehock generation by a triggering circuit. 

, spontaneous reconnection (wbich takes place in an ordinary 

reversed field B -pinch) results in degradation and disappe­

arance of the ebock wave , lseds to a sharp rise of energy 

and poloidal flux loasos . 

In tbo experiments described (B~10 kG, T~1 keY) a 

colli8ioo1eas meche.n1em of diseipation in a shok plaame 

!low ia ascertained. A moat important f ac t is that a charac-

teriatic time necessary tor MHD instability development,.,., r/vA 

appeared to be~ch amaller then a proceea duration ; ~,,~ ~. 
l"fo. 30-50, though crowbar wo.s not used . 
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J , \I, E4enltuu er 
In&t iwl fUr Thcor e tischa l'hydk-,Un ivcn ic:y ot Innsbruck, AII ' tr i , 

V.Schuunun 
h s t i t .. ut' VOD t' Pl._fYl ic •• lijnb" i&en . Nil!u~&.iD.The Nether l ands 

l ntroduc t i o n . A rec.elll finite - beta theory on Al i nllllUlD energy sUles of 

SyrmK' t r i c HHD equll1brla is applied to t he equilibr i um of the Rijnhu l zen 

sc rew- pinch experiment SP ICA. 

Al t hougtl tile III1.Ich lne par ameters and experimental cond i t i ons have been 

j ('~ cribed elsewhere I lI .we give a brief SUIIIII<I ry here. In" torolda l ves­

~el (R _ o. 6m.a _ o.lm) a dense plasma column is fonned and heated by 

hs t implosion. During this implos i on,htlt conduction loss and r esistive 

:lKay phy a .. inor rol e and the flUI conser.Ya t lon equat ion then leads to 

pi tch cons.ervation i n t ime. The consta nt pi t ch applied at the wa.ll thus 

cr ea tes /I uniform pitch profile that extends to a few cent imeters fr om 

the .... 011 J. 
Since asma l l scrape-off r eg ion near the .... 0111 hardly infl uences the 

equilibrium 'p0si t ion,thi s equilibr ium can be mal nt~l ned for times ' at 

l ea st equa l to' the r es istive decay t illle of fON:e-free cur rents (10:: 150115). 

Thh qui escent phase can be. thought of as being III success ion of mln il1u­

energy s totes. Due to a theory by Tayl or /U,these s tates are t he force­

free equi1lbr ia , Although th is theory accounts for a number of phe nCDe­

Ma occurri ng in the ... ari ous pi nch discharges , i t canno t explain the ob­

served pressure profiles in SPICA, 

In a r ecent paper / 3/ we ha ... e extended Tayl or' s ... ariati onal pr i nciple 

t o the fln l te-C case . Additi$lnal constra ints imposed therei n are the 

equilibrium equll t ion ,and t he f ixat ion of the pressure and of 8z at the 

axis and Bt the wall. 

For a circu lar cylinder and for the cu e of a peaked curr ent density 

profil e the resul t ing equil lbriUIII quantities are gl ... en:;'y ' 

where we ha ... e defined ( fo r p :> 0) 

Co(v) w Aloe ... ) t 8Ko("') ; CI ("') - dCo/ dv; ... .. I>'[V;::Z ; X· r / rp ' 

10, Ko are the modified Bessel funct~ons. "'a and "'p t he ... al ues of t hei r 
argument at the mag net ic axis and at t he pluma- ... acuum inter face res­

pect ively, r p is the phSlli radius; A. 8, ). and p ar~ the fou r oal'olllle­

te rs to be detemllned f rOlJl appropr iate boundary cond i tions . 

8y taking into account the toroidal shi ft IS (ste bel ow) ,tl\is solut i on 

Is employed for t he zero- order cyli ndr ical approxillla t l on of SP ICA, ' 

Compar ieon with the e xper1lllent. The parometers used to f 1t the 

t heory t o the lII el1 su r eJllents are the pol01dal .fl ux between the rugnet ic 

axis and the w~1I .w' Be and Sz at the wall, and the pr essure il t the 
m8g~etjc u h Pa ' Thr. toroldal 5h i f~ ~ , fo ll owing f r (JQ the exper imental 

pressure prof il es. was taken Into account by approximat ing the torus 

(SlIIiI l1 r ad ius a ) by a cylinder with axis coinciding with the IUgnetic 

axis , a nd wi th r lldius 1'101 _ iI - ~ . The plasma r~d ; us I' p was found by 

subtract i ng f rom rw the thickness of the ... acuum r! gi on at the outersl~e 

of t he t orus . In this torold' l approxima tion, the radial dependellCe of 
8~ In tilt! ... "cu_ ( In the '1IIe<I14n pl llne ) is difficul t to u 1cuh t • . To 

t al:e ' i nto OCCOUl'l t tile r.x perlmentally obser ... ed smal l decrease , we ha ... e 

assull'led 8av t o be cons tant .nd applied a 8e (wall) slightly higher than 

the experl lllental value. 

Fig. 1 shows t he theoreti cal pressure profiles compa red with a ... erages 

o ... er the measured ones at t hree di ffer ent insta nts. The t ime dependence 

:;If ·the p.lraJDeters on a coa rse ti llle sca le. is clea r ly seen . At the ear ly 

t ime of ID ~ s , the plasma· ... acuulll I nt erfa ce has been detel'll lned byaccep­

l,i ng the QK peeted constant- pitch configuration. l ater times show t he 

onset of .agne t lc fll! ld d i f fu 5 10~. l ellding to I r egion of small pressure 

' gradient (wHh nearly force-f ree currents). Thus, It 50 and lOO )ls the 

theoret ical 'curve found by prescrib ing a ",, "15hl ng pressure gradi ent at 

the pla sm bourdary , consfstent with experlgents . gives a better agree· 

raen t with the measurl!lllents than th"e cu r ... e foll owing f r Olll cons tant- pi tch 
matching (see Fig: 2 for t _ 50 uS). 

Fig. 3 shows the IJI/Ignet l Ci f i eld profiles corresponding to the pressure 

profiles of Fi g,I. In accordance with exper lmellt al observa t ions and t heo­

reti cal consi derati ons, the equllibr ia at ID uS are d iamagnetic , whereas 
they become para.'II<)gnetic at 

je-proril es of Fig.4. 

l at er t lllles , Th is i s Ilso cooc luded from the 
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Co ncl..lsio ns. Pressure profil es fou nd frO/ll 'densit;y and t emperature pro. 

f iles me~ sured dur ing the equilibrium phase of t he screw pioch SPICA' have 

been compared with those obtained fraa axlsymnetric equilibr ium states 

der ived by .fni.l zing the t otal potential energy subj ect to certai n con­
stra i nts, 

It has turned out that by prescr ibing (for Heh instant) a lie t of four 

parallleters , theoretlca l pressure profiles can be obtained tnat agree sat is­

factor ily with the measured ones. This justifies the assumption that t he 

SP ICA plasma e ... olves througll a series of high-5.mlnimum energy states 

where .on,a t imescale short cO!llp.ared to t lie pllSllla: lifetime , the assumed 

invar iants do re.1l1y exis t .Si oce the applied equi li br i um theory is still ,tic , 

t he t ime evolution of the as sumed invariants (and hence of the fou r pa ra ­
meters determin1ng the eqUIl ibrium) cannot be descr i bed . 

While It ' ls s hown in a no ther paper at this conference / 4/ that hl gft -8 

states with .l nllllJlI potent ial energy are obtained 1rI the quiescent phase 

of the s l ow RFP 1l-5- II, the same D Iso seems to be t rue In fa s t pi nches, 

lil:e the SP ICA scr ew plllCh . 

ACknOWled~ements. The au thors are indebted to Drs.J,A.Hoekzema ond A. 
A.R.oomensor prov idi ng af\d discussi ng the experi ment al data of SPICA. 

' This worl: was supported par tly by the Fooos zur Fts rderung der w\s sen­
scnaftlichen Forschung (Austr ia) under grant no .S-18/03 . It was also per· 
f ormed as p'r t of the research pr~rame of the associati on agreement of 
Euratom ilnd the ·St lchtlng "'001' Fundament eel Ortderzoek del' Haterle- (FOH) 
with f j n~ncia l support f rom the "Nederl andse Organi sat ie "'001' Zu lYer­
Wetenschappel ij l: Onderzoek- (ZWO) and Eura t om. 
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P.LE ... ans Ed itor, pp, 59/57 (1975) 
/ 3/ Edens trnser,J .W .• -HinilllUlll Energy States of 5V111l1et r lc MHO EQu il l ­
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THE INFLUENCE OP A HELICAL FIELD ON .THE STAR~IJP 

"AND SUSTAINMENT· OP A REVERSE FIELD PINCH 

L J Barr"(W, PG carolan4- J J El.lis*, B A ~ter, I H Hutdllnson, 0 J IL!es, 
B J Parha!ll,M PrOtheroe ,DC Rcbinson, P A ~tford and T N Todd 

culham Laboratory, Abingdon, axon, OX14 3DB, OK 
(Euratom/UKAEA Fusion Ass·ociation) 

~versity of 0Kf0rd, ~al Hollcway COlle<;e, th1Wraity of km:ln. 

The CLEO device has bee~ used to investigate the 

production of helical pinch configurations. Slow s.ta1":t-up of 

a · pinch and the influence of a helical field on self-reversal, 

stability and· confinement have been investigated. 

INTRODUCTION Two crucial questions for the reverse field 
pinch, n<>mely o~ow otnrt-Up ",nd sUstainment, have been inveet­

igated on the CLEO device (R ... 90 cm, ap"13 cm), previously [1) 

operated as a stellarator and a tokamak. The OHTE concept, 

whereby the pitch reversal necessary in a reverse-field pinch 

is provided by the pitch associated with the helical windings, 

permits quasi-continuous operation of a pinch without requir­

ing regen.erative rnot~ons ( and l osses) which are neces~ary to 
sustain the reversed field. The l~3, pitch O.37m.winding 

has been used in an attempt to generate pitch reversal. The 
device possesses a ',?onducting' shell ·(time constant 3.6 1"1\3) 

which acts as the vacuum vessel and has two gaps in the tor­

oidal direction which are screened by limiters. There is no 

bell~s liner. Rise times between O.S~S ms, variable plasma 

posi~ion, gas puffing and getterin? have been inv~stigated . 

SLOW START UP .With loop voltages limited to ~8:l V/turn 
pinches with currents of up to 8 kA ~or 8 ms with a toroidal 
field of 300 gal:fls have been <:Dta.1.n:!d. To 00ta1n such disdiarges, the 

~at1.rq d:!nsity has to be carefully· controlled. '1'00 Iowa density 

results in excessive pumpooOut associated with instabilities 

and .too high a density results in radiation cooling and a 
decrease in conductivity temperature·. OptiTn<\l behaviour is 

obtained with gas puffing ·to counteract the influence of 
instabilities . Caref.ul control of the vertical field is 
also required as the pulse length is longer than· the shell 

time constant for these discharges. The current waveform is 
characteriald by steps which ·are correlated with instabil­

ities, Fig . 1. A multi-COil probe in·serted into the dis-
charge shows that it i~ tokamak-like 

increasing with radius to a value of 
maximum. The cur-

rent steps are 

associated with 
helical mode act­

ivity with m" l, 
n~l, n_2, n~3, and 

n .. 4· as .Jl..passes 

through fractional 

values 1, 1/2, 1/3 

and 1/4. They are 
reminiscent of 

'l\Ulgic numbers' 
Observed on ZETA. 
The helical modes 

apparently saturate 
and rotate with 

frequencies S-lOkHz. 

This frequency is 

IkA) 

with the .safety factor q 
~ 1/4 at the current 

I 

close to the electron diamagnetic drift frequency for such a 

plasma. The field perturbations are . shown in Fig.2 and these 
COmpare well with those predicted from MHO reSistive initial 
value Calculations[2} provided that the observed ave rage 

beta (~ 30%) i s allowed fo~ The driving force for the instab­

ility comes from the curre~t gradient at the edge of the plasma. 

The helical field does not influence the in~~abilities Sig­
nificantly but does increase the plasma resistance when the 

Winding current is increased to a point where the separatrix 

appears in the vacuum vessel. The current steps aYe usually 

longer and the maximum current is reduced. Typical Pl~~ma_l 
parame ters obtained under these conditions are ne~SxIO cm 

.ih30' . 1E .... 50IlS , To"'6ev. Gettering and gas puffing indicate 

,,' • 
· 

m. , 

that radiation does not 

represent the dominant 

L-8 

~ 
l " • • 

energy 10s5 process . At 

these limited· loop volt ­

ages it was not possible 

to obtain discharges with 

q<I/4. Th~ plasma act­

ivity was apparently too 
strong ~nd produced too 

high a resistivity. 

PRODUCTION OF A RJ,;VERSF. 

• 
~ 
ii • 

• 
i, D 

Radius (ems) 

." + 

" 

Fig . 2 lbmpariRon DJ """,,,,,,,od and tht!o ­
f'8tica~ fiBld p6l'turbat-Ums . 

production of pinches with currents 

FIELD PINCH IncreaSing 

the loop VOltage to 

t300 V/t~n and decreas­
ing the rise time to 
~lms has permitted the 
of up to 4SkA and with 

pinch configuration parame"ters, El, cif up to 1.4 with the 
toroidal field close to zero at the 'conducting' wall. Again 

only a narrow range of operating densities was possible. Low 

densit~es lead to serious fast instability (few ~s) activity 

and the development of high loop voltage transients (up to 

lkV) together with a high plasma resistance. This phenomenum 
is not observed on pinch devices with metal liners[3}. Gas 

puffing was no longer effcctiive because of the reduced pulse 

length and higher ope~ating pressures (1 - 2mtorr) . 'Che higher 
loop voltages and filling pressures also lead to difficulties 

at the two main gaps, producing local breakdowns whi ch short 
circuit the discharge via the conducting shell. This pro­

blem was aggravated by the initial loop voltage spike which 

has been overcome with a preionisation system, consisting 
of a tokamak discharge of .... 2kA, ~""l and ne~SxI012cm-3 for a 

few ms in one dire.ction followed by the pinch discharge in 

the opposite direction. This reduces the initial loop volt­

age spike by almost a factor of two . The resultant.field 
configuration shown in pig.3 was measured with a multi-coil 

probe . Aga.in slow helical oscillations ~Iere observed at a 

frequency of a few KHz. The discharge parameters were typ-
13 -3 

ically, Te~i .... ~oev , ne .... Sxl0 cm central beta .... 5%, TE .... IO~s. 

Though the curr,ent line denliity ratio was approximately cor­

rect for quiescence the plasma .resistance remained relatively 

, .. 
" 

RadIus (cm) 

high · (,t4mQ). Reducing· 

the oxygen level by 

gettering had little 

effect on the res i s -
tance. The influcnce 

of the helical field 

depends on the wall 
conditions but it 

can lower the plasma 

resistance slightly 
and the 011 level 
significantly, however 

there is little effect 

Fig.J Neld callfigu1'Oti . .m ill the vertical dir- on the fluctutltions or 
eotiall with 8-1 . 2 and h"Utull tie"tti witil magnetic configuration. 
Ih/Ip~.J . 
No strong effect o~ the i~itial start-up plasma is observed. 
The resultant pitch is calculated to" be reversed close to the 

wall . Magnetic surface calculations indicate that :he flux 
surfaces close to the ~eparatrix are not closed, thus reduc ­
ing the effective pitch of the winding. 

CONCLUSIONS Slow start-up nf a pinch is characteriscd by 

strong instability activity at fractional q values. In CLEO 

the influence of the helical field on near revers~ field 

pinches is observed to be small, ~owevcr as no 'quiescent' 

bebaviour is observed t~i8 does not represent. a full test 
of the OHTE concept. 

REFERENCES 
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TltE IN FLUENCE OF IMPURITIES ON THE DISCHARGE BEHAVIOUR IN SP ICA 

A.F.G. van der Mel'r. O. Oepts and A.A.M. Oomens. 
Association [uratOlll-FCIH, FOH-Instituut voor Plasrnafysica, 

Rtjnhuizen, Nieuwegein/J~tphaas, The Netherlands. 

Abstract. An invfst19ation hu been made of, the till(! behaviour and in-
tensHy of oxygen i"Pur1ty lines In SPICA, a higl\-8 scrl!W pinch with a 
quartz liner. An upper I1l1lit for the oxygen impurity concentration in 
standan:l discharges of 0.21 was established. Bolometrlc measurements of 
the, total fll.u( to the wall indicate a value that Is considerably lower. 

Int roduction. In several IJIachines , using an insulating .liner, a rapid 
cooilng 0/ the plas.na has been reported,-due to a large impurity content 
(mainly oxygen) [11. In SPICA such rapid coo11ng was not obser~ed [21, 
in spite of plasma parameters for which e~en a small amount of o)(ygen 
would IJ.e critical. Therefore, a progr,lIlll1e was started to ..easure the 
ol\YgeTI concentration directly, i .e. ~ia absolute intensity measurements 
of o~ygen l ines in the visible part of the elIJission spectrum. Analysis 
of the spectrum shows that oxygen and silicon are the main impurity 
species in SPICA, indica t ing that wall contact during the predischarge 
is lMinly responsible for tile illpurity content. It should be noted that 
at t~eratures in the r,nge frOlll 30 to 70 .V. ener'lY In<;ses due to 
oxygen are IlUCI! larger th.,n losses due to s ilicon at comp.,rable Impurl- ' 
ty concentrations . 

g~o~~r~A!g;~!rg~!! may be characterh:ed IS follow~: 
• The plasllla conf iguration is established by fast 1mplosion (- 10 ps). 
• A higl! density (ne. 3-7"1021 m-l)centr"l colUlDn with iI r"dius be­

tween 0.05 and 0.08 m, of moderate temperature (T! .· Ti: 30-70 eV) 
Is surrounded by a low-density (ne. 1- 3"1020 m- 3 plasma, eKtending 
up to the wall, in wh ich force · tree currents provide a unHom q 
(- 1.5). (R • 0.6 .. , a • 0.211. no limiter is used.) 

- The ph~1IIa is in 900d equilibrium and the outward equilibrium shift . 
dependi ng. on 6 and q. Is approximately 0.05 m. 

- Beta-yalues in the central plllsma are typically between IS and 20%. 
- Stable operation is obtained for over 100 liS , but the diameter of the 

colulMI appears to decrease to 0.04 11 at 100 ps. 

~~! ~~!!)$ Ai !g!)o;!H i!;~ 
- A ruby luer system musurln9 Te- and ne-profiles oyer a width of 

0.12 In at one instant. 
- A Hl!! -Ne-InterferOlJJeter measuring / nedt as a function of tiJJle. 
- A VUV 2-11\ gra2ing Incidence spectrOl1leter. Two emission lines in the 

spectral range from l-110 nm can be recorded sllJlUltaneously as a 
function of time. 

- A low resolution IIOnochrlJll\ator for the visible part of the spectrum . 
- A platlnufll foll , preheated to 1000 °c, is used as a bolometer 13]. 

with a rise time " 1.5 us . a decay ti me! 90 ms and a detection 
limit ... 1 mJ/cm2 • 

All observations are done in the equatorial plane, eKCept for the 
bolometer which is positioned at " poloida l angle (I " .. /2. The refore, 
line-integrated intensit1es have to be used and an ass~ption about 
the l'!lI\issivitlf profile has to be made. As this results i n a large a 
priori uncertainty in the derived oxygen concentrat ion, these measure ­
III!nts have been checked by adding IS of oxygen to the working gas. 

Measurements. At" densities of 5"1021 JII~l, the rate of ionization is 
very last as is shown in Fig. I, where the time evolution of OVand OVI 
lines is given. At t . 10-13 ps. the intensity of the OVline is de-

,, ___ ~ __ ~ __ ~ crening already while that of 
Ca.u.) OUI OVI Is at its !Uxi_. 

" 
In fig. 2 the average tllnlPerature 
and density profile at t • 10 ps 
1$ shown. These profiles are 
rather flat, and we therefore as­
su .. e that the'rJ VI emissivity is 
unifom. Absolute intensity mea­
surements of the 38l.1 nm 0 VI 
ps 2S -3p 2PO) line then lead 
to a value for nOVI .. 2"10 18 mol. 
This value is derlyed usin9 the 

,L __ ~-=:;"~ __ J Corona approxl"ation. (Although 
o !l0 100 ISO the ~pulation of the excited 

t (Jl~l 

la.u. ) 
'" 

" 

, , 
" 

" 

~ ~ IOl. Zn ... 

t h 25. 2p 2pa) 

'" , I~" ) 
'" 

Ca.u. ) 

" 

Fig. 

" ~.53.0 ....... 

" 
Ih2 15_ h2p Ipa) 

" 

, L~~ __ ;::"---.J 
o !l0 100 ISO 

-.~ t 1 ... 1 

1. OKygen line intenslt ies 
as a function of t ime 1n 
standard discharges. 

2p 2pO level is an important frac· 
tion of the Qround state densi ty 
at ne " 5xl021 ",- l. tile correc ­
tion Is estimated to be sllal1.) 
t40del calculations ]21 for the 
ionization phase show that for a 
fairly large ran!)e of parameters 
about SOl of the total impurity 
content is in the 0 VI stage when 
the intensity of 0 VI lines is at 
its maximum, so a total oxygen 
content ~ 0.11 results. 

In discharges with 11 of 
ull,)'ytn 4,hJ~<.J, a 11 observed I nten­
sities of oKygen emission li nes 
increase, however with different 
factors. 
Although the OV 63.0 rvn 
(2s 2 IS - 2s2p IpO) and OVI 
103.2 om (25 2S- 2p 2PO) emission 
lines may well be opticall y thick 
at this impurity concentration 
(a bsorption lengths of half the 
plasma radius are computed) these 
intensities Increase by a factor 
of 4 and 3 respectively , whereas 
the OVI 15.0 IlIII (25 lS-3p 2pO) 
line increases only by a factor 
of 2. This indicates that the 
discharge conditions have chang­
ed at t • 10 liS. Howeyer, no sub­
stantial difference in ne - ·and 
Te - profi les, as measured by 
Tllom50n scattering, was observed , 
wh ich may well be due to the 
rl.ther limited number of measu re­
ments and the large shot-to-shot 
vari ations. 

In Fig. 3 the time eYolu­
tion of the emisSion lines is 
gi~en for this case . A compar­
ison with Fig. 1 shows that 
the time development during 
the first 8 liS hardly changes, 
but that the decay is rather 
different: The OVline decays 
less rapidly . whereas the OVI 
l ines decay more rapidly 
(lIIOst substantially for the 
15.0 nm line). This is Inter­
preted as being due to rapid 
coo ling when 0XYgen reaches 
the OVstage. Also in this 
case an estimate of the OKY­
gen concentration is raade 
frOll Intensity IlC!lsurements, 
resulting in a value of 0.251 
when the profiles of Fig. 2 
are used. This is low by a 
factor of 4-5, which, how-
.. YIW, Is not ~urprising in 
view of the fact that the In­
crease of the 15.0 nm line Is 
only half the Increase of the 
63.0 nm line, although the 
latter IIUs t be subject t o 
substantial self- absorption. 
With 11 oxygen added, rapid 
coo 1 i ng is a I so observed by 
means of'ThOo"ll5on scattering. 
At SO \IS temperatures as low 
as 10 eV are measured. 

Moreover, discharges with 

CeV) 

T. ",0 f++++++-l-
I 

". 

Fig. 2. 

, L_-,-_~_-.J 
o 10 1~ 

" 
Electron temperature and 
density profile at t . l0ps . 
(The plas .. a is shifted 
outward , r • 0 corresponds 
wi th the centre of the tut:e.) 

oxygen added tend to be less stable, which is probably due to enhanced 
field diffusion. Measurements of (few) dischal"iJes with 0.31 of oxyger} 
added show that a continuous transition exists between discharges with 
and without n of oxygen added. 

Ener8fi losses. With the fast bolometer , to tal power flUKes at the wall 
of I W/CII' (no oKygen added) and SOO W/CII2 ( 11 of oxygen "dded) were 
lleasured (Fig. 4). This value of 500 W/ca2 is, within a factor of 2, in 
agreement with the observed cooling of the plasma. (The power input by 
ohmic heatjng makes only a small contribution.) Howeyer, m()del' calcu.fa­
tions, assuJlling impurity concentra ti ons of 0.2 and l.01 respectively, 
yield loss rates that are at least a factor of 10 larger. For the n 
case this -ay be partly due to self-absorption of the resonance lines, 
which is not hken into account in the calculat l.ons. 

Conclusion . An upper Jillit for the oKygen c()ncentration under nortnlll 
operabng conditions of only 0.21 Is well established. The low-energy 
loss rate to the wall. which is in fair agrel!fllent with the s l ow tempe~ 
rature dec rease reported earlier 12 1. indicates a value that is at 
least a factor of 5 lower. So, in spite of the quartz liner and the 
critical electron temperature, the plasma is not radiation-d()minated , 
with an energy-confinl!fllent time ~ 100 I'S . 

" Co.u. ) 

'" 
" 

). . IS.O ....... 
(2~ 25_ 3p 2p O) 
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'" 

" 
~ . 103.2_ 

C2~ 25_ 2p 2po) 

" 

" 

" '" '" , CJl~) 
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" ~ _ 6:1. 0_ 
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, 
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f.!.2..:....l.: Oxygen line intensities as 
iTiIriCTion of tiJlle with 1% of OKygen 
added. Each figure is plotted on the 
scal e as used in Fi(j. 1. 
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CONFINEt.£NT AND HAGNETOACDUSTIC HEATING OF A LOW DENSITY 
BELT~PINCH PLASMA 

V. Erekmann, G. MUller, J. Singethan, K. Schwilrer, M. Thuml, R. Willlelm 
Institut fUr Phsmaforscllung der UniversiUt Stuttgart 

D~7000 Stuttgart 80, Fed . Rep. of Germany 

Abs tract: Toroi da 1 higll~B ~equi 1 i brla (B- Z0-50 1:) are i nves ti gated in a 

~II configuration. Operating in the l ow densi ty regime (ne'!!$: 10
20 

1113) at temperatures ar~nd 200 eV tile ion gyroradius becomes comparable 
with the typical gradient length. Under these conditions enhanced energy 

losses are observed. Applying magnetoacoustic wave ell.citation efficient 

energy coupling to the low density plasma has been found. In the special 

case of second cyclotron hannonic a pronounced increase of plasma~ B is 

obtained. The central B-value lIas been raised from 25 to 45 I . - . 
Introduction : .In the Belt~Pinch device HECTOR heating and confinement. bf 
elongated high~B--equi1ibl"ia are investigated. Rcu:llnt results have been 

obtained in a density regime low compared wi th previous Belt~Pinch ex· 
periments 11, 2/ . At tllese low densi 'ties (1019·10Z0m~3) ion sound insta­

bility leads to an anomalous diffusion during shock compression result­

ing into a medium-B (B<020 i) plasma equilibrium. Accordingly a weak gra· 

dient of magnetic field and pressure profile 1s observed . In tenns of 
the ion gyroradius, nowever , the gradient length is very steep, Le., a' 
f~w gyrurad1i only. At these conditions the perpendicular ion heat loss 

should be modified compared with the classical value 1C..i..""Cr~)lH at,d:,.ri· 
bperimental observations on ion energy confinement are reporte~. Large 
10n gyroradii on the other hand favour the absorption of magnetoacoustic 

wav~s. First experiments with wave heating indicated hi911 efficiency of 

energy conversion . 

Plasma parameters and elongated equilibrh:' The 'HECTOR devi ce has a to~ 

roidal coil system with a rectangular cross-section (height 2bc .. 1.2 m, 

inner radius Rf=0.37 m, outer radius R~=0.87 m) I~/. The inithl plasma 
for fast magnetic compression is generated in two stages: a h.f.-predis­

charge (f"85 ItIz, 1)..40 kV, T"50 ps, P=1 MW) is used to ignite a toroidal 

preheating discharge (f- 16 kHz, Bt(O): 0.1 T, W= 65 kJ) which produces 

radhl'y homogeneous 'plasmas witll about 30 I ionization at po·0.l·0.2 Pa 
deuterium filling pressure. Magnetic shock heating is accomplished by a 

fast rising magnetic field generated by pulse-charged Blumlein trans­

'mission lines (1)00200 kV, W"~5 kJ, Bt (0)=1.6 T, risetime't"oo0:5 ps, crow­

'bar L/R· time ",- 70 ,Ils). StabilitY with respect to vertica l displacement 
modes and a clear separation of the plasma ends from the wall is achie· 
'ved by means of passive lIl.I1tipole windings. For additional plasma heat­

ing in the post compression phase, the magnetic field is strongly mod~ 

ulated (f .. 1 MM2, 'il'/8-0 .1·0 . 2) during a time interval ' of .about 5 ps. 
Typical measu~d ,and calcul.ated pla~ma parameters (po· 'O.l Pal at t-2.5Jls 

are glvt!n in the following hble: 

Tor. magnetic field: 8t (0). 0. 11 T Tor. plasma current: Ip 80 kA 
P1l1sma height 2b . 0.95 m Plasma beta (av . ) : (B) 0. 2 

Plasma width"" 2a . 0.1 m Pol. beta (av.) : <Bp). 2. 2 

Major plasllla radius: R(O) - 0.34 m q-value (boundary) : q(a) - Z.7 
d 'I)<>1020 m-3 Deg. of ionization WNo. O.g :Plasma enslty av. : ne • 

, ~mpUrity cont:nt : CIte • 0.4 i Electron temp . : Te(O). 35 eV 
OCo 0.3 1: Ion temperature : :i(O). 210 eV 

Radial profiles of toroidal and poloidal magne\.ic field ' Ot' Bp' plasma 
pressure p and tOI1)idal current densit,y ~t WC11"1l obtained from simultane­
ous meiSurements wo, th i nterna 1 mul tl pl e probes. The axial pos! tion and 

e longation 9f the plasma column was derived from ell.ternal B2i (Z) IOnd 

Bza(z)-probe measurements . Electron temperature Te(r,tj war detennined 
by 900~ThO/J\$on scattering and by spactrosc(lpic measurements (Cll , CIlI • 

0Il·OV)' Electron density ne(r , t) was measured by c!nd·on CO2-laser inter­
ferometry and Thomson scattering. lhe ion tempeNture Tj(r,t) was der­

ived fl'Onl pr;essure balance. In addition Rogowski loops, d1am~gnetic loops 

~t~ak cameras and a neutron detector are installed for plasma diagnos· 

tics. 
The pl asllla equl1ibria are studied by .means of a free·boundary 2d-equili ~ 

briWII cod,e 14/. The experimental profiles have to be satisfied by an 
appropriate chol ce of input parameters,' i .e. , by the plasma surface shape 

Ind jt. Fig. la shows the ' calculated poloidal null. surfaces of highly 
el ongated equilibrium and Fig . Ib a comparison of calculated and e~peri­

lental radial p~flles of Bt' p, and jt at t-2 . 5 ps. During the discharge 
the plas!'la cross-section gets more elliptical in agreement with Ref./l/. 

Confinement 81ld ma9netoacoust"lc heatin9: For the measured electr~~ t~~ -
fJerature (Te(0)~50 ~V) and average electron density of <n). 10 III 

iOri~electron heat transfer can be neglected in the 10 ps time scale con· 
S.ldered . Impurity content is low enough for radiation losses being neg· 

,119~ble 1n c~ar1son to ct;)",ing by plasma expansion due to the decl}'ing 
magnetic field. In the post compression phase the ion temperature still 

increases during , the following 3 fS as shown in Fig. 2. This energy 

transfer to the ions is due to e lectromagneti c wave energy absorlltion 
in the plasma centre. Fig. 3 shows the time behaviour of the radial pro· 

file of the toroidal magnetic field . The wav~ is (If the magnetoacoustic 

type (k1B) in the frequency rangecu~ 2wci with kri ",l. This means 
that kinetic effects e.g. landau damping is expected to be an important 

absorption mechanism 15/ . An estimate of power transferred by ,the wave 

shows a heating 'rate in the order of 108 W. In the h1gh~1l case the ener· 
!lY gain per particle reaches several eV/).ls which is also observe.:! in 

previous e~Pinch experiments 16/. Approaching the conditionw- Z""'ci at 

medium B-values the energy gain is increased by one order of magnitUde. 

The high values of ion heat ing power needed to raise 11 is a consequence 

L-IO 

of rapid loss of ion energy by radial transport. The energy confinement 

time, decreasing with rising ion temperature, ,5 about 5, fS for Ti"" 200eV. 

This is a result c~~racteristic for shock heated high· e plasmas having 
ion gyroradii r; cOmparable to plasma radi,,~ a. In ou r ca~e the plasma 

centre is connectl:d to the plasma edge loy only one Larmor cycle. Using 

the formula 'lEi oc~i /Ir i Z for fully ionized plasma~ with small "aJues 
of rila one obtains an energy c"nfinement time exceeding the experimental 
data by a factor of ten . However,edge cooling by charge exchange with 

neutrals caning from the wal~ yields an energj conflr,c l'l~nt time T.'Ei<::Zln 
The ion-neutral collision time for a neutral density at plasma boundary 

of 101gm~3 at Ti ,"200 eV is oii the order of the observed confinement time . 

Conclusions: High·1l exp€riments with very narrow profiles in terms of ion 

gyroradii ind';cate enhanced i-on energy losses. These losses can be ex -
plained by the direct coupling of ions to the dilute plasma or neutrals 

near the ·surface. On the other hand large ion 9yroradii make possible 

efficie~t absorption of magnetoacoustic waves . For the second cyclotron 
hannonic resonance a power flux of the order of 50 ~!W/m2 and a pronoun­

ced increase of plasma B with~ a few fS has been measured under these 

condi tions. 

Refen!nces: /1/ G. Beeker et al., Nucl. Fu~ion ll' 1653 (1978) 

/21 (,K. Chu et al., IAEA~CN-38/L~ 4-2 , Brussels, 1980 

/3/ F. Sijldner, I'hys . Fluids~. 1036 (1978) 
14/ G. Beeker, K. laekner, Nucl. fusion g. 903 (1977) 

151 Eo Cayt~. H;'R. Lewis, Phys. Fluids ~"l.., 109 (1980) 
16/ J.L. Shohet et al., IAEA~ctl~37/Q-3, Innsbruck, 1978 
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THE NONLlNEAR 'g.' WOE 

T C HeDder- aDd D C· RoblD90D 
Culh~ Laboratory, AbiDIJd9D, Oxon, 0114 3OB, OK 

(£uratom/U1AEA Fusion Association) 

-Royal Holloway CollslS, UulverBl~y of London 

~ The l!.oul1nsar properties .of tbe m-O resistive 

'g' modo havs besn studied for a wide ranls of magnetic 

Reynolds numbers. 
beon found in wbicb tbe pressure ~D tbe vicinity of tbe 
s lnli'ul a r s urface is flattened. This saturaUon 18 bo.ever 

coun te racted by overbeating of tbs " plasma. The m-l mode ln 
tha core of the plasma has also heen investigated and e 1m­
llnr mech'Dl~ms prevail. A field lin8 traciog code bas hesn 

usan to st udy the existence of magnetic surfaces wbsn m-O 
Dnd m-I modes interact. Ergodic field line bebaviour ha. 
Lt",,,u tvuutl tur pll;riUlMt~ttra typlcM.l at contelllPurary rev."-.,, 

tie l d p.lncbea . 

I NTROOUCTION In botb the RFP and spheromak the most dao­

!P'I"OUS instability is the 'g' mode. It is therefore import­

ant to understand its nonlinear behaviour. 

To study the m-O mode a s~lified fo~alism is chosen; 
a peJ"lodic cyUndr ical system is assumed. .: 20 approxlm":' 

ation lII&de' (h i O). and the plasma is assumed to be incomp­
ressible . This allows tbe introduction" of a flux fUDction 

a.nd .. ve loc1ty s tream function. The resulting equations .. re 

siwilar to tbe reduced tearing mode equations and. an exten­
sion ot t he .. 1goritbm at 'addell et a l l1 ] is used to solve 

the~. Rocvntly a mixed belicity code has been developed. A 
spectral method similar to the Oak Ridie code RSF{Zl is used 

to solve the tull set ot compressible resistive MHO equations. 
Th i s code has been used to make .. study of the single helicity 
m_l IPOde. 

RESULT3 AN!') DISCUSSION The equilibrium chosen for tbe 

st udy is the tearing mode st~ble equi l ibrium developed by 
}{oblnson tJJ , This RFP equilibrium is stabls to all . ideal 

URO instabilities and to tearing modes, To mods I experi­
mental co nditions 'more realietically thi~ equilibrium 

Includes a vacuum region bet.een the plasma and tbe wall. 

The non-linear result. for the m-O mode sho. tbe domin­

~nt nonlinear process to be the modification of ' tbe axial 

cur~n t , J~O' fi,ure 1 sbows the alteration~to nJzO fo r a 
case with a 

' .0 

., 

magnetic 
Reynolda 
Dumber, 3 

SdO· (n be­

ing the plasma 
resistivity) . 

Tbe displaee­

!llent of EzO 
and .,JzO to 
larger radii 
is due to 
resis tive 

d11fusion 
wbile the 
hehaviour in 

the Vicini ty 

Fig.l C""'t'Ol'tt;nte of OIPtI', k:I.I at 6~~ Atj'tJ,n tral"lSit of the sin&"-
t:~, fur eM",..o '1 ' lIIOde. ular surface 

i& due t o the ~uaai -linear perturbation (~l~l ) ZO' to Oh='s 
law. The L'lOdUicaU on to J zO near the siniUlar surface 

causes a flatt~ni ng of the equilibrium pressure in this 
region, and ·si nce the 'g' mode ie driven by pressure grad ­
ient. represen ts a quasi-liDear saturatioD mechanism. However 

the r ezl3 tive diffusioD o f the equilibrium results iD ohmic 
beating i nc r easi ng the gross pressure and thus counteracting 
tbe saturat ion process. The non linear bebaviour ohse r ved 
depends on the compstitio n betweeD thess two mechaDislllS; ou r 
caicUlatto'DI5 iDdicate that the S scaling of these two .el­

fCCt 8 C~U9ft S the saturation mechanism to become i ncre asingly 
d~minaDt at high S. However at S ~ 5 x 104 the growtb rat e 
is only roduced to 40,'Of its linear value . It is likely 

that br i ntroducing physica l ene r gy loss me chan islllS (thor ­
mal conduct i vity, r adiation etc) the saturat i on may be comp -

plete. Within the incompress ihle .formalism used for the m-O 

code this energy loss process caD be represented by intro­

ducing a non-physical term in tbe resietive diffusion 
equat ion to etop the fields resietively decaying. With this 

term present saturation is obtained fo~ S-IOOO. 
The nonlinear behaviour of the _0 leads to an enhance­

ment of . the pressure gradieDt in the vicinity of the m-l 

surfaces . Figure 2 shows the pressure ,radient resulting 
from the 

presence of an 
m-O mode for 1 S-1000. Tb, 

posi tiODS of ::,0 
some of the _I -

surfaces are 
Illso record .. d . 

on Fig.2. The 
effect on the 

linear growth 
rates of the 

m-I modes due 

-O.at 

- 0.02 

' .0 

---

m.' 
... -5 

Evolnd 
Prolll. 

'\--
un.vo;v.d 
Prollt. 

, .. 
Rod lus _ to the alter­

ations to the Fig.: 

pressure pro­
BlIOluttd pr"'1IN' profite in t"- Ngicn of Bi-C 

file have been investigated , In the centre of the plasma 
the growth rates can double. The noolinear behaviour of It 

single h'elicity m-l DIOde is found to be dominated by tbe 
same meehanislll9 as for the m-O DIOde. 

To assist in a mixed helicity study a field line trac­

ing·.code has been used to study the result of tbe . interaction 
between the m-O DIOde' and the m-I, n-' mode in the core of the 
plasma, A linear code is used to produce tbe perturbations 

to the magnetic fields and they are introduced at the smal­
lest amplitude at whiCh saturation i s likely to occur; the 

results ·are therefore optimIsUc. At l ow magnetic Reynolds 

numbers ergodlc tield line behaviour ie found. Figure S 
s hows the intersection of two different field lines with the 

e-o plane, for 3 - 5000 and a centr al beta of S% . The closed 

' .0 

-;, 

~ • 0 • 

. ' .- , ... , 
' .. 
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,.-..'-"_1 .... _"'" ... ' 
.:'. ~- ,: .,", . ... \, ..... I ,,,. 
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2.0 " 

Fig. J 14agrwtio IIl1l"flW811 in tllll 1"'-11 pZan.ll IoIith IIP"O and ';"'1 mod., 
pr611,,,t. 

surface of the large m-O is l and can be seen while iield lines 
forming tbe m-I islands experience ergodi c behaviour between 

the two surfaces. At higher 3 the s urfaces become closed if 
only the two iSland structures are considered. However in­
c reasing S causes tbe m-I (and m-2) modes in the core with 
n>4 (n>8) to become destabil1sed and so the surfacee do not 

close. The effect of this non-closure on energy contain­
meot is being investigated. 

CONCLUSIONS The nonlinear behaviour of the m-O mode 
e~ibits a quasi-linear saturation mechanism. This satur­
ation may be prevented by overheating of the plas~ . 

Tbe mal mode possesses a simila r nonlinear behav10ur ~ 

The m-l modes are lInearly destabilised by the presence of 
tbe lD'"0 mode. 

The interaction between the m-O and m-I modes leads to 
ergodic field line behaviour. 
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CTCC-l EXPERIMENT 
_ CT Plasma Coll islon and .compression 

K. WatanaDe, K. Ikegaml, A. Ozaki, N. Satoml, T. Uyama 
Course of Electromagnetic Energy Engineering 

Faculty of Engineering, Osaka University 
Yamada-kaml, Suita, Osaka 565, Japan 

ABSTRACT. COIIIPIct torilldal plaStDa llas been experiPlental1y obtained In 

a drift-type copper vessel using a magnetized coaxial gun. Toroidal and 

peloldal IIIgnet1c fields of a torold show a typical exponential decay 

with 110 liS and are described fairly well by a fo~ce-fM!e configurat ion. 

L IHTROOUCTlOIt . Thls report presents an experimental M!sult on the 

cOlllpact toroldal plasma with torofdal and JXlloldal magnetic fields, Bt 

and Bp' produced In a drlln- type II1IItill ytl~Sl#l I.>y an Injection of a 

JIIIgnetlzed coaxial gun plaSIM..(1][2] This experiment Is the first phase 

to produce a stable high temperature plasma by means of CT. plas.a colli­

sion and cOllipresslon. The experimental result Is described very well by 

the model, which is the fundamental;node state of the force-free equl1lb­

rll.ll'l In a metal yessel and Is easily estimated as a solution of the low-8 

limit Grad-Shafranoy equation. Experimental apparatus consis ts of 0 

magnetized cool(ial plasma gun and a flul( conserver for plasma confi nement 

lIS shown In Fig. 1. Tile length of the coaxlill gun is O.B Ill, and Its 

lnner 'and outer electrodes, which aM! made of 1.5 m thick stainless 

s teel cylinders, .Mye radII of 0.1 III and 0.15 • • respectively. This Is 

driven by a C-68 IIF, Y- SO kY capacitor bank. Sole!KIidal colls Installed 

outside and inside the electrodes are used for plasma IUgnetization. 

Hydrogen gas is puffed Into the gun center region between electrodes by 

sh fast yalyes. The gun plasma is injected through an entrance region 

Into the oblate flul( conserver haYlng 0.75 m diameter and 0.4 m length. 

A yaCUIIII chamber Is evacuated to less than blO 1 Torr . 

H: EXPERIMENTAL RESll.TS. Typical axial IIIiIgnetlc field, Bz(z), on 

syrrmetry axis EasUred with iI arra,y of fhe magnetic probes is Shown In 

Fig. 2. Here, z denotes the distance between the probe and the gun 

IMIzzle. The mid:plane of the flux conserver Is at z- 52 an. About SO )Is 

after the gun firing, It starts to decay with the time constant 110 )IS 

and lasts without any MHO Instability longer than 200 )Is In the region 

of z- 42 62 an. In the entrance region, the magnetic field decays 

rapidly during about ~D liS as shown in the signal at z- 22: al . These 

data Indicate_ the oq:urrence of the elongation of field Hnes from the 
~ 

gun and tne fonnatton of the COII\pact toroid due to the reconnection of 

field lines occurred In the entrance region. Tlie reconn~ctl on time Is 

about 20 )IS In this case. According to this fi'gure It is concluded that 

the COIIlPICt torold is just located on the midplane of the flul( conser~er 

after t- · 30 )IS. This Is conflnned under: the wide range of operating 

conditIons. 

Radial profiles of axial and azimuthal COIIlponents of the DIIgnetl c 

field, Bt(R, ,,- 52 gII) Clnd B.(R, , _ 5Z all) • ..,dsunld with d "dd ld l probe 

ilrrl,y ar:-e shown In Fig. 3. In th~se figures, crosses Clnd closed. circles 

are data obtained from two different shots. ' R denotes the distance 

between the probe and the syrrmetry IXIs. It is found 'In Fig. 3 (a) that 

the COIIIpact torold with I magnetic axis at R- 25 CI1'I Is successfully 

produced .fter the reconnection Ind the position of the magnetiC al(is Is 

not yarrled hereafter. The proffles of B. which corresponds 'to toroldal 

fl.ld is rather of flat top hIVing Its peak around a little Inner tllan 

R- 25 CIII after t - JO us. A pttotogrephlc masurement was also .carrled out 

using the Image converter camera through the III!sh-wlndow. The lIIax lmllll Of 

observed light Intensity distribUtion was located radla1ly around the 

fhgnatlc .xl.s. These stable proffles of m.gnetic fields reveal that the 

COIIp'ct torold Is free fY"Olll any MHO instabfllty. 

The fundamental roode solution of the low · ~ limit Grad-Shafranov 

equation Is given in cylindrical coordinate ( P," z ) by 

B 
"' - t:;x P.PJL(J.B3~.>cOs(% f) (I) 

whre .... 0 on the flux conser'ler wall ( p- p and z- z ) Ind I(ot»: Clot> . . 
are asslIDed . The radial distributions of 8p and 8t on ·the flux conserver 

.idplane deduced fre- above el(presslon are shown by solid Hnes In the 

profiles at t'" 30)ls of Fig. J (a) and Fig. J (b) . Equation ( I ) Is In 

good agreement with experimental results. If the observed field decay 

is only due to the hOOlogeneous c lassi cal resistivity, ne Te ), of the 

plasma, the model gives the average electron temperature of 6.5 eY. 

Thh value Is considered nuonab1e according to the experl llllLnlill 

evidence of the quiet decay of magnetic fields . A DlOdlfled flul( con­

server with a tapered entrance region was installed to induce the faster 

reconnection. which lily be el(j)ected to reduce the thermal conduction 

loss a long field lines. The typical result obtained with this flul( 

conserver Is shown In Fig. 4. The reconnection time becomes considerably 

smaller but the decay time does !KIt change appreciably. As a nel(t step 

of this el(perlment, heating of the CT plasma has been carrle!! out by 

means of the pulsed toroldal fi eld produced by the JXlloldal current 

through the flul( conserver and the center rod. 
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L-13 
mJlnffiICAL SDlULA1'IOlf or 1'KB COKPAOT 'rOROID BVOUJTIOJl 

TOWARDS TlfE BQUILIBRIUlI aTAU 

'I. V. BelieDv, V.M.Golovlzn1.n, V.1!:.!:or8hunov. A.I.llalu'\:1n. 

V.B.Somenov 

I. V.K~hatov Inotltuto of Atomic &larg,y, USSR 

Qener.tlon and heating of a compaot torold oocur due to 

s longitudinal .book oompre •• loD of tbe initial Don .. quiU_ 

briuln con!'igurat1on w1 th the otroogly olongahd loop. of the 

magnetic ndd lln8ll /1 I (Pig. 1). Soma pNllminary "wit. 

of o1roulating th1e ets.ge of the toroid evolution towardo e qu­

ilibrium under the oondit10no cloo. to tbe oxperimental on •• 

ara pra •• nted iD this paper. The aim of thie 81mulatloD 1. to 

find out an effect of the in1tial .~rim.Dtal oonditione 

( al7.o. doneltr. current and pla~a distribution) on the f1. 

nol .t.ady-atata character18tloe. In particular, tha oondi_ 

tlona tor a maximum etfective pl.~ heating are of intoreot 

ae ~ll ,a the problem of tha final atata atabil1ty. Comp~ 

aon of tba oomputed and experimental r.aulta allow to make 

tbe more oomplete aDd precis. int.rpr.tation or the .:tpart., 

mental re.ulta and to obtain an information inaooa •• ibl. iD 

the direct measuremant •• 

The .1mulation ha. been baaed on th. 2_D MBDMoode iD 

which the field diftuaion during the tim. of tbe MHO plas­

ma relaxation /2/ ia not taken into aocount. 

Some ~onAeoutlya etagoe of tha toroid axial oomprea.ion 

for one set of initial conditions are ahown in Pig.1. Pig.1 

demonatratea the propagotion of a waya trom tha .nds to tba 

middle ot the chamber. It ia illustrated by the calculated 
'P 

oscillograIDs of a diamagnetic signal :lJ :: He - 7fl[a and. 

an optical th1ckness of plaOllla nt (Pig.2a.)a). The compa­

r ison between tbe calculated and experimental data obtained 

under approximately similar oonditions abows tbeir qualit.­

tive agreement. A quantitatiye difterenoe in a shook ne and 

in the presenoe of osoillations in the e~periment betor the 

•• ve passage is associated with a radial compression and. 

pl.am. oscillations in the rising external fiald. A change 

in the external magnetic tlux has DOt been takan into acoo­

unt in the calCulations. The aooount ot • 4-told radial. 

compresaion shows a quantitative agreement with tba axperi­

ment . The charactor1et10 pecularitT ot the oompression ia 

a strong cumulative convergenoe etrect or tha ancountarins 

wavo. at the oontral. oroso-Bection. This ofteot is aanir.­

st.d as st.ep spikao on the plasaa parnmetere on the compu­

ted ROd experimental curve. a t that instant or time . After 

.ave cumulation 80ma 2-D 080111ations of the plaBma volume 

aro observed. After their damping plaema comes to the aqui­

l1briUlll (Pig . 1). The plasma hutill6 efric1eocl is illust­

rated in Pig. 4. Transition to tha equilibrium is accompa­

ni ed by tbe magna tie anerg1 docreaae and tbermal en.rgy 

inore~e within the region fro~ the aoparatrix. A relativ. 

pl_ama volume with a 10. tield and, cOD8equently. with h1&h 

preouxe (Pig. 5) steoply rises ln' tb1e oase. !bu eqUilibrium 

atats charac tari etics are i ntereBtill6 trom the point of vi­

e. thl plasma etability . Por • oomputed variant. the ot.b1-

litT or tba oompact torold .quilibriUD oonfiguration ag~t 

the i nterchangla ot tha ' tub •• of foroa ( th1.oonfiguration 

io obtained a •• reaul1 ot 1he .eTol.tioD d • .cribod) has 

be.n atu41ad. !hiB configuration 1. round to ba at.bl •• 

On. should note that a DOJlo"'8taU0l1&l'1 2- D ahoot .ave 41t­

tera f»o. a atation&r7 wav. trav.lling alons the pI .... 

oylinder witb 1he oppoait. tields inaida it . ~e aam. caa 

b. _aid about 1be .qil1br.:l.'CIa eonfiguration. 
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,. stUDY OF TIlE EQIIILIIIlIUH AND DI!CAY OY COMPACT TORO!DS GENERAnD aY A 
KAGl(J'Ium CO-AJ:lJ.L P,IoASKA GUK* 

It. H. A. cunneullf t " c', C. Goldanbau.*, J. H. ~r. C. W. Hart .. " , 
D. S. Prollo, J. T.,k., W. C. Turn!!!' 
Lawnn". Livenaore National LaJ>oratory. Livarwlu, ' C.liforni& 94530 

We have continued our earlier work 011 t~ co-add gUll produ<:.tion of 
co."u.t toroidal pI ..... that are conuil)l!d in an obhee ahape" . 
cylladdcall y ar-etrical fllm con.ann U ) ( ••• ri" I). r01100111'1& our 
ob .. rv.cion that tbe .. ,netic .tr"crura produced hy the gUQ i, ... 11 
delc"fibed by fotu-Er .. curr"ntl, the .a1,.i. of the data ha. bun ."uncle.d 
aloaa the li"",. of J. I . T.ylor', Cl) tha"ty of tb, revauecl fialel pinch. 
Spatial .. &,net i<: field ,Profile. are wall upr".nt, d by the .10 .... 1' .nugy 
,i"..-de lolution to V ,,11 .. Ita "ith It .. COIlIt.llt. C011lervation of 
","ltiC halicit1 dudn& ,1 .. _ fonanion l .. dl to ... calinS law thlt . 
IpldUea an upp.., bQU~d. to the find Ita~e polnidd f~ux in teru of, 1'''0 
pil_ ,un input quallt1Uea - the. .a,lleuc flux .up.n.llpo,ed Oil the lnner 
• 1.c trodl • • nd the nuu.r of volt-.. cond, input to thl pil ..... "'" 
ditchlr," The Ixpldaental dlta fall dOle to thl Upplr boulld preclictecl by 
thl .eating L.". · Tbh obuna tion Leadl to the conclu.ion. that lIIIan.tic 
h.Hcit)' iI funcl .... nul to uncler,unclin, comp.ct toru. fOPlation .ncl thlll 
plulIII I"n-flux connr.ver cOllbiNltion it n .. rubly alficient fro. the 
IuIUdty vievpoiot . Thlll l~a1in, iI" .holild prove u .. ful in thl cI .. iao of 
future Ixp..,:L.eota ancl • ,iail.., l • ., .. y be valid for t .... oth.t Iphlro_k 
fo~tiOll .cbe ....... O)(It) Alide fro- elucidati", tbl fo~tioa proe ... we 
b.vI rlcently tuned our .ttlllntioo to und.nt.ndin, tbe pI .... lihtiae. A 
dOllLi .... nt lllneti)' lOll duting the dle.y of thl plll_ .... aoetic fielcl. i. 
impurity ndi.tion. ThI majo'r iapurittel are carbon and ozyaen. At patent, 
thl pI .... i l .-ppar.ntly u .... bil to bU.t"O throuah the 10" Te ndi.tion peakl 
of thOle iapuriti... A 201 iner .... in tfe .. ,nuie field liflti ... vII 
ob"rv.d Ifter c:1eanio, the 1"" ellctrod .. and.;.tlux cOnnrvlII'r iD .n . r,on 
,1001 diICh''rae. hrth.., vork i. Mldld to undl"Und aod cont'rol the pIli_ 
ilIpu'rity influ". In ordlllr to nduca I1let'ron bl.t cOllductioa 10 ..... nd the 
po.dbla in flu" of iapuritiea .10llJ thl initi.lly opln field lin .. , .... h.ve 
nuntly installed. pinching coil batween tha pI .... SUn .nd flux con.e'rvlr 
to foro:e reconnl~tion of flux lurhciU. Without the pinchina coil, 
I pontlneou •. reconlllction occur. in. fev ten. of .ucrolecond •• With the 
pinchina coil tlconnlction i l c""'p1ete .bout fiv •• ic'ro. econd. aftl r fi'ring 
thl coil cunent. Opention witb thl pinchiog co il h .. heen too brief to 
• U"" . ny other dafillite coocluliDII' to be u .ched n,.rdiq in op.ntion . 

' Fia. 1 .ho" ••• che .. tic of the .ppantuI. The pI .... 1"" iIIjlctl 
into . cylindricelly l)'DIetdcl1 <:.oppe'r n"" conflrver "ith v.n thickulIIIB 
0.16 ell. Typicllly thl pohed a .. input nngu ho. S to 30 tort-lit.u 
dl'lteri_. the lU,nllltic n"" ill the inner elect'rodl nns'" frDIII 600 . 1'0 2000 
kG-ca2. the outer .l.ctrode I-Olenoid h lho'rt. d .od SO kJ Illctric.l 
.nerl)' au ioput · to thl sun tentin.h p'rod"ci", .- peak di,.lcher,. CUrteot of 
SOO kA. 

After an initil1 20 to 40 ].IIIC tnolient p.riod profil .. of .. ,netic 
field COllponen tl in tbe flux con .. rver ... trle down to resuhr .hap .. that 
.,. .... ill unchanaed durtnl the pi ...... dlcay . An eXlltpll of r.dial profUu of 
aa (poloiclal> and &x (toro idal) iD tha .... dpl .... of thl flux con .. rvu it 
.11_ ill Fig . .1, 26 ].Iaec Iftlr p1l_ initially left the pI .... sun . The 

;-!'ih=::l:-":i!~t f:!t: ~~::o: 1=::rv~:;~y~7~:;f;::..:!~n::: W~u!i~6;o 
bI. beln ,bovn to be .. i .... n by (" -

where 

a .. - a ~ j (It r) CD. (100 •• ) 
r 0 Itr 1 r 

a ... ~1 + Ite: .I
1

(It d .in (kee) . . ' , 

rediuI II f the n"" ~Ie~viq vall. hoII Fi,. 2 thl poloide1 field on the 
I~try ."i. i ...... to . be .bout.o " S kC lod frOIl tbe fit _ bevI · 
.. ti .. t.d thet the total -anetic enuu i. "a .. 4.S 100.1, .nd thl toroidal 
curreot i. leor .. 22S kJ.. Au:r.iU.ry data with a He-HI interhroc.etu 
,ive •• cbord aveu,_ deo.ity n. .. 2 " lOJS c.- 3 for the dlta in n,. 
2. Si""l th.o ... hav. -opentld vith ~ .a 1"" .. 1 " 1014 ca-3 .od 
ant ob.~ ...... y Cbar,1 in tba ",nltic profil... Data vith 11 """ne 
pu .... r. probe l .... rtld ill tlM. pl .... ,i .... an "pplr lillit to tb. local 
~::~ beta < 101. fll .. re_lit vith ,the forc.-fre .... tur. of the ",lIetic 

tbe ...... tic beUcit,. 1( . " J""~ d3x. vberl ~ .. V" .... CID be 
coaputed fre. lI"n. (1) .. , , 

.. ·U.lO (all) • 

lpl .... ". 101.11(101) P-JO(~ll)] pol tor" 1.07 f pol fto'r 

~" 1I.011<e 

'tor k 

""Ire '01 .. 2.40. '11 .. 3. 83 and . po~ .. totlll poloidal n"", ttor .. 
totel tor-oidel nW!. The "",Itic belicity ioput to the p\ .... lun 
tanU.1WI I. Cl.. be .howII to he. 

. '-_. (1""' ) ._ V{t') dt') 'SUA ... 
whlre V(t ' ) 1. tbe ,",Ita,e apl'H" &oC'rO" thl 11111 ill."htor IIICIt",1I i. 
tbe imln electrode flux palli.,. tbroulh the in."laror. 'sull 11 III uppn 
houlld to kpl .... ,hoi", rill to thl "flue IIIplUic.tioo" ine'l.\lality 

• WiI'rk pedor.ld by U,ML for USDOI: uodlr contnct ~740S-!MG-4S. 
t ' ... lInt .dd...... l'OH In.titutl . Aatterclaa. Tbe Hatberl.nd • • 
t CIa. lllye froa UIIiv.nit,. ot Haryialld. CollII' "rlt. "'Ij,.land. 

'" 

(J) 
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where 1t2 " kl • ki . The data are cap.red "ith thi. inequ.lity 
in pig. 3 "here it i . eaen that many .hou lie clo .. to the allowed upper 
bound, implying that for these . hou Kplaa .... "K

tun
• Thl flu>< 

amplification efflct "" fint notld npari-menu ly by Alfven, et al.(5) 

,<) 

In Fia, 4 .... have p Lotted t he ci ... for magnetic field intenlity to 
decay to 1/1 of it. ioitial vdue (Ta) 11 a fuo~tioo of the initi.l pI ..... 
"gnlt ic fidd enui)' (W,). For thi. data .n intemd probe •• r . rellDvad 
fro. the pI ....... nd Ta .nd lis .ra ... ured by a flux loop on thl in.ide 
v.ll ,of thi flux COllllrver. Oat •• hown in Fig. 4 were t.ken before .nd 
a!ta'r 14 hourl of glow di.chltge eluning "ith araon. ' In all c .... the base 
VIC UUlII ptlllure "U uint.ined '1' - l.S (-7) Tou bftfora I ,hot . Tbl 
,ven,1 de~.y time afur dhcharge cl .. nina increoi.ed abD\lt 20 )lIeC, ir"", 
120 \.I .. c to 140 \llle . Tbe longelt diclY tiDe obnrved to d.t" i . 110 ].Itec • 
Tbe .. anetic field dac,y i. genenlly not pUn exponential BIId thl flux l oop 
,igll.ll n,chef :ero after abD\lt 2 T,. Total radi.ted .nlrlY ·.ftar pla.OI8 
for .... tion lIe. d i . compared with thl initial 1IIIIgnetic .nugy liB in Pia. 5. 
The rteli.tion enerlY il computed by i nt.grating tha in,.tlntane"", ' po". r 
datlllcted by I coUiuted, "'aneti~elly in.ul.ted pyroalectric detector . 
Although there i. · .0IIIe lcatter the dlta lie 'r&ther clo ... to the lin. 
w.,.d - We indic.till& th.l ndi.lion h ...... .,.,ct ... t pI ....... 10 •• proe~ .. 
in the pr .. ent .""Iri..ant. both before .nd after di.chu,e cle.ning. 

A lina1e turn t hat. pinch coil h .. been io.talled in the reaion 
ba t"e&n thl plasma aun and flux conlerver . hoWD in Pig. 1 to forc . 
reconn.ction of flux lurface • • Pia . 6 ahovl a I.quln~e of three Ihot . vith 
a mlgnl cic probe plllicioned underneath the theCa coill pincliina coil alone, 
pI .... sun alone. I nd pL ..... SUn plu. pinching coil. Tbe pinchina coil i. 
l e en to quickly reyerte the Dlgnetic field on &xi •• bwt 5 Iluc &fUt the 
coil i. find. iaplyina forced reconnection of nux l urfac ... 

'" (J) 

,.) 
") 

(6) 

W. C. Turner, C. C. Goldenb.um, E. H. A. Cr.nne .... n. J. H. H .... er , 
C. W. H.rtaln, D. S. Prono, J . T •• kI, A. C. , .. ith . Jr., Proc 3rd 
Syaapo.iUII on PhYI;;c. ,!-lId Techno l ogy of ComP&ct Toroidl. Loa AlalllO • • 

.H ... Kexico. 1A-8700-C, pg. 113. 
J. I. Tay10r. Phy • • Rev. Len., n. 1139. 1974. 
C. C. Goldenb ..... , J . 11. lrby, Y. P. Chong . G. W. lI.re, Phy" Rev. 
lAtt., ~, 393. 1980. 
H. y .... da, H. P. 'urth, W. Hlu . A . .Ianu., S. Jardin, K. OkabayUhi , 
J. Sinnia, T. H. 8th. 1(. Ya .... ukl. Phy" RIY. lAtt •• !!. IS8 , 1981. 
t. G. An, A, Bondelon, H. Bruhn., H. Chen , Y. ' P. Chong • .I. H. Finn, 
C. C. Go\denb.ud, H. R. Cdell, C. W. U.rt. I . Ha .. , J. U. lrby, 
!. C. Lee, C. S, Lin. W. K. Htnhliller. C. Karklin, E. Ott. Proc. of 
8th lotl. Coof. 011 PlIIIIM Phy ••• nd Cont . rulion, ~AU.. aru ... h. 1980. 
H. Alfven, L. Lindbug. P. Hitlid. J. Hu~1. EnerlY. Plrt C, I, 116, 
1960. L. Lindberg, C. Jacoblen. A.tro. Phy • • Journal. ill, T049, 1961. 

·~---~~·~----~~-~ ________ u 

..... -
Fig . 1 

~ .. ~-
:~.::.'!-.. tE:..-, .- . . .... -... . . 
. . . 

Fig. 2 

-~ "~:'i' [I"'f" '\jT., " , •• 

• 

.~ o • 
o 0 . ". " ~\ [.i . . .. 

........ , .. -~ 
. .-0 ....... '.0.1 .......... _ ................. 

Pig. 6 



L,·IS 
Exparimental Studi~. on FRe plasma 

S . Okada, M. Tanjyo, T. Minato. 'f.~lto, 3. Ohi, 
T . Iehimura and H. tta 

.Plasma Physics Laboratory, Faculty of 
Osaka University 

Yamada-Kami, Suita , Osaka 565, 

Engineering 

Japan 

Experimental study to obtain a plasm with the ion 

temperature of a few key hac!. been done on PIACE, l) The 

oxperiment has been extendad to study on a confinement of 

high temperature plasma with field reversed configuration 

(FRC) • 

The apparatus consists of a m~in compression coil 

1 m in length and a pair of theta pinch guns 20 cm in 

cm apart fro~ the main coil . Experi -

ments wore carried out on two types of the apparata. The 

inner r adii o f the main coil rw and the tube rtube. ' the 

maximum compress ion field Dmax ' and their rise and decay 

,~, lri::;e deca are shown below 

, rub Dmax 't rise 'tdeCay 

smaller bore expo 50 ~ 40 - 20 kG 1.8 " " " 
larger boXQ exp o 74 " 1S 2.3 75 

TwO plasma streams from a po~r of the guns flow along 

a guide field of 2 _ 4 kG and make a collision. To this 

~ncountcr plasma, main c~~pression fIeld is applied in the 

reverse bias mode. 

A general feature of the FRC plasma is that its stable 

period t erminates by the onset of n K 2 rotational in­

stability and that the dcfoPllation by this instability 

grows gxadually until the configuration disappeaxs sudden-

ly. It is thought at present that the diffusion of the 

particles across the magnetic field causes the rotation . 21 

This idea indicates that the stable time can~ increased 

by decreasing the dcnsity gradient ncar the separatrix 

around tho FRC p l a:oma . This i9 realized by increaaing the 

val ue of Xs ("'rs/rw' xs; the radius of the separatrix). 

SMALLER BORE EXPERIMENTS 

The stable time and the life time of the plasma are 

about 10~. and 20 ps xespectivel~. The separatrix 

radi us i, 

tcmpc:catllro Te 

200 eV and 6" 

about 1.S CIII (xs • 0 . 3). The electron 

and density 

1015 cm- 3 , 

are almoat constant at 

respectively, tor lIIOX"e than 

10 ps. The radial profile of Te is nearly uniform and 

that of ne is nearly flat topped. The reverse flux in 

the pl.allma .i cRt. imated by a riqid rotor fIIOde1 2) is 

about 5' of the initially applied reverse bias flux in­

side of the t ube . 0' The ion temperature Ti infe rred 

trom the Doppler profile of CV is 1 keV at liS and 

the neutron emiRllion from the deuterium plasma is also 

det.ected for up to 10 liS. 3) 

LARGER BORE EXPERIMENTS 

The enlhrgemcn~ of Xw and r tube xesulted in the 

increase of Xs as is shown in the following table. 

When the main compression field is crowbarxed to be 7kG 

i n its ris ing phase (low,compression case), Xs in­

cxeased .further compared to the normal case (high cmpres­

aion ca Se ) as is shown in Fig.l. The length of the plaamo 

also increased fxom 40 cm to 60 cm . The values of 'ts ' 

'od 5 " 
from the compress ion are 

shown as follows. 

'. ' 1 r, x. T, 
high c~pres8ion 15 " 25 " 

, 
~ o . • 800 eV 

low compression 25 40 • 0 . 5 0 . 6 400 

For the low compressl.on case, the reverss field along 

the u:is of the FRC was directly obaerved by lIIagnetic 

probes inserted along the axis, though the lite time of 

the plasma became 15 ~8 due to the e ffects of probes. 

The ratio of the reverse field to the external one is ebout 

70' and remains nearly conatant a~ long as the FRC i~ 

maintained. At 5 ~g 3fter thG Nain compression, th~ 

estimated ~i was about 20 

These experimental results show a tendency that Ta 

becomes larger as Xs is larger . In order to increase 

x, by diminishing the loss of the reverse bias flux,4) • 
quadrupole barr ier field was added at the zero c rossing 

phase of the main compression f ield. Preliminary results 

show that 9i increased at the zero crossing phase. 

However, in the equilibrium stage , ti and Xs did not 

increase remarkably and also Tl was not improved . 

It i~ added that when a pair of gun coils a re ener­

gized simultaneously with the main coil as in the case of 

the mirror coropression, the diamagnetic signal lasted 

for about 75 \ls, 

1) 

2) 

3) 

4) 
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Fig.!. Side- on s treak photograph, diamagnetic flux ' 
8ignal, magnetic field at the coil wall (uppex trace and 
the l owex one is the signal with and without plasllUl. res­
pectively) and temporal variation ol the sepaxatrix radius 
,J," fox the la) high compression case and the (b) low 
cSmpression case . 
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nNlTE BET,' XIlU.'l'M ~,[RG'f EQUILIBRlA OF ETA-BETA II RFPs 

J.ll. Ed~ns.tra.S$er 

In.titut fllr Theorctische Phy,ik-Un:lversit)' of Innsbruck. Austria 

G. F'. "a!e5So 

Centro di Studio t;Ui Gas Ionh:r.ati del Gonsip;lio "adonale dell e 
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Introduction. A J;:eccnt finite bt-ta theory has been appl.'l.ed to describe 

the obser;ved quiescent phue of RFrs in Eta_Beta II. 

the W II alacltine pa.ramcterft and standard experillent.u eondit1ons 

a re deecribed elsel/here L-I); here it is suffieicnt to I'ee ... ll that in 

Eta_Beta Il, U I/ell u in Zeta, L-2J 'and ",ore recently bother exper! 

menta (TPE-IRH, Sakurll-n.,ra [~J, ZT-4OH, Los Alil/llos , HIJI'X-IA. Culhnm\ 

plu lllu have been produced that after ,the setting-ul' phase . ho .... a chan£; 

terist.1c periud of reduced field n\lctuations nnd reduced ener&y lones 

OOllllonly knOIln as "qui ncence~ . 

the observed l-rproved confin("!o1cnt has becn interpreted as due to a 

n .. !;\Ira! t endency of t he -phs .... to reIn t"rou~ a series of relathe _1 
niMua energy Itates . Tn a theory devel oped by J.ll. Tay.lor L-4J. these 

tum out to be the fOJ"1::e free ecjw.libria . Although Taylor' . theoryde~1s 

only with the case of an inco.pressible plaSllla,. it ha. attracted _ch "E, 

tention, because it IICCOunt . for a nUlllher o f phenollena occurring in t o _ 

roidal disch .. rges. al fo r elWallle. field revcr5ol1 in pmches . In a recent 

paper L-5J ve have extended Taylor ' s variational Jlrinciple to th~ fi.ni­

te-~ el~e. As additional r.on,traints therein vc have irJposed the equil! 

briw. equation (L e . the cO"'Pari~ori ~tatcs must be ncighbourin& equili­

bria) and cons tancy of the I)re!sure and of the lont:itudinal ,"agnetic fi~.ld 

at ' the ·ax.h and at t he lIall. Fo r the circular qllnder ~nrl for the case 

of a -peaked current de,,~ity p."Ofilc the r esi.l lting cquilibl"iu!lI qu~ntit1e! 

are (assu"u' f: f or l h" sllr,~lo.c h,·"t ratio., the voIlut S/:n 
}..2 x c \(\·) Vi) 

Br - 0, BO -;- --.- , B
1

" -,- C()(v ) 

• • 

(,) 

I/hcre vc have defined 

CO(v)- AIO(V)+IJCO(V), C l ("' ) - dC/~v, ... -1).1 VI? +x2, x - rir , (1 )0 
• 

10 , Ko ·are the lIIOdi f ied Des,el f\lnctions , ~a and vI/ the values of their 

ar~ment at the lIIII,"ctie ax.1.s and a t the vall, rv is the lO!il1'lr rudius; ", 

B, J.. and (I are t he f our parCUlle ters t~ bc doten:li.ned froll approprill t e ~.2 

undary conditions. In comparing the measured magnetic fidd profiles of 

Eta- Beta. 11 (I/hich have been cbtllined by inserting 11 S<lt of lllagne tic coils 

in an equatorial pl ane f roll the ,eo.,etric aris R nI l 1 ga out~'a s. ve app y 

~half order" toroidlll CO)·l"cctil!n. 

First the toroidal shift. 6 . is taken into olCCllunt in approxi_t ing 

the ton.. by a cyUnder .... ho"''' :u.i. coluc jd",,, (1.ucally) with the ... agnctic 

~s RIlIl - Rea +6 and llith radius r v - a - 6 ( a being the -.inor r;1.I1i us).Tllen 

t he seeond dOllinant t oroidal effect, the l / R dependence of t he field is 

includp.d in an IIpproxilQtiM of th(" f01"1I 

D 
D ---'­
tor l +tx (,) 

llith DO and D~ givcn by (, ) line !li _U,r eJ<prcsdcns f or t l'e curr"nU and 

preSSUl"(! . TheSIl cxpTeni"n~ lea)· bc easHy deri\-,," if thc ~lIIgnetic field 

i l expressed by the pallliJ.,l flux Jllncti on ~, and ll'Cploying f OT 1 its e! 

Undrical approd ... ,tion. 

Co'llpari.s~n ... it" the ':"xp erlm~at! . In figures 1 and 2 the '-,,:lUI·"", .. "",etic 

ficl d profne~ (tllkcn t,t t ltree r i''''' :.ns tanu rlurjug thc qnleM·.('nt P:IUC \ 

arc ~h\'l"'n I.n" ("01'\1''''"'''' .. ·j ', h t.he tlwo",tic;,l 'lIlCS fdlollinr. fl'ol'l (' (lunti", .. 

(4). The appli("d ~oul\d.".y condi t ions bav(' toc ,'" tt,,~ valucs . of D".ol and 

D
tor 

at the .. e tal I/all ( liner) D
to

:" i.t tbe to'nI~ 1Iri... and the toroi dal 

(l"lU; .W?'{"'~ ~ote tha t to de tenrine cllrh eql~llbriu .. state it is ni'c t" uary 

to ' fix a ,1iet- Q! four para-e~ , as· h,u been sholm previously. Fro .. t he 

fiJu.r.ei_·n · h "c""m1y s een t1Y. t.. t he fitting of the e;.cverlllCnt:t l profile s 

with the'l;'nli::ol,o;tea'· ones , i .5 quite sarufactory and I/ell vi thin thc cXll£ 

rimental en"Ol"S • . 1"I!i~ agI"ee.ent tt>ms out e1"Cll .are cl early fro _ fit'ol re 

J where the current .densities .re reported. Note that in llValUating th!!. 

se .h lt qUiLntitiC!,; · the errors .due to the d1scnteness of the coil, IIla.Y 

be. quite impo..-tant. The kinetic preisure corrupol\d.ing to one of the ("{lU! 

libriulI .tates SOOIln in figuru 1, 2 i, plotted aho in figu re 4 and ill 

consistent with the experucntal value ~n axis obtained with laser IiCll t­

tering. I~ IlUst be pointed out. bo .... evlt'f. Wat thu pro"ure profile is 

vel)' sensitive to small. variations ot the IIIl1gneUe field. 

~~. Magnetic field profiln (Ill .... ell as ('.urrent density and I)re,! 

sure profilcs) measured during the quiescent phase of RF1' plullas produ­

ced in Eta-Beta U have been cOlllpared w;l.th thO le obtained frolll axh)'IIIIIC­

tnc ltatea derived by llliniod :ing the total potential ener,fJ subject to 

certain constraints. 

L-16 

It has turned out that there is indeed a aatiafactory alreement be! 

ween the _~asured profill!l and the theoretical linea obtained by prescr! 

bi~g (to r each instant) a sct of four parllllCtera . However. s ince the ap­

plied theory is a s tatic equilibriWII theory it cannot describe the evolu_ 

tion ot the pl~SIIa itself (~ . e. describe the time dependence of the four 

par&llle'"er. on sucb a tiJne scale). In any cue. the ObtaiMd results jUlt! 

f, the aSlullption of a <1c<:aying of the phslla throu&h a series of equili­

brlulII state s I/here, on a tilllesca!e chart eOlllpared with "he -phsll& l i feti­

me. the a8lumod invariants lIII,y be thought to be at.rictly vitrified. It is 

i",portlnt to note that the theory discuued hero describe ll rhli tr. be ta 

"lnllll8. I!quilibria and the Ob9O!JVOld Igreement betv"en the ~xper)lIIental and 

theorotical profilcs merciUM the confJdcnce that ~tillin".HII enerltY high be­

ta states are inde(,Q <.b tained in t he ouiescent phue of Ilow pinclu,· ... 
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:IXPDIJIEliTAL STUDY OP THE IRPLUEnCE OP CATHODE 

!lID COLLECTOR pLASIU DYliiMICS ON THE MICROWJ.VE 

OBIi'EIUTOR WITH> A RBL.lTIVlSTIC ELECTRON BEAM. 

N.I.Zaiteev, N.P.Kova1Jov, G.S . Korab1jov, I.S.Kulagin 

Institute ot Applied Physica , Academy ot 

Scisnces ot the USSR , Gorky , USSR 

'1'0 incrsass pulss durstion ot lDicrowave radiation in 

relativistic generators one must solve a number of problems 

rel$ted to dynamics ot a cathode plasma snd a plasma tormed 

on eleotrodee under intense eleotron beam bomberdment . 

Plasma nth the electron denaity N,"',01 5cm-)[1] is 

formed on the electron gun cathode end e~pande both trans­

verse to and along ths ststionery magnstic field wi th the 

rate of tbe order of 10Scmls and 107cmJa , respectively[l,2} 

This rssults in tbe variation of the effective emitting sur­

fsce of a plasma cathode du»ing the pulse. Plasma from the 

bombarded surface s may expand even with a higher rate. Par 

example , when the origin threshold ( 150 J/g) wee exceeded , 

on the stainless eteel collector, plasma formed which waa 

nontransparent to cm- waves and filled the beam tran s ition 

, ohannel with the rate higher than 3 0 107cm/8 [2). Therefor e , 

• ost promising for generation ot microwave rad i ation of en­

banced dura tion are transit beam devicee which have e ca­

thode quite remote from the electrodynamic 8yetem and a co'­

leotor with e 'sufficiently developed surface. A oarcinotron 

with good adaptibility with respect to the varistion of 

electron beam parameters, used in our experiments, is of 

1II0st interest. 

~~i~$i~\~ 
M 

Pig.1. Scbeme of experimental se tup : 
1 - cathode , 2 - anode, 3 - main so­
lenoid, 4 - ~iaphragm , 5 - electr o­
dynamio sy~\em , 6 ~ correcting aole ­
noid, 7 - mirror, 8 - vacuum nndow 

In this gene­

rator (Pig .1 ) elect­

rone interacted witb 

the first backward 

apatial harmonic of 

tbe TYOl type of a 

circular weveguide 

with a shallow- cor-

rugated !scet Ill. 
A coaxial diode with 

magnetic insul ation 

waB an eleotron 

source. + collta.;1ng diaphragm prevented elctron beam bom­

bardment of tbe wal ls of the electrodynamic system. A drift 

tube between the diap~agm and the slowing-down system pro-

teoted tho latter from evaporation producte of the cathode 

and diaphragm materials and enhanced tbe delay of plasma 

fcrmation on the diaphragm in the active volume of the ge­

ner ator. The electron gun and the slowing-do',m system . were 

placed into s uniform magnetio field Ha1.3 T. The scheme 

and the measurement procedure for the parameters of tbe 

high- frequency radiation and of the electron beaa were the 

same sa i n [11. 

The co~f~surat ion of ~he magne t ic f i eld i n tbe collec­

t~r region <'Iaa chos en so ae to obtain the densi ty of the 

beam ener gy release on the collector lower than the thre­

shold (1 50 J / g 12). I n thi s rsgime, generetion cutoff WBa 

due to plaama formation on the collimating diaphragm. In all 

the instances duration of electromagnetic radiation waa es-

Pig.2. Voltage osoillo­
gram on a diode (a) ;oe­
cillograme of collector 
current (b) and of hi gh­
frequency power (c) 

sentially lower than that 01 .he 

electron current pulse. 

The mean radiation power 

of .... 40 MW with the durat i on of 

0.4 ocs wae obtain~d ~\ our ex­

periments, whicb corresponds to 

the generator efficiency of 

..... 8% (aee Pig.2 ) • . With raapaot 

to the peak power (50 NW) tho 

generator offioiency wan 1 1 ~ , 

which is close to the oalcula-

tod roeulte. The wavelens th end 

the rad i at ion structure alao corresponded to t he results of 

calculstion.e : ,l. =) . 2 cm and 

guide. 
"'01 of a circular weve -

In subsequen t experimente we ueed an electron ,gun with 

beam compression by the magnetic field, similar to that 

described in [31. It wss found out, that in this system the 

expansion rete of the outer boundary of the beam in the 

transmi ss i on channel was two timee lower than in the pre­

vious experiments . The magnet i c f i eld in the generator ac­

tive volume waa increased up t o 1.7 T. The generator vIas 

i ntended for the wavelength A _4 cm • 

Fi g.) showB voltage oecillogram on a diode end oaoil ­

logral'leof an envelope of a high- frequency pov/er pulse,whioh 

cor:"'espond to 3 coefficients of magnetic compreeaion d _ ~I(' 
where H ie tbe magnetic fie ld in the slowing-down Byetem, 

and Hk i s the cathode tield (); 3 . 6 ; 4. 8) . High-frequency 

generation delay dependad only on the magnitude ot magnetic 

~c 
'lr 
III V-
Ii[ V 

Pig. 3. Voltage oscillogram 
on a diode (a) and osci1lo­
grams of a high-frequency 
power (b , c , d) a t different 
compreBsion (et,. ~ ) of 
electron beam : b) Cl -) , 

c) 01 _3 .6, d) Cl -4 .. 8. 

• 

compres.eion, whioh is due 

to tbe variation of the 

i nitiel diameter or the 

electron be.em. The time of 

tbe generator cutoff alao 

depended on the magnetic 

compression and , aa in the 

previous generator, was 

conditioned by dense plaa­

ma formation on the colli­

mating di.ephragm. 

Thua , decreaee in the 

expan.eion rate of the outer 

boundary of the electron ~am made it poesible to obtain 

the generation dur.etion up to 1 mcs. The peak output power 

M-I 

was 20 MW , whioh corresponds to the generator e'ff1ciency of 15%. 
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AUTOL\:ODULATIIlU AND STOCHASTIC OSCILLATION REGIMES rn 

RESONANT RELATIVISTIC ELECTRQN MASERS 

U.S.Ginzburg , tt .I.Petel1n . U. A.Shapiro 

Inst itute of Applied PhY9ica. Academy of Sciences 

of the USSR , Gorky . USSR 

In high-power high- frequency gene rators elect r odynamic 

systems are often of quasi- optical type. Examples are 

1) free electron laser (~EL) with two- mirror resonator; 

2) gyrotron with whispering gallery modes; J) magnetron 

with large number of anode lamel a . 

Basic equations. In any of these systems, if the reso­

na tor quality 18 high enough and the phase velocity disper­

sion is l ow , t he wave envelope An (~, Z) (here ~ -Z -VgrouJ) 

le dimensionlese wave variable , Z i s dimensioule sD longi­

tudirw.l coordinate) is of the "merry- go-round" structure 

slowly altering from· turn to turn. Changing the number of 

a turn n by "slow" tin:e "t and neglecting el:plicit depend­

ence of An on i , the wave equation reduce.o to [1} 

BA a'A j' ~"t + Lf! ~ + A ~ • J l(l)dz (1) 

A(tt) - A(~ + T, q 
Here ~ i.o the wave diopersion parameter , T is the wave 

reversal period, Z ll) is the electron- wave coupling coeffi­

cient, J:=. 2~,e( e -~S d 60 is the electron current hanno­

nic synchronous to the wave , ~ and e are init ial and 

current phases of an elect~on with respect to the wave . If 

the fo rce bunchi ng of electrons . is negligible compared to 

the inert ial one [ 21 (for the magnetron it is correot in 

the weak ~gnetic field regim~ , when eleotrone are collect­

ed by the anode at the first cyclotron loop), the electron 

motion equation reduces to the universal f'~ 

( 0 0 )' ""IT" + Of e (2) 

a' OT )91,_0-B 
where 0 is mismatch from electron- wave rG.oonance. Sometimes 

it i s convenient to eXpand A{~,t)1.nto tbe sum. of modes 

ith • hom lit d. A"<L A. (t) e"~sl w spac ~eneous. amp u s 

where l:J S = T S • 
1.lodula.t10n instabilit y. Somo general properties of 

generators under consideration can be revealed using the 

"klystron" o.pproximation of the coupling function: 

re(!) - e8(1 ) t 8(Z-L)(electron.o int eract 'lfith the wave 

in t wo. narrow "gape" separated by dietance L ). In this 

case Eqs. () - (J) reduce to a delayed argument equa tion : 

ca "a'a " x f Cl -i6L J (/ l} dt+lfl.~ +0 - - ' iQl e , al I -L 

where a is proportional to A , J ,(X) is the 1st order 

Bessel funct.1on, X is parameter proportional to the electron 

curz:ent. 

Let the initial state be a stationary single-~ode geno­

ra~ion. Is it Dtable with respect to small arbit~ary pertur­

bat1ons? That depends OD exceSD of eleotron current over 

the threshold and on location of the pr:!.mary mode in the 

eelf -excitat i on band ('Pig. 1). In partioular. 'll"hen f-l-'O 
(oquid·ietant eia:enfrequencies ) . perturhations grow, if 

6'(2 -p - pR )\3;' R' - 4pR)< (i+ Pl ( f· R -2pRl', .h .... 

I 
~ 
1 

/ 

K 
"I 

I-I 
a 

?" 

"', B -n 

! 

Fig. 1. Stability 
diagrame : a) for small 
lexoeos over threshold; 
b) for arbitrsry 
excesses over threshold 
when the primary ~ode 
frequency ooincidee 
with the negative 
absorption band cent er 

are instability regions 

Wo • I is electron 
current , l ,is its maa:­
nitude corresponding 
to maxinlum frequenc y. 

f or weak: (Jl- 0 ) and 

strong ( }It - - ) wave disper sions 

R· a J' (a. ) I :J, In ) ,a 1. ~pl1tud. 'f the pr"""'" 
0" C 0_ - a -

m,d" pqOSIii, l;'cosl\1, Ql.} ~~, \If' 2-;41 
W} -WP 111= !/Jp-Wo W and W are widths ot the \f'- , 'I' - • 

W '" negative absorption and self- excitation bands. 

At moderate esoesses over the threshold (Pig. la). 

the primary mode is unstable only if its eigentrequency ~ 

is shift ed at 8. oertain distanoe from position correspond­

ing to the maximum effi ciency, i.e . the weaker is the mode , 

the broader ia the renge 01' eigenfrequencles Wt. of rival 

modes able to withstand and suppress it. Finall y . as n~­

rical solutions of Eqs . (1), (2) ahow, single-frequency 

oscillations settle at a mode in the middle of the self-

excit8.t~pn band. 

At a large exoass over the threshold , the st8.bilit~ 

of the most efficient mode vanishes, satellite modes !U'i eing 

in tbe positive o.~sorption band of the elect ron beam 

(Fig. lb ) . Thie procese (four- photon decay), acoording to 

numerical calculations , results in phase- locki ng ot modes, 

i .a. in automodulatlon. The latter is periodic at moderate 

I/1o and atochaetic at large 1110 [.31. 
Quas i-linear approach to stocbaetic multimode regime 

in FEL. For the PEL , where the high-Q two- mirror resonator 

is excit ed by ultrarelativietic eleotron beam with finite 

velocity dispersion , the s tochaetic regime can be described 

by the following quaa1- linear equations 

aur, W w- I l'rd! Tt+ Q ' - T • 
at _ a ID al ) 
Tz - ar ~ 

w.I,_o · W,(II) 

f 1.=0 = f, (l) 

Here f ('1,z t) is electron energy distribut i on function, 

UTk is spectral denQity of elect romagnetic oQcillat10ne. 
ltW!~,,,afl . r=21 52 ·Q or l .. m is kinetic instability incr e-

ment,]= (B rt ZC2ifJm2c"hTII ia diffusion coefficient, le i s 

electron- wave couplill6 coe:Cfio1ent, 

t ion frequency ( I< = 2 t r 2) , 
Q 1e electron oBcilla -

r W » j 
At large excesses over the threshol d Gr in 

the stationary generation regime (OUJK/at)=O , the distri­

bution function at the resonator ent f ( l,L) has the form 

of a plateau stretching to energies small oompared with 

thoee a t the entrance. 30 , a half of the electron beam 

power converts into elect romagnetic radiation . 

1. V.L.Bratman, H. S. Ginzburg , M.I.Petelin. Izv. AN SSSR, 
ser. fb . li, 1595 , 1980 . 

2. V.L.Bratman et al. Relativistic high-freq~cy electro­
nice, Gorky. 1979, p . 249. 

J . Ya. L.Bogotllolov et al. Optic8 Commun., p.209, ~, 1981 . 



RBLUIVISUC PLABIo1A. GBNKRATORS WITH EFFECTIVE 

~IA'1'ION OO'1'PUT 

V.L.Bratman, N.s .G1nzburg , N.F .Kovaljov . M. A.Shapiro 

Institute of Applied PhYsics, Academy of Sciences 

of the USSR , Gorky, USSR 

Numerous investigations (see . for example, [l,2J ) 

show that it is rather e&61 to excite waves in plasma­

beam systems, but it is difficult to provide single-fre­

quency generation and extract radiation from plasma. The 

report deals with new possibilities of solving the prob­

lem on radiation extraotion, arising as the result of ex­

citation ot plasma oscillations by ~ relativiut1c elect-

ron beam. 

In the case when plasma ie assumed to be a linear 

medium, the theory of plasma generators can be formulated 

by analogy with the theory of vacuum Cerenkov devices 

(see, for example, [)] ). Such an approach permits to 

reduce the problem of the design to the electrodynamic 

one. i.e. to the choice of plasma configuration and den­

sity providing the neceusary dispersive features of the 

wave •. the coefficient of ite coupling with the beam as 

well as matcb.il:l8 to the output paths. 

1. Relativistic plaema traveling wave amplifier. 

Consider the case of magnetized plasma filling a cy­

lindrioal wav~guide. Prom the dispersion diagram for this 

system (fig.1) it is seen that as the electron velocity 

increases, the phase velocity of the excited wave (curve 

a: ) . increases as well and approaches the velocity of the 

wave propagating in a vacuum wave guide (curve C ). \'lben 

radiation is extracted from the system through the sharp 

cutoff between plasma and vacuum waveguides. the wave re-

flection coefficient from the' cutoff is m:1.n.1mum Itl ___ • 
/" ej' J" " "'k: ""'I ;-; at the freQ.uenc1t.)£V{i'+~c/lL. where ... ..7,.. is 

the plasma frequency, 

K. is the transverse 

w·,V wave number. Taking 

into account the con-

dition of the Ceren-

kov wave-beam eynchro-

~sm (.")<:1(11' wo 

obtain that when tho , plasme. wave is exci-
Pig.1 ted by ultra.relati-

vietic electrone (the I -rh 
relativistic factor r'" (1-{r: ..",1 

the re~.otion ooeffioient ean bo o~l f 
-, 

/~/It ..... ~ r 
Such value of / r/ is r ealized in the matching condition 

a -)'1"/<.1 • where a: i8 the waveguide 

is the Be8sel function root. 

Application of resulte [J] to a plasma. TWA show.!! 

that under the conditions of the optimum matching , the 

operating current proves to be a low one. A more favoUJ.'­

able situation takes place in a wave guide with a. sradual­

ly varying radius to the opti mum value at the interface . 

2. Relativistic plaema backward wave oscillator . 

Another possibility is associated with radiation · 

output through the lateral face of the . wl1veguide. The pos­
sibility is realized at excitation of waves with o.nomalo-

U8 dispersion (BWO) . Waves with 8uch d18per8ion exiu~, 

in gyrotropic ·plasma [2,4] and in a free layer of 

iaotropic plasma [5] In the latter case, however , on­

ly slow waves, which are not excited by the relatiVistic 

beam , pousess anomalous dispersion. Necessary dispers~on 

takes place in the tubular layer of isotropic plasma con­

fined by a metal jacket (fig.2). In such a system, the 

-"'­

"" I r--:----'-~--,'""--
/ I~~/~/ 

~. / ~: ::i ::5 
'\. / C)P '3: {- - ~ 

f 

Fig.2 Pig . ) 

dispersion curve for the l owest mode crosses the light 

cone without changing the derivative sign . Due to this, 

rather a gradual variation of the waveguide geometry ( of 

radius R in fig.2) permits to traneform the \1aVe phase 

velocity to a superlight value . Then, i t is easy to ~di-

a~e a wave through a free lateral facs . Such a device is 

similar to an effluent - wavs antenna. An optimum matching 

to the antenna is achie\'ed for the lowest mode of the 

waveguide with parametere wp:::1.5"w, f=~ ~2J.eA :::f.5'. 

REFEREUCES 

1. A.!.Akhiezer, Ya . B.Fninberg. DAB SSSR. 1949, §2. 555 ; 

D.Bohm, E.P.Gross. Phys . Rev •• 1949,12, 1851. 

2 . B.I.Aronov, · L.S.Eogdankevich. A.A . Rukhadze . Plasma 

Phys., 1976, .ll!.. 101. • 
J. U.F.Kovaljov. V.I. Petrukhina, A.V.SmorgoDsky . Radio­

tekhnika i elektronika , 1975, 20, 1)05 T 1547 . 

4. A.W.Trivelpiece, R.W.Gould. J .Appl.Phye •• 1959 .22. 

1784 . 

5. T.'1'amir, A. A.Oliner . Proc.IEEE, 196) ,21, )41. 

1\1\-3 



M-4 

STATES OF THE THIlf-WALLED BEAL! OF RELATIVISTIC 

ELECTROIIS IN LI LlITED CHANNELS 

U.I .Fuehs . N.F .Kovaljov 

Institute of Applied Physics, Academy of Sciences 

of the USSR , Gorky. USSR 

The present report deals with resulte of the bounda­

ry value problem of formation and t ransportation of the 

thin- walled magnet~zed relativisttc electron ba~ (REB) 

in a limited channel with an arbitrary profile R~J slight­

ly varying along Z- axis. For slow variation of RKfI plll"a­

meters(21,,/R/» I (l" ls the variation scale) the Leplace 

equation for potential if t aking account of the condition 

'f"V at ' the channel wall , the condition for the electro­

static "field at the bS!lIII rt{to (ifJ' _I1"'+Ji'5 cV is tbe ano­

de vol tage . ~ l e the surface density ) and the energy con­

servation law 1/1) = i· 'f(I,i). is reduced to the ordinary 

differential equation [11 ; 

f!, + If. -r}f-9I:'~J ' a (1) 

In (1) C;=.Jlz/R., Il. i s transverse scale of the system., Its 

-1"V. et! is proportional to the beam. current I. Por the 

plane channe l with a beam propagating along the plane of 

symmetry 2( .2J.. JR.<1 is the linear current dens ity) . fit:)" 9', 
~(q) ~R~/R.. Por a cylindrical channel R -2I&~ ~ fle)'" 

·~ f!,~/C,f, 9(I;'·lf,f!, fj/({·!J,iJ Hore the p,tential1. 

normalized to 0.5 MV, the ourrent - to 17 kA. For the re­

gular channel eq.(l ) has an integral 

e· r, (I) + (, (17. (2) 

The first function F, '" (2(r r)l- 2 ~.,ji':f depends on the 

beam energy. the second one Ft. • (I'P· =. (H]1 depends on the 

electrostatic ~ield only . Hence, the const ant f is simi­

lar to Hamiltonian of the conservative mechanical system 

which is 8. sum of potential and kinetic energies. Such a 

representation permits to formulate a qualita t i ve theory. 

Consider , for exampl e , the injection of REB in a channel 

Hmi ted by planes w1 th fixed potential (I. ~ In the case 

$a "'0 possible st a tes are described by the dependence <Je . 

lI'rtJ.fii7/r maximUlll. current iu-ry/J-I)# is reached at 

1= III Por limited systellls this dependence ~/I'} deter­

mine s the geometrical locat ion of extremaJ. points of the 

two-humped curve F; frj only, whose f irst m.a.x1.mUlD is a t 

/s1 , the second one corresponds to the high-energy 

(~->r.YI)branch , while it s minimum I;:.nforms to the low-ene~ 

l!.:J I(l , t~) branch (fig. la, b). With increase in ourrent 

Fig.'. Geometric location 

of extremal points of func­

tion r,1tJ b) its profile 

for fixed ae c) distribu­

t ion (tl). 

~>~. c ~(~the second maximum becomes less than the 

firat one. and at;L > i£Cf the second m.ax1mUlD vanishes oom­

pietely and the f unction F,. ((J becollles monotonic. Bere r.­
·~f ... j2(1 +/ coincidee with the REB potential obtained in 

[2} for a homogeneous channel with the cathode having 

the emission lilll1ted by the space charge. So, for ~.,. "lJ?" 

in t he system three R&B states are Dossible (fig.lc) with 

various values of the electrostatio field X' in the in­

ject i on plane r; .. o (the value t:./J for the given cur­

r ent de can be ch~sen aB an eigenvalue of t he i.nveatiga­

ted problem): State I has lIli.nimum energy' min "' '2' In 

the state II { ( (mill ' (, where is the energy at wbich 

Iiff, } " F;(tiJ (fig . la) • one IIIOre physically realized sta.te 

ia possible ata.te III with a virtual cathode (.J J 1'",0 

in sOllle point of distribUtion 1t1) • With in~eotion .. n_ 

hanoement the refleoted part of the electron beem grows 

and the virtual oathode itself ahifts towards the in~eo­

tion plana. lIeginning with the el!l.me current "l!. > X"fOnly om 

state III remains. 

Realization of e. s tate depends on ae determined by 

the total space charge in the in~ection plane and on the 

method of beam formation. Pig .2 displays t he dependences 

X min and the colleotor current ¥! colon i1! • With in­

crease in ae the REB potential i n the state I gradually 
110/.0 decreases and at (1! · (r1~iJ the R&B jumps to state Ill. Por 

~~ 0' 
f _ , . 

D ~, ;r, 

'~. " : - - ~ - ~-
~ ;1', l', 

Pig.2. Dependences a) ¥ min of dis­

tributions Xtl} and b) collec.tor 

current ~ col on electron beam den­

sity~ in the inj ection plane . 

inverse direotion of the curvent 

the virtual cathode vanishes at ano-

ther current value (for an in!in1 te­

ly long channel - at Cl' '' (1!. ). Simi.­

l ar hysteresis phenomena oocur with 

t he channel l ength variation at the fued par8l!l.eter;le • 

Two charac teristic points of bifUroation are, evidently, 

the general feature of a stra1gnt electron f lux penetra­

ting the space limited by an equipotentia1 surface of an 

arbitrary shape. For a thorough i nvestigati on of the sys­

tem behavior near these poi nts one needs to consider a 

nonatationary problem, in particular, the problem on eta­

bilit~ of states I-Ill. 

In the same approximation AB for (1) it ie easy to 

obtain the equation for. alowly varying prooesses. Thus, 

for a plane regular system theQe eq~tions have t he forml 
a1E ,1\1' i Y' t? -[ ' ,r' U: · ~-((.-I)-6, "'-}d, (J) 

IP ,/, I~J ,. 1I1! 
If,P jO'l,(E-ji, , n-a. ~ a. 

Here £ is the electric field induced by the internal mag_ 

netic field of the beam. tp is potential related to the 

space charge. r .. /ietIR" Prom eq.O) follows the inatabi­

lity of the state 11. Suob an absolute instability ie 8.8-, 
sociated with occurrence of a wave at hp " (£/0'2_1)* >1 
t:z:ansmitting the energy in the (Z)-direot ion and inaurinB 

back coupling in the s1stelll. The i.nstability of state II 

for RBB propagating in a l1mi.t ed vacuum channel is of the 

same nature as the Pierce inst ability known for limited 

systems with a compensated electron beam. 

1. N.F.Kovaljov. 1I.I.l'ucha. Preprint No.n I.F.P AN sssa. 
Gor1cy. 1960. 

2. 4 .1.J8dosov et al. Izv.VUZov, Jizi.ka. 1977, 10, 1)4. 
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