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• Inlrodl.lclioo: High bela, good confinement and steadY-ltate operation in compact configuration and at 
modest field have long ~n major goals of magnet i-= fusion energy research. Accomplishing these in I 
singlc: device will permit cost-errective and allfattivc: embodimenu of fu ture fusion reactors. The intro­
duction of the spherical torus concept! 1 J was so motivated 10 a ll1r~c degw:. An equally important 
motivat ion ili its pr05pect of reducing cost and time of fusion rc)(atch and development. In comparison 
with alternate: confinemc:n t concepts of RFP and 5phcrofllak, a 'phc:rical torus c:l:perirnc:nl is C;I;p«ted to 
be similar in compactness, low field, and high beta; but with better, tokamak-likc: confinement times by 
morc: than an order of magnitude:. 

The idra of very sm all aspect ratio (A) tobmaks per se has been discuued recently {2.ll. ba.sed 
primari ly on conventional tohmak assumptions such as higb poloidal beta (Pp), modest elongation (~), 
and inductive nattup of the plasma currcnL This leads 10 beta values much highcr than permitted by 
the more recent understanding of the fi rs t stability regime 14]. In contrast, the sphericaltoruJ projects 
high beta th rough natu rany large" and plasma cufteo t 11 a modest Pp' I nd stays within the first stabil· 
ity regime projcctions. The spherical IOruS concept is made plall5ib1c by recent progress in advanced 
current drive schemes. such as initia tion and rampup by lower hybrid waves IS) and maintenance by 
oscillating ftclds [6) (hel icity injeclion (7)). It permits compact looS-pulse sphericallori with liltle or no 
$Olenoid and A < 2. Assuming these Idvanced current drive IChemcs, igoition spherical lori Ire 
est imated 10 be compact (R - 1.0 10 1.6 m) Ind al low fields (Bl1I - ] T 10 2 T) [8]. In the case of 
small·size, low·field, and short-pulse experiments using pulsed high current density coils, ful.! inductive 
current startup should remain feasible. 

- Nahlral Elongation: Free-boundary MHD equilibrium calculations show thal" - 2 occurs na turally in 
I spherical IOrus when only I dipole vertical field is Ipplied. When a quadrupole shaping field is 
Ipplied,,, - 1 can be obtained (Fig. I). The dependence of poloidaland loroidal rleld coil cun-cots all 

A is shown io Fig. 2 for I constant safely faelor at edge (q) of 2.4. Is is seen that the 10lal coil 
ampere·lums, relative. to the. plasma current, lIe reduced by more. than an order of magnitude when A 

--._" ......... 
o 

Fig. I. NllUrally elongaled :lPd Itrongly 
e10ngllted pluma erou JOction$ a t A - I.~ . 

~
'.'" "'-"', 

r .. , r, 

------- ---. 

Fig. l Dependence of ~cnical rlCld (VF), 
dlaping ncld (SF), poloidal field (rf). and 
toroidaJ rlCld (TF) coil ampere·turns. rel:. tiH 
IQ thc pluma CUlTeIU on A Ind c. 

'Research lporuored by r.be orrlCC of FlUioo Eoef'lY. V.s. Ocputmc.nl of Eocrp, ullCkt Coatrad No. DE­
.... COS-840R21<WO with Martin Muic:tLa EocrJY Syatem&, fDC.. 
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is tcdLlccd from <4 to LS. The toroidaJ and poloidlll coil CUfll:f1U become comparable in • ,phenOl] 
torus, giving comparable fidd~ . Large elongation is • natu ral fealure of the Iphericailorus. 

Pb,ma o.rTtol and Betl: The plasma current for the5e equilibria can be appro.t.imaled by: 

(I) 

where B,o is the vacuum toroidal fic:ld at the major radius R. f - ItA and C, - 1.22 - 0.68 f. Thus 
for. Iphericai torus witb A - 1.67 , .. - 2, and q - 2.2, we rmd that i,{MA)/[a(m)BtQ(T)J - 7, 
which leads to. high potential of plasma beta in the first stability regime [4]. Rccc::nt uperimental 
resul15 [9jluggest that the beta Limit can be approximated by: 

(1) 

indicating {Jc va lues above 20% for the spherical torus. That such high plasma wrrent is permitted in • 
spherical torus can be seen in Fig. 3. The moderately pitched field lines in the inboard n:gioo of the 
spherical torus introduce a la rge toroidal rotation becaUlC of the relatively small toroidal circumference 
there. more than compensating for the 5mall toroidal rotation due la the highly pitched field linC$ in the 
outboard region. That such a magnetic field configuration 5hould give high beta for MHD stability can 
be seen also in Fii. 1 In comparison with a conventional tokamak., the Ipherica1 torus bllS a short field 
line length in the bad-curvature region relative to that in the good-curvature regioo. 

-Ftssma Panmapetism: Relative to the line-averaged poloidal field along the plasma poloidal cir­
cumference. {Jp can be approximated by: 

(3) 

It is seen tbat (Jp is comparable to the toroidal beta and much le$.S than l. ICllding to essentially force­
free, paramagnetic equilibrium configurations. The highly pitched magnetic field Lines then produce a 
large poloidal cumnt tha t 'trongly enhances r.he toroidal field (B,) at R. The dependence of B,I BtD on 
A and, is plotted in Fig. 4, showing t bat it can become greater than 1.5 when It is reduced to below 2. 
The enhanced S, contributC$ to increasing Jp for a giveo q. The presen\.~ of !l large 8,/8'1) thus serve:! as 
an indicator of the spherical torus characteristics. Strong paramagnetism ai.w iotroouces an impor..ant 
uncertainty in the application of Eq. (2) with respect to B, and B,o- The uncertainty in the limiting 
pressure i:s proportional to (B, /StD»), dependent on the definition of B on either side of Eq. (2). as long 
as f3p < I. 

Fis· 1. The 000101.11"11 or m"-llil ~ tic rle ld Iina on the 
q - 2 IlIrllCQ or I convention.1 tohmd: I.nd Iphcri­
ca] 1Onu. The ponion of t~ field iiDa in the ,ood­
CIItv.ture I"CriOD i, d..,hcd. 

--"'-''-''­__ ' ..... 0..-0'_ 

;-t-----. i 
\ t-~- I 

L] .-~ .. ,---- , I ........ : 
~-~- .. 

'. . 

Fig. 4. Dcpc~dence or B,/ BoG and (j. Dn A 
for naturl lly elongated and ~ - 1 pl..,mu. 
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_Ntar-Omnlgendly: As , hown in Fig. 5, the I trongly enhanced B, at the plasma core and the IlTge 
poloidal field nea r the plasma edge create a Itrong eurvature of the lu rfaces of \8l makinl them IUlely 
parallel to the nUll surfaces at the outboard region of the plasma. In this region, the particle drift orbiu 
coincide with the nUll surfaces since Ihe curvature and grad ient driflS are now parallel to the n Ull ,u r­
faces. This nearly omingeneou5 [10) relion largely coincides with the region of bad curvatu re of MUD 
instabil ity. This region is nearly fru of locally trapped particles and hence has improved kinetic liabi l­
ity, although trapped p.:1rticles " ill uist betwccn the top and bottom rcgion. of the plasma. These 
trapped particles have reduced - banana- width, leading 10 a red uced neoclassical Iranspon . Since the 
size of the region depends on .c , fJ and B,/B,C), it is subject to eXlernal conlfols of the Ihaping field, 
plasma heating and q . 

.-Plasma Heliclly: Toroidal plasma belicity can be ellpressed by the hclicity parameter [ 11 ), B 
( -(Bp)s/(B,h), where the 6ubscrip15 Sand Y indicate surface and volume averagcs. For the Iphcrica.l 
torus configuration (A - 1.6 and .c - 2), the dependence of 8 on q can be ploued in the F~ lpace, 
where the pinch parameter, F ( - (B,)s/(B,h), depic15 averaged inver&e plasma paramagnetism (Fig. 6). 
It is ~en that, as the helicily increases, the sphcrical torus evolves from wcak..ly paramagnetic Ipherica! 
tokamak (q - 10), 10 strongly paramagnetic spherical tokamak (q > I). to Ipherical pinch (1 > q > 
0), to spheromak (q - 0). and eventually to spherical RFP (q < 0). In tbe case of spherical tokamak, F 
- 0.8 10 0.5 and 8 - 0.8 to 1.5, and current maintenance via oscil lating fields [7,8 ) is suggested. The 
efficacy of this approach is enhanced by its relatively modest atored magnetic nux. 

_ Discussion: Based on a limited number of MHD equilibrium calculations, the features of the Ipherical 
~ma discussed here appear qualitatively different from the conventional tokamak plasmas. 
The~ features include naturally large elongation, lar8e plasma c urrent, high beta in the flf'St stability 
regime, low poloidal beta, comparable toroidal and poloidal fields, st rong param'genlism, near­
omnigencity, and strong helicity. In discussing the implications of these plasma features, much of the 
conventional wisdom of toroidal plasma physics is applied. Since there is no concretc data base for 
spherical tori, our discussions ~rve primarily to indicate possible imponant direct ions o f theoretical 
analysis and upcrimental tes ting. EJ:amples include the erfec15 of strong paramagnetism on achievable 
plasma heta, the eITec15 of near-omnigeneity on plasma kinetic properties, plasma energy c:onfUlement in 
thc~ configurations of ultra-Iow A and high cu rrent., the e fficacy of lower hybrid wave and oscillating 

Fig. S. Configural iollll of , pMri· 
1:&1 torus pluma nu~ turf_ca (1Olid 
and doned lines) and \Ill -Iurfaco 
(duhcd lines). The lIC.ar­

omnigenoouI regioo iJ 10 the riaht of 
the bold dubed line. 
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FiJI. 6. The dependence of F ud • CM! , in a .pMr­
ic&l torus eonftgUration with A - 1.6 ud. - 2. 
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field current dri."c, and thc viabi lity of the spherical pinch and 5pherical RFP configurations. The 
IltraClh'eness of the ,pherical loru$ III 11 compact magnelic fusion concept depends on the resolulion of 
, uch qUC5tions as thest. 

The author wishes 10 thank T. E. Shannon, E. A . Lazarul, and J. Sheffield for stimulating discus· 
'ions, And D. J. Strickkt and J. B. Miller for equilibrium computations. 
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TIlE EFFECT OP llAGIllTIC PIEIJl RIPPLDlG OIl l!ERCIER 1:0DE STAllILITY 

OF FDlITE-PRESSlJRB PLASUA ill TOROIDAL LUGlffiTIC TRAPS 

Inatltute 01' Phyulco cnd. Technoloay, tho Ukre.1n1an Aco.d.emy o~ 

SclanceD, Kharkov )10100, USSR 

It hruJ recently been ohovm [11 that tho 10ngHudinal 

riPPLinG 01' the cagnet1c field in a low-pr<oouro tokamak plaoma 

produces c.n add.1tloWll d.ostnb1lirlnG affoct on umall-acale l!HD 

~od08. The eim 01 this paper is to invest1cate the t1n1te-preaB­

ure pl<Ulll!a otabill ty in ripplod cacnet10 treps w:I. th a cocpll­

cated form o~ a masnotlc ~. ~e annlyuls ot tho stabllity 10 

based on tho methods tald.ns into accowt tbe cocplicated DOGlet-

1c -fiold soomotry [21 ond the rippling of a longitudinal mag­

notic 1'1.1d [11. 

'(=0 e..osume the J<lB.Gllotl0 anD of a closed toro1dal JIl8.Glletlc 

trap to be a epaUnl curve charcct.rizod by a curvatUI'<! k( $ ) 

and a toro1on ;;:e. ('7 ). ",bero 5 1. the toro1de.l ansJ... In enee 

of an arb1 tra.ry depend.once 01 the curvature (Uld torsion on ) 

cnd a .tranG cacnetic field ripp11nl!; the cri torion of .t"b1ll ty 

relnt1 ve to the lm£11l-ocnlo Eood.e build-up ls very cumbersome . 

For this reo.aon, we rootrict OUl"DolvCD boro to the cnalyoi.a 01 

tho B tubl11 ty cri toriG tor e.:1:cplo ma,cnetl0 con!'1curat1ons liIuch 

ns tokama..ka :md tip1 t&or wtiguroa-ot-cl&ht" tilled. with 0. :f'1.n1:t;e­

prcoeuro plaoma • 
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ic field is given by 
e,-

1:>0= ll.SY~ ( 1 ) 

In this case the MHD criterion in relation to the Mercier mode 

build - up hes the :form '2 

~ r'[u2 n2lK,),e,~))U ) ~11,-r, ~1<2)le")(~'S)le,",)] -. 4~ - j'l'" ·",1 L u.o"+.JL'J1,,-O + - + 
" oR' n " 'Or, 
21f[1¥?S)le;9.2J+JL ( \(nl::~'&'rl-n,+"t \.~ I K~I(",\)1'n,)'8 l.. 

+ \: "''''1\ j-1-t'n .. ) ~nnll~~n)y",1{1I) fl-nd 

.YJl'l~2\2{?:lrz.\~ \'(1:, \>12.trl. x7,X",Xn,>''''n"n,l~ \ y) 
e R,2) Ln" \)1 " ,) J ~ lnn,n,lf.n,)\j'.II"\Ji",H\,-O,y-\2(lhn)ltl.nll 

. ~ l. + l. • 4lJ1·n.n"o;) + Cn - n,)2 +ttll,>O 
1 \ji.nO(lh<1i) \jhn)lp.ni) (j\"\'Q,<l""n~' ;!\jl.n)'l,)hl\)\j'.",J'J j . 

- ~/2 02 
where X'= KR(l,A~l .Je = PC%~2.J1'- • the rest 

notation being standa.rd (see refs. [1-2]). 

It follows from eq.(2) thet in traps with a spatial magnetic 

a.tia the Pouxier components of the rippled magnetic field, b(l , 
end of the magnetic axis curva.ture, Kn I get coupled. This l eads 

to additional te~ appearing in the stability criterion which 

are 

the 

proportional to the first power of <On (in the tokamak caseI 

stability criterion involves the terms quadratic in 80 ). 

Now we consider the effect of the finite plasma pressure on 

the liercier mode stability in a tokemak . It is known [.1] that 

the rippling of the longitudinal magnetic field in a tokemak 

pl ays a destabillzing role. On the other hB.:l.d, as the plasma 

pressure grows, the effect of plasma self-stabilization takes 

place [3}. We shall demonstrate that this effect is also observed 

in a rippled tokamak. For this case criterion (2) reducea to 
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whero we took into accotmt that in eq. ( 1 ) only 8 ±2 are non-

zero. 

It :(0110\1's from i nequality (3) tha.t the t_ ~ld rippling has 

El destabi1iz1ng eftect in a low-pressure tokB1Jlak <'~e «·l~)JJ~ ) 
and an inverse effect i n a high-pressure tokamak (Je::lHO)'li~). 

The analysis ot the stability criterion (2) for traps with 

spatial magnetic axes has shown that the rippling ot the longi ­

tudinal magnetic field in such systems exerts either a stabil­

izing or des tabi l izing effect depending on a specific geometry 

of the confining magnetic field and the type ot the machine. 

In particular , ."for t r aps of the Spitzer "figure-of-eight" type 

[~l'7)= ~o+ ~ E 1'~ and a rippled longitudinal magnetic field of 

the form f:>o' l:>/( 1 + 8
1
,,01''')2 criterion (2) implies that the 

effect of rippling on the Mercier mode stability ia determined 

here by the ei gn and the modulus of Re8,. • 
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THERMONUCLEAR TRAP "DRACONl' 

L.I.Artemenkov, T. F.Volkov, V.M.Glagolev, A.V.Dobryakov, 
A.E.Leneva, P.A . Mukh1n, B.A.T:rubnikov 

I.V.Kurchatov Institute of Atomi c Energy, 
Moscow, USSR 

A closed magne t ic trap "DRACON'!, consisting of two rectili­
near equilibrium elements and of two curvilinear ones (CRELs) , 
was suggested in the USSR , in 1981 /1,2/. The parameters of 
CRELs are specially chosen so that the Pfirsch-Schluter cur­
rents are cloeed within CRELe the~eelves. For a plasma with 
low and with circular magnetic surfaces, the condition 
mentioned has a form : f~ 

J /{ (;;J,d.. 01.('-= 0 
-e"h 

where, eK is the lensth of CREL, k (e) ia the curvature 
of the magnetic axis, c£(5') is the angle of rotational trans_ 
form, S is the length of the magnetic axis arc counted 
off from the CREL-centre. The equilibrium value of J3 in CRELs 
and in the rectilinear equilibrium elements are practically 
independent under the condition (1), that allows to raise j9 
iD the rectilinear elements up to 0.4-0.5 characteristic for 
the mirrors. The equilibrium value of)S in the rectilinear 
elements is independent 'of their length under the condition 
( 1). 

If the magnetic field in the rectilinear elements ia less 
than the field in CRELs, at the sufficient length at rectilinear 
elements, when the plasma volume in them considerablY exceeds 
the plasma volume i n CRELa, the main fusion energy release will 
occur within the technologically aimple reotil~aer BGct1ona . 
At the Bame time , these s ections make a small contribution into 
heat conduction in plasma due to the absence of t~e radial 
drift motion of particles . Thus, DRACON is a closed trap with 
high equilibrium j8 and with comparatively amell ener gy 
lossee due to heat conduction in plasma • . The estimates for the 
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DRACON-reactor parameters have been done in 121. 
§ 1. Hydrodynamical plasma equilibrium 

The problem of plasma equilibrium in DH..ACON' has been solved 

in 12/. We have proceeded from the assumption that the plasma 

col umn wit h a radius a , inside the ideally- conducting case with 

e. radius b ,is in equilibrium. The calculations show that 

the equilibrium J3 in CRELs , made of toroidal and helical ele ­

ments, is equal to 6-8% at k. be1/) and sliehtl) dependent on 

the CREL-configuration. The angle of rotational transform in 

CREL is 190_200°. 
§ 2. Plasma stabilization 

According to 1)/, the systems with spatial magnetic axis, 

at the uniform field alone the axis and at circular magnetic 

surfaces, always have a magnetic hill , and hence they are un­

stable respective to perturbations of the convective type. 

Different methods of producing a maenetic well CD- shaped defor­

mation of magnetic Burfaces , stabilization with a quadrupole 

anchor cr with a relativistic electron beam) have been conside­

red in /2/. 

i'le considered a new method of proQ,ucing a magnetic Vlell 

14,5/ , based on a displacement of the magnetic axis within 

th~ toroidal and helical se ctions of CRELa outwards from the 

curvature centre of the magnetic axis. A region of enhanced 

magnetic field extends over the macnetic surfaces at such a 

displacement, that results in the production of a magnetic 

well in the system. Such a displ acement is made in the section 

V/ith a curvilinear magnetic axis and with a non-uniform magne­

tic fie l d along the axis (stabilizing S-mirror) . 

Aa the well is obtaL~ed at circular magnetic surfaCES in 

the s t abilization with the S- mirror , such a stebilization t e ch­

nique provides the following advantages ; 

1) low aspect ratio along the s eparatrix, 

2) small azimuthal asymmetry of the field. 

J) sim~licity in the design and tec~~ology of the system ss 

a whole, 

4) possibility of designing a di vertor of the toroidal 

type. 
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A general theory of the magnetic well production technique 

with the S-mi rrors in t he nRACON- trsp is eiven in /4 .5/ and 
different CHEL- mod i f icatione sre cOlLsidered thpre. 

§ J. Pla.sma heat conduction 
The theory of plasma heat transfer coefficients for etellaro._ 

tors /6/ and for helical tor! /7/ is spread to the DRA CON trap 
in /2/. In the regime of rare collisions (fuaion reactor regime) 

under the condition 

W < >Ic < Et/ 
o '[Iv /Ch-t-

the main contribution into heat conduction is lnt\de by elp. ct ­

rons trapped by the helical field non-uniformity in CREL, th. 
In (2 ) [-t= a -Ji /e".' is the toroidel non-uniformity 
of CREL, uJo is the azimuthal drift freqUEncy. In this case, 
the plasma energy confinement time (without rega rd for the 

S-mir rora) is determined a a ~ ..t):t L:( 
~e) -f.l·(O-: (fl 80 IV 11..- ~,, ) 
(10 :c d~ Et:-'- Te:U \ ' J~ (J) 

Here. 4:' is the mean torsion of the CREL-magnetic axis. re 
1a the electron tempera ture (keY), ~ is the plasma density 

3 ~<J in cm- , a i 3 the plesma radius in cm, LE in sec! In the 
presence of the S- mirrors and at their high mirror ratio, the 

energy conf'inement time can drop due to a r adial drift of ele­
ctrons trapped 7nthin the S-mirror s in the oppositely-located 
CRELs. This effect can be taken into ac count qualitatively, 
when Eh... in ()) ia r eplaced by the non-unif ormity of the 
field in the S-mirror. Thus , it is des i rable to Use a stabil i-

zer with a great number of mirrors and with low 
of the field in t he S- mirrors ( ~f 1'\..0 ~Jt.. 
ratio). nrri 

§ 4. Principles of an experimental program 

non-uniformity 

flS - mirror 

An initial stage of expe riment s has the fol l owing goals! 
1. to find out the plasma equilibrium conditions for 

DRACON , 
2. to study the hydrodynami cal plasma e t ab1lity, 
). to find out th~ pla sma transfer coefficients . 

·Bo - the magnet i c field (in T ). 
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The solution of these problems is possible. using a plasma with 
hot electrons obtained by ECRH. The maximum magnetic field in 
the trap is 4-5 kOe. plasma dens1 ty !l::::': 5x10 11 cm-J 

t Te is 
up to 5.10 keY. The plasma transfer coefficients in this regime 
are determined by the electron component of plasma; therefore. 
the ion temperature cannot be high: rv 100-200 eV. It 1s 
sufficient to have the plasma diameter o~ 10-20 cm. 

T~e authors express their gratitude to V.D.Shatranov for 
his interest to this work and for useful discussions. 
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Inertial COf"lfinement Fusion by Short Wavelength GEKKO Series lasers at 

!lE . OSAKA 
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T. Yamanaka a nd C.Yamanaka 

1. In t roduction 

Institut e of l aser Engi neering 

Osaka Unive r sity 

Su i ta , Os a ka , Japan 

In l ase r fusion research the wavelength seal ings of laser plasma 

i nte raction and imp l osion dynamics are very important. i n order to dec i de the 

imp l osion scheme for the future ICF r eactor . According to the recent 

expe r imen t s the shorter wavelength lasers have benefit of higher absorpt i on 

ra t e , less hot elect r ons and higher soft X- r ay generation efficiency for high 

Z target. In order to investigate the lase r wavelength seal ing of imploded 

pl asma we are pursuing the laser-p la sma interaction experiments as well as 

t he impl osion experiments by using the four wavelength lasers , 1.05 , 0 . 53 , 

0. 35 and 0.26 urn. 

In t his proceedi ng we desc r ibe the gl ass laser systems and the rece nt 

res ults of i mpl osion ex pe r iments. 

r I. laser sys t ems 

Three glass l ase r systems named GEKKO are used for the implosion 

experiments. The GEKKO XI I , a large glass laser system of twelve beams , can 

deliver 30 kJ (1 nsec), SS HI ( 100 psec) in 1. 053 lJ.m wavelength, and the 

output diameter of which is 35 crn. The se~ond harmonic sys tem has been 

comple ted in the GEKKO XII whi ch uses large single KO? crystals of 38 cm in 

d iar:l!'ter. The KO? crystals are cut to type It with the thickness of 2Omm. The 

targets are usually aligned by the fundamental wavelengt h laser (1.05 llm). 

The diffe r ence of pointing and focusing for the each wavelength (red and 
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green) are automatically corrected by a minicomputer. All beams are uniformly 

irradiated to the target through the F/3 aspheric lenses of 108 cm in focul 

l ength . The focused spo t diameter of the beam is about 50 urn in red and 

green, respectively. The pointing accuracy is less than 20 IJm for the green 

beams. The temperature of the target room is adjusted to the accuracy of 0.2 

degree because the KOP matching angle is sensitive t o the temperatu re. The 

conversion efficiency a t tains 80 percent in maximum and 70 to 80 pe rcen t for 

twelve beams. The KOP crystals have been adjusted to the mismatching ang le of 

less than 50 ~rad. 
GEKKO MlI glass laser is the two beam blue system whi ch is mainly 

dedica ted for the bas i c research. r t . can de liver I kJ (l nsec) for blue. The 

maximum conversion efficiency of 60 percen t has been attained. GEKKO IV glass 

lase r is a fou r beam system in green and uv with t he diameter of IDem. This 

is mainly used for the fundamental experiments of laser-plasma interacti on. 

111. Implosi on Experiments 
Succes s in laser fusion depends on ach i evement of high hydrodynamic 

efficiency, uniform and s tabl e implosion and suppression of f uel preheating. 

We have been investigating these physics f or both direct and indi rect 

irradiation sc heme such as Cannonball targets. Items of our recent 

investigation are flux-limiting , Rayleigh -TayJ or instability, hot electron 

generation and X- ray conversion fo r fundamental interaction , and compa rison 

of final fuel dens ity -compressed co re radius product oR and fuel temperature 

(neutron yield) between direct and indirect implosion. In this proceed ing the 

flux-limiting factor measurement and X-ray conve r sion measurement are 

introduced. 

(1) Ene rgy Tran sport 
In the st rong temperature gradient the free s treaming of electron qf : 

neTe~th is limited by a factor f. Large pellets are irradiated by 1.05 and 

0.53 urn (500 psec), whi ch are coated by multjJayers including thin high Z 

tracers (CHC ] or Mg, AI, S1). The X-ray streak photog ra phs and the spectral 

measurements of t he tracers yield the mass ab lati on rate and the spatial 

profiles of the t emperature and the density of ablating plasma. 

The t emperatu re profi l e in Fig.l is determined by t he 1 ine ratio of Cl 

lines (H -Cl and He -Cl , and/or li-like satellite He-a ) and the density is 

obtained by the line intensity ratio of He - Cl and its intercombination lines. 

The experimental profiles are compared with the simulation resu lts fo r 

various flux li miting factors in Fig .2. Since the measured profiles are in 
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the critical region, they are sensitive to the cold electron flux limiter fc ' 

but not to the ,hot e l ectron limiter f
h

. The comparisons between the 

exper iments and simu lat ions in Fig. I yield fc ::: 0.06, where fh ::: 0.03 in the 

simulation. 

According to our theoretical study using Fokker-Planck simulation, the 

heat transfer factor f is suppressed less than the Spitzer - Harm c l assical 

heat conduction in the heated region where the temperature scale length LT 

(T/VTe) is very l arge and the factor f is increased in heat front where the 

temperature sca le length is small. The experimental data are compared with 

the Spitzer-Harm in Fig.2 . 

(2) X-ray Conversion 

The soft X- ray spectrum and its generation efficiency have been measured 

by using a transmission grating spectrometer coupled with a X-ray streak 

camera and the filtered fast response diodes . A gold planal' target and 

var i ous types of Cannonball targets are mainly used. A speCially designed 

target has been used to study the emission dynamics in the cavity plasma. 

Fi gure 3 shows the wavelength dependence of soft X- ray emission from Au 

pl anar target at the laser intensity of 71(1013 W/cm2. The emissivity of 

lower energy X-ray increased wi th decrease of laser wavelength. For the 0.26 

~m laser the emission of hv > 1.3 keV was strongly suppressed and most of the 

energy was in hv < 1 keV. 

Figure 4 shows the wavelength dependence of soft X-ray generation 

efficiency for gol d planar target. The generation efficiency decreased 

monotonical1y with increase of laser wavelength . The generation efficiency of 

63 % was obtai ned at the 4w laser intensity of 7 )( 10.13 W/cm2. The high 

generation eff iciency of 4w laser is very useful. for the radiat ion Canno nball 

target. 

IV . Sunvnary 

The GEKKO XII glass laser (1.05 and 0.53 ~m ) ha s been operated for 

t he implosion expe r iments using various targe ts . Excellent experi ments for 

flux-limiting factor has been done using pellets with hi gh Z tracers. The 

factor of 0.06 fo r 1.05 and 0.53 urn was obtained. 

The shorter wavelength laser showed the hi gher X- ray generation 

efficiency. The generation efficiency of 63 t was obtained at the 4w laser 

in tensity of 7 ~ 1013 W/cm2. 
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Fig .' Electron density (a) and electron temperature (b) profil e 
along a tracer trajectory. The symbols are experi menta l 
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0.53 urn (right). Number at data ~b~nt indicate measurement 
position in micron from the target center. 
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Fig.J laser wavelength dependence 
of soft X-ray spectrum obtained 
using go ld planar targets. 

Fig.4 laser wavelength dependence 
of soft X- ray generation 
efftcienc;y ob tained us ing 
gold planar targets. 



- 4& -

TQR)I[)\L EFPOC"I'S 00 <lJRRENT DRIVEl-l f'REE 0CUIDi\RY /'OJES 

AN) jI OPTOOZATIOO rH 'lU<AMAKS 
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AsS<X'iation Eur a t cm - Confederation Suisse 
E:cole Poly technique f'IkIerale de La usanne 

21, Av . des Bains , CH-1007 Lausanne , Switzerland 

Abst ract. rEcen t Tokamak jI opt imizat ion studies have ind.icated the ex i stence 
of a jI limit proportional to the plasma current . A new two step jI optimization 
procedure is described that attempts to deoouple kink and ballooning stabil i ty 
so that the t...o can be optimized irrlepende ntly. Pesults for the zero jI case 
are given as a basis for clarifying the res ul ts of the opt imization . Stability 
in a circular cross-sect ion tokamak at zero jI requires %xis > 1, 
qsurface 2 and. zero current density gra::Hent at the surface. If 

~is < 1, m::des appear that are higher order in aspect ratio t han the kink 
ordering. these have the form of internal m:::rles inside q " 1, but are 
stabilized by a conducting shell. Fbr one val ue of the plasma current , a 
jI optimizat ion is performed and this predicts an opt imized, stable , circular 
cross-section equilibrium wi th a jI that i s 40% above the limit. 

1. Motivation . 1t1e existence of a limiting jI in tokamak discharges has been 
irdicated by nLnlerica l s tability optimization studies! and corroborated fron 
experimental data 2 . ) , but the reasons for it are poorly understood. The opt i­
mization stlrlies rePJrted to date have been restricted to a few narrow ranges 
of equilibriLlTl profiles in which the pressure gradient - p' ("') and either the 
toroidal field profilel ,~ 'IT' ("') or the safety factor profileS q(~) are speci­
f ied irrlepeooently , usually as expansions or exp::mentials i n 40 . In these 
studies , there is limited direct control over the toroidal current density 
which largely determines the kink stabili t y . 

we have deve l oped an alterna tive optimization procedure consisting of two 
~ort.ho;!onal" steps in the sense that kink arxl ballCXXIing m::des are stabiliz.ed 
indeperdently. Th is is ache ived by: (i) specifying p ' (",) and either I'( 4<) , the 
der ivative of the cu r rent wi thin a flux s urface "', or equival ently J( I\» , the 
avet"age cu r rent density , and (ii) constructing these profiles from simple 
piecewise p::l1'liTlOmials , matched to keep than differen tiabl'l continuous . 'The 
first t'eatu re provides us with the desired direct con t rol over the toroidal 
current density . The second prov ides irdependent control over the centr e arrl 
edge regions. 
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A third feature of our approach is to begin .... ith the zero a case. we find 
the stability criteria at zero a am use those criteria to define an operating 
regime for the optimization at finite a. 

11. equilibrium and Stabil ity. The equilibria used in the present study are 
canputed by solving the Groo Shafrarov equation .... ith 1 ' (", ) =- If j4lds/ rlv40! 
(or equivalently J(40) • 1 ' (40) / 11 ds/rl~~I) specified. p ' (40J and I'(40) are con­
structed frcm piece .... ise FOlynanials in three irxlependent .sect i ons . fOr sinpli­
city, we restrict ourselves to the forms given in figure T and also to circu­
lar cross-section plasmas . Stability is dete~ined using the ERATO oode6 • 

r 
c, - - - -" 

\ 
\ 

0 " " " 
., '.0 

5 

~ Current (I ' ) and pressure grooient {p ' } 
profiles as a function of s = 1 ~/~0 . 

If bI-a
l 

(Fig. 1) is 
held fixed , then 1'(40) 
has two irrlependent para­
meters bI and Cl that 
dete~ine Gb and qs, 
the safety factor at the 
axis and surface respec­
tively , giving a t~ 

dimensional operating 
space to opt imize kink. 
stability a t any total 
current. cp is deter­
mined by the c-equired 
ap ' The two c-emaining 
parameters ap and bp 
are determined by the 
requirements for balloon­
ing s tability. fOr given 
total current , the opti-

mi zation proceeds in t\ooO distinct steps . The a is maximized with regard to 
kink stability by vary ing the current channel width bI , Iceeping the pressure 
grooient maintained ent ire ly outside the current channel , thereby de-coupling 
the kink and ballooning driving forces. The secord step stabilizes the 
ballooning by spreadi ng the pressure grooient. inside at constant .sp. This 
has a .relatively small effect on the kink stability since the average current 
density is maintained constant. Only small adjustments are then required to 
obtain the optimLm. 

Ill . CUrrent driven Modes : @ = O. The results of a parameter survey over zero 
.s equilibria are summarized in Fig. 2. At zero a, the parameters Cl and bl 
dic-€Ctly control qg and ~qo respectively . The third parameter ai 
controls the shape of the q profile. <l:) ) 1 0300 % ) 2 are necessary for 

stabi lity . The limit sho.m near <IsI<io '" 1 is a soft limit in the sense 
that it is pc-ofile dependent, and, for a given class of profiles , the limit i s 
made up of the envelope over limits for all n ) T. 
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~ Stabil ity Diagram for 
fOrce-free equilibria . Stability 
r equi rez CIa ) 1 am qs > 2 ard 
that qsI~ be larger than sane 
value that deperrles on the pro-­
fi l es . The lines labelled "wesson­
am "Shafranov" are the known 

limits for a straight tokamak for 
two classes of current density 
profile7. 

The results differ from the 
"straight tokamak" results re­
viewed by wesson7 notably in the 
appearance of the "toroidal kink" 
Ear qo < 1. In the straight 
tokamak, this is an internal n '" 1 
kink that has been sho..n to be 

stabilized by t oroidicity at zero 
13 8 . However, ~ fird here that it 

reappears as a free bounda~1 mode. The mode resembles an internal kin~ inside 
q'" 1 with a large m "' 1 rn:>tion near q '" 1, coupled by toroidicity to an m '" q 
component res tr icted almost entirely to the other integer q surfaces . Although 
there is very little rn:>tion of t he surface , the freedom to rn:>ve the surface is 
necessary for the mode to a]:pear. The growth rates are higher order than 
(ajR)2 and are therefore not seen in the standa~ kink order ing. 

IV. Q?tirnization. Figure 3 sho,.,os the result of increasing 13p for four 
different current channel widths . The cut'rent is kept constant at 
IN ... ~oI/%Bo '" 0. 1 and the aspect ratio is a/Ro '" 0.20. The pres-
sure gradient is kept outside the current channel in each case . The unstable 
equilibria with ~) I, qs ) 2 are pressure driven "ballooning- kinks" 
(cL reE. 9). 

To optL~i2e~ , we choose the highest ~p equilibrium that is stabl e 
according to a 0 2 criterion10 of 10- ~ and stable accordi ng to the zero ~ cri­
teria discussed in Section Ill . That equilibrium (indicated as an "x" in 
Fig. 3) is strongly ballooning unstable. Spreading P'(4.0) inside (i.e. 
ap ~ 0) at constant Pp stobilizes most of this but slightly destabilizes 
the kink . Decreasing Pp- -.ould stabilize both this ard the residual balloon­
ing, but does not result. in the optimum fJ. Instead , novirg bI outwards 

slightly at constant fip , raises CIa to re-stablllze tIle Kink ard the 

residual ballooning is t.hen stab i lized by on l y a small d r op in Pp. The f inal 
P is only slightly lower (a few per cent of the original 13) than the 
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~ flp vs . n .. 1 kink gn,..,th 
rate at four values of the C\lrrent 
channel .... idth. '10 arYl qs ace 
indicated for the erdpoints of each 

curve • 

original bal l ooning unstable equili­
briLrn . A convet:qence stu1y indicated 

no instability for 0 2 ) 10-7 and 
subsequent checks founcl no instabi­

lity for n ) 2. 

The final stable , optimum ~ has 
ell 0.47, h I 0 . 67, 
ap 0.0, bp = 0 . 80, ~p '" 2.47 
and is :: 1.58% . This is to be con­
pared ""ith the limit irl:3 value l of 

/IT '" 2. 2 I~ .. 1.1%. The optimum 
tJ is closer to the ballooning limit 

of Wesson and Sykes l1 

i3w:: 3. 6 I~~ :: 1.8%. 
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Abstract . In stationary 'l\)kamak equilibria with JXlloidal ard toroidal fl(),..ls 
the density is no longer constant on a flux s urface . The re l ationship between 
the size of the density variation and the direction ard magnilu:le of the fl(),..l 

is exa.'1Iined . The case of a p:Jloidal flaw wi th no net toroidal velocity leads 
to a large density variation at rmd~rate values of the ~'acll nU1lber. l..e ShOH as 
an exa'Tlple that the rep:xted ancmalies in the density profiles rmasut'"ed in the 
POX 'I'Oi>.a'llak in presence of strong neutral bed'll heating could be expl aifl€d wi th 
a poloidal flow of 0 . 06 cso ard a counterstreaming toroidal flow of 
< 0 . 20 cso' 

1. Intn::duction. Measurements p:rfonned on the POX exp:dment with a neutral 
beam heating have sho.m strong aSYlTl'netries in the mass density profile l • This 
anCY.Mly cannot be expl a ined by an effect of the centrifU3a l force coming fro:n 
a toroidal rotation , s ince very high ard therefot'"e easily ~asurable veloc i­
ties of the order of the sourd speed , i.e . v<:, - Cso ,. lyp-;;rP;;; at the 
axis \ooQUld be necessary. The influence of a polo idal rotation on the TMSS den­
s ity profile .... as regarded to be negligible. We slIg<Jest that this may not be 
correct . 

II. Analytic r esults . The magnetic flux ~ in a stationary tokamak equilibcium 
"'ith [Xlloidal and toroidal non-vanishing flo.,o is given by the set of equations 
1. 

"', J dJM _ 
7 ' (D~J ---or 

r r d. 

d'. dO
M E 

+ dllo 2 (J--
do 

1:':'1 
8 • 
p -r-' 

dH y 
Pc- + --L 

d<:.o ""( - I 

d> 
pr 2~) 

dO 

de d'. 
1 M 

do -;w 

d40 c}1l . 
M E a. o.)/D, 

d. d> 
(8' --t' pJ_E) 

d,. d. 
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d OH 
pv • Bp~ P (1) 

dOH dOE 
pv • B. a.- pr a.-• 

p' Cp' 

dO dO 

H 1. B'( Hl'/' 1 '( El' +£p 
,-1 

2 a.- p - 2 r ~ ,-1 

where JM, 4tM , !!lE ' C aOO H are five 
B2 :: B./ + Bp2, D _ 1-(d<\iw'd<1t)2/p • For y 

replaced by C Inp. 

arbitrary functions of 40 an.::! 
= 1, the l ast term in H rust 'De 

With a fleM, the density is no longer constant on a magnetic surface. 

This density variation can be characterized by the quantity 

(2) 

.... here R i s the major radius of this surface . By expandiN3 eq. 1 arouOO R we 
find that the density asymnetry can be explained by the canbination of a 
p:>loidal flow vp and a PJre m '" 1 toroidal flow .... ith not net toroidal 

roomentlJll 3 

v!!l ,. I A{A+2) r ; R Cso 

B 
J>c 
B 50 

(3) 

For a circular cross-section tokamak, the toroidal flow velocity reduces 

to 

~P5 
'" I A(A+2) R Cso rose 

( 4) 

where Ps(q,) is the radius of the " surface considered and B is the poloidal 

aN31e . NOte that vQ vanishes on the magnet ic axis. 



_ 54 -

III . Numerical results. We have developed a code CLIO] which solves eg . 1. Fbr 
convenience, the five arb itrary f unctions JM' 4>H' oSlE ' C and Hare 
defined by the profiles o f five related equivalent quantities J, p , p, v(\ 

• v 
am v ;:....2.... on the equatorial dng between the inner surface and the 

P '" 
magnetic axfs. ~ apply it to [it a parti cular POX equilibdun which exhibits 
a strong density asyrrmetry l. 

'lhe following choice of the pmfiles 

J J 
0 

(1 + 0 . 0152s - 0 . 01485 2 + 0 . 0036s") 

p Po (1 0.375s - 1.1 625'2 + 0.2635" + 0 . 27456 ) 

, 
'0 

(1 - 0.3715 + 0 . 17152 - 0.75~) (5) 

v c (0 . 5665 - 0.5665 2 ) , so 

• v 
" Cso 

v , L (0 . 653 + 0 . ]995 - 1. 0525 2
) , 

P "'p J o 

where the constants J o ' Po, Po and Cso are adjusted to reproouce the 

values of the current , I) , density on axis ard centra l tenperature given in 

reL 1, provides a gocd fit of the experimental profiles o f t.~e dens ity and 

tenperature (Fig . 1) . In equation (4) 5 ::.: 1 (~""'Iloaxis )haxi s'. The fit has 
been made with y z 1.01. 

The essential features of this f.it are: 
The IT\3:gnetic surfaces are indistingui shable fran those obta ined ...... ith a 

static fit having the sa~ globa l parameters. 

'the toroidal flaw is alrrost pore m '" 1 an:::'! the maximum ve locity is 

off-axis with Ivn/cso l ( 0.2, a value five times smaller than that r~uired 
to fit the profile wi th a purely toroidal flow. 

The poloidal flow velocity is very small Ivp/csol ( 0.06. 

This fit is not unique but it is the one which has the lowest maxi~um to["o ioal 

flow velocity) . This example shows that an appreciable density aSi'r~net ry can 

reult fran a snall poloidal flo..- asSOC'iated with an m '" 1 toroidal flow (no 
net toroidal flo..- ) . 
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through the measured e l ectron t emperature profile l • 
I t has been assumed that the average temperature of the 
flu id has the same ~ofile as the e l ectron temperatu r e . 

b) Mass dens ity pDOfile p/ po' The ca l culated values are 
S~11 as dots. The cont i nuous curve is a fit through the 

measured electron density profile l • 

cl aOO d) 
Calculated toroidal vQ and poloidal vp fl ow veloci-
ties normalized to the sound speed on axis c so · 
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1. This paper is devoted to the question why the balloo­

ning regime of eT fonnation [1 J giVES drastic advantages in 

plasma heating and suppression of losses . Experiments were per-­

formed on the TOR device (rc=16 cm, Bmax=10-18 kGs without 

crowbar), Two characteristic types of eT formation named "soft" 

and "hard" are extracted from whole experimental massive . 

The optimal soft formation mode (ffi~) is characterized by th e 

following attributes obtained with the help of dia~a&netic 

loops, optic , neutron and other diagnostics: 

1.'. Just after beginning of axial compression a nonsta­

tionary shock waves develop from the both ends of the system. 

Leading edge of the shock with jump of electron temperature 

propagates with velocity Vtl =(0 . J - 0 . 8)108 cm/s (at Bm=18 kGs) 

corresponding to VII =2V P (V P is the piston velocity ) (Pig . 1,). 

1.2 • .Axial shock transition length rapidely increases up 

to ls/2. This process ia accompanied by simultaneous radial 

expansion of the heating zone (6r""rs ) which helps in establi­

shing minimal gradients of inhomogenieties (-Fig. 2, 4). 

1.J. Ballooning configuration of the piston leads to early 

initiation of viscouB thermalization mechanism: appearance of 

plasma diamagnetism 1n end reeions and simultaneous beginning 

of neutron emission (Fig.1,) . 

'.4 . The general view of compression dynamics looks as 

f ollows: init i al axial push- off gives way t o rapid drop of pis­

ton veloci ty (by 3-1 0 times, Fig. )) and then all plasma parame­

ters approach comparatively slowly their ultimate valueo: Ti ~ 
2.8 keV, Te~ 200-350 aV, n ..... (J_8) 1U'5 cm-.3 (Fig.2a). Due to spre­

ding the relaxation procees onto whole plasma the characteristic 
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overshoot in the middle section is practically fully suppressed 

and the process smoothl y trano!ormes into adiabatic c ompressi on 

by rising external field, plasma having minimal level of the 

post- shock oscillations (;'/os/W~ < 10- 4_ 10-3 
I see Fi g.2a,3). 

1.5. The sof t mode with ballooning start structure is ob­

served to have minimal rate of energy and magnetic flux losses. 

It is important that the characteristic fall time of these pa­

r ame ters increases vl1th Tit s o'L4'=t::P c l/Q; cl f or c losed magnetic 
flux achivea 200 mks OD equilib rium phase at Ti > 2 keY . 

1 ~6~ Fig. S demonstrates plasma temperature in the sbock 

wave vs delay of compreosion OD bnllooning phase. The effect of 

balloon control (lJ ie clear ly seen . 

2. The f ollowing experimental facts are of importance for 

choice of approp1ate physical model : 

2 .1. In the sott mode of compression diamagneti c probps 

register qUick separat r ix os cillations with amplitude getting 

maximum in piston zone s (up to (lr/rs ..... ,O-2,Fig.1). These os­

cilla tions are accompanied by the rise of plasma d i amagnetizm 

(that is of P~) and neutron emission which indicates an effec­

tive plasma thermalization in the acce l erated f l ow. Taking this 

fact in~o account one can suggest a specific relaxati on mecha­

nizm based on particle scattering on vibrating internal magne­

tic s u rfases of the balloon. As far as a t the ends BJ. ..... Ell one 

can expect here much more effecti ve relaxation then that gove r­
ned by a firehos e instability in a pure axial field ( 2 ] • 

2.2. The character of relaxation changes in the middle 

~art of the C~ . Multichord measur ements of the CV and D ~ spec­

tral line emission and b rems trablung radiation at). ",, 224 TU:! in­

dicate that the leading part of the perturbation has a compli­

cat~d s tructure of a hollow cone . This imparts the process o f 

the fl ows interaction a char acter a qUB.si spheri c collapse ..... hich 

is followed by a rap id rise of plasma pressure P~. As far as 

the interaction is l ocalized primarily in the zero fi eld regi on 

one can expec t here another dissipat1ve and heating mEchanism 

for example a two-etream ion-sound instability t aking into ac­

count that necessary conditione of Bub- and Bupereound f l ows [3] 
are fulfilled in the experiment . Thi s gives a natural explana­

tion of observed eff ec tive plagma decceleration and thermaliza-
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tion and high ion temperature. As to the condi tion Te»Ti it Can 
be fulfilled locally in the wave front and in the zone of coun_ 
terstreeming flows collision. 

J.1. The hard mode of CT formation poses se (I the following 
characteristic features! delayed parting of the shock transiti_ 
on from the piston, sharp overshoot in the middle plane, strong 
postshock plasma oscillations (Fig.2b.6).But the most distin­
guishing is a powerful channel of energy and particle losses. It 
1s natural to link it with the specific shape of plasma ends 
which are radially overcompressed(rmin« ~)' and highly extended 
in axial direction (6.z ..... B/(d1¥dz) ""'ls/2) [1]. Rough estimates 
show that iOD-sound current instability can arise in the neut~l 
layer of CT (4) giving Veff»Vei . rn the mensioned magnetic tails 
where Il.l/Bu .... ral1s«, magnetizing parameter for electroDs Wr,J}h(" 

W&u'Vn(rs!ls) can approach unity. Waste of heat and particles 
through that axial channel supports in its turn enhanced plasma 
resistivity in the neutral layer region. Note that this model 
a~ees with nntiparallel field diffusion velocity Vdi f'c 2/41rfS) 
'0 cm/s observed in tearing phenomena in these experiments. 

J.2. In the soft mode absence of long magnetic tail and 
"leak-proof" piston contribute to an opposite,stabil1z1ng,role 
of end regions relative to dissipative mechanisms . This can be 
explained by heat flow from hot ends to the center along ~eutrel 
layer for example in the fasion of heat wave which ~~6 observed 
in similar conditions in (5J. 

4. Results on stimulated viscosity described and r efueling 
problem cause a particular interest in experiments on torii mer­
ging. In soft mode 1 t takes time ls/V 12 (V 12-counter veloci ty) 
and torii energies add. In other conditions interaction occures 
as a hard impact with subsequent axial expansion and loss of the 
most part ot closed flux and energy. 
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EFFECT OF RIPPLED MAGNETIC PIELD ON DAMPING OP FAST 
11.AGNETOSOI:HC WAVES UNDER lu'ULTIPLE ION CYCLOTRON RESONANCE 

s.v. Kasilov, A.I. Pyatak and K.N. Stepanov 

Kherkov Institute of Physics and Technology, Ukrainian SSR 
Academy of SCiences, )10108 rlmrkov, USSR 

The magnetic field inhomogenei ty in tokamaks reaul ts in 

peculiarities of the interaction of fast magoetosonic waves 
(FMSW) with resonance iODs under multiple cyclotron reaonances. 
viz. the nonlinear dependence of the wave phase on the poloidal 
angle occurring in the equations of resonance ion motion , and 
consequently. the local damping coefficients differing frorn 
the values obtained for a homogeneous plasma[~,2]. 

Similar peculiari ties are found for ruSVl propagatine in 
the plasma in straight traps ~~th a rippled magnetic field. 
Let the magnetic field in this trap be generated by coils spaced 
a distance L apart along the I-axis t then we have 

Bz~5o[{+l"7("i!)J , B~=o , B,-c,.,B;f (1) 
L 

where J(~,~+L); 7(%,z) .<9>z~['!jctz=o and the parameter 

EM« 1 describes tbe degree of magnetic field modulation. 
'fhe electric field 01: small-scale F'MSW can be defined 6S 
~ ~ ~ 

£(i,t)= -t(i)ex!'i,l f h'K, (<:t) +"''f+K,z-wtJj, 
'0 (2) 

The Z -dependence as represented by eq.(2) is valid if 
:!mN<.<.Rell (Nis the refractive index). 

By integrating over the particle trajectories to find 
the perturbed electron and ion dish'ibution function we can 
wri te the cuxrent denBi ties as 

/:! ="> j ':t + i:! '. ' , 
- ,,(~ ... ..I. ~'tG.s" whereJ-==-Jt":!jv 

and the contribution of resonance and nonresonance particles is 
deacribed by the expressions 
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jtes = ~ D) 

• 
,T (Jp..' IZ~ /~ lIri )2'1.-1 """ ih1. 0 

Jw = (.[7.)'/'!f,., i.nnl ri;;?/ _ j tltJ"exp(--f.;;r: ~i"(: t.'( C)-

if" L 'l 
ellf[i KltJ;, ?, fi f1- J cl2 '8-c. ("Si!t,..2)rin!h'tJci f; Ct-l{Lj- /Wzj', 

, 0 0 

(4) 

Through substitution of the expressions() and (4) for 

the current densities into the Maxwell equation and on the as­

sumption that K1«K't- and m<.c..k''t 't we obtain K1.= K,q tAKt,(2) 

(/.6.K.'t./«KA). As a first approximation KA=GJ/VA t with ~ being 

the Alfven velocity. As a next approximation 

() 
. ""n(O-<)'-(KA Vr,)Uz.-'j 

/lKT.1:={ ----
t/~.i."nl GJ' ) A • Co,-

4/£" 
~ jd2'l)-r..t7..l ·r1.') + 

o 0 

'C: 
+ in..JdTI4Jc~ (t~i1V;Z-J)-Lf.Jr-} J 

o 
(5 ) 

The damping coeffi cient de:: Jm AK'l was found to depend on 

the ripple pitch L and depth EM. frequency difference (GJ- w t :), 

longi tudinal wave number K,,:: j(g / f3 ,and ion Lnrmor radius p: 
If the local re sonance points Zles= c ~ determined from 

the equa.tion CV -:: W,~('l1 1) are located far f rom the extremwn 

points 2 m of the 9 (t. , E) function, the bebavior of the damp -

ing coefficient .z. as a function of l 1s dependent on Ko. 

In the Bh.?rt-wave range K"L »IL (Jilt;" (with .1/ ;'/J/a" , 
~" =- CM <.Je• L/.t.:;-/i 0;. .. ) 

Re I = I:' "'I'(-'!J{ 1., 2.e(- h,/h) co5 [i.Kp (;! -l .. , )J j, (6) 

where L, = [ C. -M,)" ('JJ la ,,,,,'1fTi ,(J(X)= i (x>o ) , (} {xJ <O (x<o) 

In the long- wave range KIIL« I L 19'/ ~II 
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ReI~ 1/'1 r(II'! )('I'£/.?;" IJ'I )'/. in the vicinity of th. re.onance 

point l:tu ' / ~ -2u~/ <<.L/j;f; • Far from the resonance pOin t l~l 

'(/3 ~/; t.1_ 
eKf{-N-f:J}cOg!3t!({/) - f'JnfoJt;;M;;) 

where 

By contrast , the averaged value <£)zdescribine the pOWer 

absorbed in the plasma within a pitch L does not depend on 

and coinci des wi th the a v eraged over Z vslue of .ie. obtained 

from the homogeneous plasma theory. 
tn-2. 

<"'-> =c ~1(('_A )(_I_+L) ( r 5')1 
2 Ar''nr cML J; J~ . j'=b/'~~.rJ· ( 8) 

If the "resonance points ere located clos e to each other , 

i.e . in the vicinity of the extreme 2m of the i'tulction i C~) , 

then we get 

1h 2/3 "" ':I -15 
<~eI> = r,;c /. _ Ti ) 'j.Jue-IUI cpY ,""·IA.u-),) 

l L (E~nWrl'!"('i,"J __ [j'l./3 (9) 

wi th 

( 10) 

qb is the Airy function. 

When .A. ',2,3 <..< 1 (which corresponds to the amal l difference 

/c.J-n4Jc' (im)/, long-wave range and negligible effect of the 8 t 

component), we can write 
,;< 

<ReI >, = [r"(I/3)/t3LJ[1fT./e~n~;r(zm)J (11 ) 

In the ahort - wa ve range ( A 2.»1 ) for) 3« 1 we have 
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( 12) 

( 1 ) 

Forf--OQ ,as was expected, eq.(12) 1s transformed into eq.(8). 

Finally consider the Case when the component has a pro­

nounced eff'ect on the wave damping. E.g. I whenl))/)/).2/BIld )1~> 1 

we obtain < Re.T) _ 4;( if" >f~ 
1 - L I1i./K"$'1!,.,n.<-.J

c
,) K(;/2) , (14) 

where 

r{rm)B; 
C8{~~)f 

(15) 

( 16) 

For /) 1/« 1, /) 2/«1 and .AJ » 1, corresponding to the small differ­

ence (GJ-Wc:i) and long-wave range of oscillations, we have 

(17) 

ThuB the damping coefficient of ~W acquires the highest value 
at w ---+1'1. w(..:(~). In the short-wave case it exceeds the value(8) 

by a factor of (v;.IU;) 1 /2. A still larger damping might occur in 

the long-wave range. Note if the effect of the 8 2 component 1s 
appreciable t the damping increases by a factor of V;dvr~ as com­

pered ~th the value (8), otherwise the damping increases by 
a factor of (E,.,L/~.)1/J. 
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S1::.Li'~()cUSlRG O¥ RBlM\1'IVID"1'IC nn'ENSE 

.E.J..J!;CTROMAGHh'TIC m:.h!lli III .AN nmOU;ODlillliOUS PLA;,):'~ 

D.P.GaruahaV8, Z.I.Ho8to~hvl1i, N.L.TslDtDodzo 

lnat1tute ot Physica, Academy of 601enceo of 
the Goorgian SSR, Tbil1.nl, Ut)SR 

The paper prCBoDta an lnvo~tiGutlon or the nonl1-
near statiDnary refraction of relativistic intenso (I c 

~ 1 - \ 1. 
:; t.l ~ 1. rvj)cucularly poloxlzeu clcctroI:l.D.GDctio GoUB-

''"l~wQ C. > 

s1JJn beams UJ. 8n inhomoGeneous plaoCla. The d.Jnauic6 Dr 
tho wave ~ropaoation is stroncly uffoctcd by the relati­
vistic e::N'ect Dt' elootron mDS6 oacilllltlon Ul the J:Ui' pum­
ping wave f1eld and the electron otrictlon. due to this 

affect. aB woll. The chnracteriatlc t1L10 of the Belt-fo­
cuaiDG is SIaail aod. the i one con be conaid(ll'cd stot10IUlrJ'. 
~he olootron dec.alty ia deterLd.ncd from the oquation 

';<~\'1.o \V( ~)( \. + 10,c,t z ) 6,j'+I (2}~.») (1) 
r~ .\n 

wh.er-o Lanr;muir electron frequency 10 wf''l..t.. L-<- w,}- , W('l) 
~B the plasma 1nbDmoGenelt~ profile. Thon the oquation 
dOSGr+b1Dg the Doollnoar -';'"BVC proPaGotion 1.0 plasl!Io iD 
6\B folloWD 

-..... ,- ... 
t : [0 ( " , \'", ) '\ 'X co s 'r .;- S S'," ~ } 0) 

'f(Zlr.a.")= (\( lI(t.I)d~l-t Vi'- (,(~) +" (4) 

I ~ r. (1.) eXf l - ;:,~, 1 (5) 

l.{¥) 15 tile ri.id intensity DD the beOl:l nUD, \'.LI.) - iD 
the front ourvature . ((2.) - is too d.1.z:l0M1.0nlOlla' rt"dth , ) . 
or tOO bo-. y. ~ ><'+'O! • 

Ln th& aborrat1onless parraxiul roy oppro~t1on 
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(r: ~,~L~L ) wo obtain the aat of e~uatloD8' 

~: -~ .!:- _1__ _ Wi<_'_vJc=~I~~ 
- e' - ,, '1.p 1. +1:0 c. L

";{ +l o 

-1 +- ~ -dd 2" (,-"L) 
• • 

le" ~' 1- ('> ' + ",,:,yJ _1_ ---1L + --.L I,(4+rJ - _1- ~ 0 
1 ) !le" o'~' (1, ... 1,)\ n't' ~+lo)' a'J' 

f't((t-t.), - o~, [ ~ - r-,,(i~)'j=-Q (6) 

~he boundary coDditiDllB are 

T, ~<~o)'Ioo , 1(",0):1, J(c, &)= Jo (7) 

In the t.h1rd e-rustlOD. or the set (6). the term ""t y _ i _ ( TO ,,~ caused by the relst1Y18tio 
e u'~' \1 L.p \ T. (L, +1.) 

effect. wI:l.ezeas the term et '~II (! 4 IQ)! 1.8 due to 

nonlinear striction of electrons. Both of them detormine 
the torce of the noDllnoar retraction and promote the 
seU'-focua1ng of the beam. l!'or narrow (O(V 10 ... 100 ,, ) 
beams (that occurs in the most of experiments with ultra­
h1&h power lasers) those are teras of the same order of 
the magnitude aDd both ot them, like the d1tfereot1s1 
term, affect the dynamics of beam propagation and the 
aeU'-focusing length. In the area of the tocus the str1c­
tional term beoomes a dom.1nat1.nc Doe. For wide beams 
(q~> 100 :A ) the sel.t-sDcusill(! loogth is ..6inly detarlll1-
ned by the rolativist1c effect. but 10 tbis csse. 8S uell 
e8 in the oe8e of narrow beams. tor dutermation of the 

m1.n1.mum trBllBverse Bues of the :formed ch.onnelB ODO must 

take into the consi deration the effect D~ strictlon. 10 
the CeBe of the soll-focue1og to the sizos y-'M ',~:: ,~! ~ I ,. 

I ~Y-. r~ !ov X ,.,---;, '8 aol.t-trs.p.Pill(! chmmel is produced nnd the 
v 1+1 .. 

beam. propagatinc; 10 it can penetrated tho ult.redoDSe 
plBDma. tie coJl41der too case d1eo Lv ~ (L w../- • SeU-to-
cusing end ch8nnel to~t1oo occur betoro the oritical 
density. A d1firactill(! rill(! nth the intensity lower 
theo critical is ~ormed trom the periphoral part of the 
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).) \)...·"1i:.; ~ .. :.d .!:li •• .\vcoJ no ... l?~r!-:;\;I'e.ta tho ultrc.dc n.'JO pln.c:~\1. ~ho 

:!..nt e.oait"1 p~odu-;: od .'l.n t Jl '.J clu~:I1 in too p:ll'c_":1.o1 l>CU't 

';)5: '1':Im ~;-c :;::J tiu('j to (j ~ll''''1:Dc"X;i.!~ 10 Ol!:'J3t hC: :JGOD('O~. 

'200 ci1tll ont.;'.1C co~~t,m~ o£ tho f:!:il.1tUl in this l ' OUCO 10 

1;>oa1tivo and t:.b.n don.:;.U.~· ~ WJ..? !'m cITccte c.:::~o ci.at c:d 

~'1itJJ. ;i. ... \i at'o n cr;loGoblcf 
j--7!£;...1 nbc.c t;ho plot; out t oo Q.1r.;:,;,v . .f11onlc.:: n tJidth ot: 

~ 1~c::l 5 1.1":; ~/c: f.Ol9 ilur1ou:J c.h.!'.:.~ C!otOl.'iJJ t1c lor..:;tllo of' 

tho plao::..'J .\l.).lJ.,:;-:.conc.:.ity" t'1o r.:..'Jvc c:;:m .. 'J1e.o!' (:1 0 11r.Cl i1l'ly 

:!.nc:J:'cllfl1r.Z :tni..l;J:::o£,;c!.:.oi t y 'p1.'o:fl1u \ './:.: 1.,. 'It (\.11~:'O L it.; 

·:.h:!.:,ar.1iczl.!j~.lAI], ! on::;:::h oZ t~3 1I'1~:':;;:>Gcnc1ty). For cucll Dot 

~,g lll c.w.:J.:J. ODIl i)crCl p~lJ=,;;t:Ol.''=; t \:..heD To" Tu • \:r'ith de­

·:lraaa.1ncs 41.ul::~':':j~cnoity len....~ th:J aolf'-focu.o1ng lo~--th 

:tuat deC.:';' ~t!30S flci thon D~.:lI't ll to werc':}!)!). 

:!.nore~~ onl 'i:ben dccl.'c lJ.3c~. For dcfl.n1to L 
5 fi.t'ot 

tho boc:J 
;to :tooua.;d ~!) Of'.rt.:lin al:ucGo and then hro aucus font. It 
c cour.s ccc:JU!:o i,;ho t cr:.:.u corrcopon:l1..n[; to r~nl.1noar ro­
:1~aotlon., £'..oc.rCOOQ \-;!t.!l th!J inc.!'oe:JO of 1 .. U) end bocO::l~ 

loea tbnn the d!ffzDct1on te~ ~1th thD further increaso 

2)f tl::o ~l)D:)c:oL!.c.1ty the bc~ ~~ to dc1'ocuo. \11 t!l 

~ 1DcroDSG of thQ dolW1ty and too bO<l:l l"..'1dth one obac:r­
t:.7es f'aat broodcllir.g at lo~e.r lcr-.:;t.hD ot too pl.o.G;:.:l in­

twmogono1ty. Tho sizes of the 1'OCU9 doc.rcooo nth the 

.:Ulcri1'ose of the 1nhor.:occnei ty cnd then 1;'t'O'W en the lCrlL~h 

o.f the ool1: .... foo1.1S1.nc. Dependenco of tM nclt-f'ocu.o.1n.g 

10llbth and tho focus SizOD upon the lOI"'.-,Gth ot the 1.nb.D-

2Dgenc1ty 18 ~ro cG~cnt1al for BDnll too. ~ for largo 
ones. ~t iD notct':oruhy th..1.t tho plot ot critical inton­
(l1t, VS l>la.sc.a donolty a!ld ooc:J ro.dth tor atrouIl[;ly 

:relat1V1atlc OOG::l3 (Ic.y N Lo~ o.!, ) dof er:> f:=oo t.!cat:.ly rolD-

1l1V1at1o ones (T ~ ~ l!uJr~ "C ) . 
&s it 1.s Do;:!n fro:::: I'1u§2. tho c::Ir:::ll1::or.l ool£-t ocu­

~ l"!lflth t, la (co",,, <-r l.D t;~o c ol1'-:Cocuc1l!:; lOJ:;.,~!l) 
d.eo:OQ.CC3 tzith t!19 fO~IJ::JO o-r t.ho 1.n1t1.nl boo 't7"-G"'"...h. 
Q1th tha 1n:rc.:.!!)o o.f t.1:w 1.o!t!aJ. d c.:o.")1t.-y t.i1D oolf-.foC\!.-'j1.nG 

le.l:l!)th doorc(l;)c.!i erxl then crO~:·3. ~ho colf-f'oc~1Il3 lc~...h 
dopVllda c';.:'on:.::;l.;r U;: i:>D t.b.c 1n1~;1~ c u... ... J O~uro of tho be..J.:l, 

too t..oC'_::I 1.rr:': cr;..::!J;y er-do tt..C .1r2.1-J::o':::;::'!1c1t;,y ,pro1'Uo. 
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STUDIES OF ST}::LLA.RATOR MAGNBTIC 

CONPIGUl1ATIOUS US ING A STATImlARY ELECTRON SOURCE 

A.V. Georgievskij, Yu.V. Gutarev, A.G. Dikij, V.tl . Zalkind, 
V.I. Kurnosov , O.S. Pavlichenko , V.K. Pashnev, D.P. Pogozhev, 

E.!. Skibenko, V.T. Tolok and V.M. Tonkop ryud 

Kharkov !nst! tute ot: Physics and Technology, Ukrainian SSR 

Academy ot: Sciences, )10108 Kharkov , USSR 

1. In the case of stellarator magnetic traps w1 th the vac­

uum magnetic configuration created by external conductors it is 
important to know t he parameters of the magnetic configurati on , 
viz. the outermost magnetic surface radius and rotational trans­
form. The experimental technique most Yddely used to derive 
this information is to study the trajectories of el ectrons in­

jected into the trap [,}. To this end, electrons with tT,/ > L7,L 

(transit electrons) are injected into the trap, the i r energy 
and pulse duration being chosen such that the electron bunch 
length is smaller than the ~tellerator axial length. By measur­

ing the l ocation of successive passes of the electron bunch 
through the cross section under study we can obtain the particle 
surface mapped out by the electron bunch and associated magnetic 
surfaces as well as the number of times the bunch circuited 

the stellarotor and the rotational transform. However, these 
measurements ere rather complicated. 

Clearl y, a stationary electron source driven across 
the magnetic configuration would respond to the varying electron 

confinement Yath varie d emission current due to the distributed 
space charge potential of the electron cloud accumulated in 
the t rap. This idea wes verified in experiments on the URAGAN 2 

stellaretor ·Kith the magnetic configuration already known [2J 
and used to study the ~enAtic 8U1~aceB in the UP~GAN J tore8-
tron [J]. 

2. The experiments wsre performed with a miniature spiral 
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tungsten cathode (area=::' ~2) mounted on an isolated support 
of 3 mm diameter. The cathode could be moved horizontally within 
the straight section of the vncuum chamber in the URAGAN 2 
~tellarator, while in the URAGAlI J torsatron it could be placed 
at any point in the space enclosed with the helical winding. 
Between the cathode and the vacuum chamber a d.c. voltage or 
a d.c. current source was switched on. The values to be meaB~d 
(emission current :Jun or "cathode-wall" voltage Uw- ) were reg­
istered together with a signal proportional to the radial cath­
ode shirt by means ot an X-Y recorder. 

was 

J....;J 
10 

7,5 

2.5 

During the expe~ents the pressure in the vacuum chambers 
in the range J x 10-7 to , x 10-6Torr and the c0D.!'1ning 

t , 
\ 
\ 

magnetic field was 600.4500 De. 

3. The most notable etfect, 
1~·Vl i.e. strong suppression of 
I I emiSSion trom the cathode driven 
:Kn to the region ot closed magnetic 
r,~ I 
I , 

surfaces is illustrated in tig.', 
a) tor the constant "cathode­
wall" voltage in the URAGAN 2 ~20 I 

: I I fO j stellarator. The difference in 
I the emission currents outside 
I , the con.f'inement region and near 

-fO -7 -5 0 5 III the magnetic axis amounted to 
three orders ot magoi tude. Z.= 

l'1g. 1 With the constant emission 

current the current source responds to the cathode being moved 
to the confinement region with the increased "cathode-wall" 
voltage (f~g.l, curve b). A step in the curve (arrowed) cor­
responds to the cathode crossing the outermost undestroyed mag­
netic surface and can be uaed to deter.m1ne its position and size. 

A qualitative explanation ot' the data obtain~d (fig",a) 
and b)) can r~ the tollowing. When the electron source is placed 
on the closed magnetic BUrtace in the stellarator , the electrons 
w:I. th ti" > "l occupy the dr11't surrac. rapidly U 2'iR« AIIn "" 1. ( R is 
the major radiua 01' the torus, Aen is the mean tree path of elec­
trons, and L is the length at ~1led lines until they reach 
the wall). Pur~her electron motion across and along the magnetic 
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f ield lines is similar to t he diffus i on due t o coll1s10ns With 
residual gus molecules. For the oteady s tate spatial distribu_ 

tions of t he electron density and space potential the emission 
current Jem compensa.te s for the electron losses ucross (J J. ) 

and along (Ju ) the magne t ic f i eld. 

Jem ':J., • J" , ( 1) 
The quanti tstive theory of electron emission in cl osed mag .. 

netic traps is still under development, neverthelesB f r om the di ~ 

mensional analysis we can estimate J~ and :111 : 
E •. Ven R 

J,- ~-n ' , 
m· uJHe (2a) 

Efl . .!2. .aZ 
J" ~ m ·Ven L ' (2b) 

where £1. and E/I are , respecti vely, the perpendicular and parallel 
component of the electron energy , n and Yen are the electron 
density and electron- neutrnl collision frequency, respectively, 
cnd a is the radius of the electron confinement region_ It is 
sc en f~om the above expressions that on driving the source to 
the r eei0n where the field lines have e. shorter length L 
tr.e li!misaion current would increase, and for the elT'ission cur­
rent to be kept constant while drivin& the source to the region 
vii th a longer L one Ma to increase , viz. the vol tec;e ap-

plied to the source . 
cm 

Fig. 2 

4. It Cf'..n be shown for 2.VR~den"J. 

that the surfaces of the cons tant 
emission current fro~ the elec­
tron source coincide with the ma~ 
netic surfaces (1to r e specifically, 
wi th the drift surfaces). In fact 

when lten»2:!R • the electrons 
12 cm emitted from the s ource placed OD 

the irrational surface occupy 

thi s surface tmiformly whatever 
the emitter position thereon . 
Thus the constant distribution 
of the electron density and s pace 
potential is r ealized , and hence, 

that of the emission current. 
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In fig.2 the emission c~nt isol1nes measured in the URA­
GAB :3 torsatron are shown for the magnetic field o~ 0. 15 T and 
residual gas pressure of J x 10-1Torr. Dashed lines correspond 
to the computed magnetic surfaces of which the outermost one 
has an average diameter of 8.5 cm and rotational transform.t, • 
0.25. 

One can Bee that the isolinea Jem- const resemble in shape 
the magnetic surf'aces in the center where the condi tion ~L. 
is satisfied, and observe considerable disturbance ot the pe­
ripheral region. 

The studies of the magnetic con:f"iguration in the URAGA1l 3 
toreatron will be described elsewhere. The object ot this paper 
ls to present a rather simpl e and fast technique for examining 
the stellarator magnetic 5Ur:faces which permits complete auto­
mation of the experiment. 
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T t",e .snd 
In argon 
th.. "xli . 
(-IOkeV) 

_ 7'2 _ 

TI!-iE AND SPACE RESOLVED X-R .... y .'1EA SUREHESTS 
ON A CAS-P U ~·r Z-PINCH 

C.D.Chall1l , P.Chol, .... E. Dan!';o r and I'I.C.Hlllnel 
The 81ackett La bo rator y 

Imper\al Coil",S", Prince Conlo rt Ro .. d, London S\.J7 282 

Ip"C.. relolved X- ray lasgel of the pial" In .. gal-p~ff Z-plnch 
Ihow the prelen~" of Ihort lived (5-IOnl) locail z ed hot Ipotl 01"1 

The ho t Ipotl appe .. r to be rel .. ted to a lource of energetic 
"'lec~ronl which le .. d to x - r .. y eml •• ion fro~ the anode. At the 

tl .... of pinch {or_t ion a h .. rder X-r .. y bur.t; (Cu I( lines) appear a at the 
coppe r anode. The ap .. tt .. lly reaoived X-ray Ipe c tru. frolll .. cu rved cryltal 
.pectro ....,ter Indi Cate. th .. t th", .... In conatituent of the hot .pot I. helluW\ 

11ke argon (Ar XVII) but t~7 h~llu~)aat"'lltte line r .. tloa lndic .. te an 
ele c tr on d",nllty of 10 -ID c., and th.. r a tio of th e 

<0 hydrogen-like 
tell1perature of 
lo~atlon of the 

heliu .. -iike rel o nance indlcatel •• electron 

'00 
ho' 

",V. Inn",r ahel1 t r .. naitlona .. re obaerved at the . ..... 
lpota COn. latent ,...lth the p r e.ence of e ne:s .. t lc 

.. I ectron beaml rather than a therMal procell. 

I t>,"-RODUCT ( ON 

Prevl ou. meaaurement~ on ~ .. a-pufr Z-p i nchea (1 ,2) t howed that the x-ray. 
e .. ltted 
den.tty 

o tlglnated 
and high 

fro •• everal hot 'potl, t.e. loc a liled region. of hlP;h 
temperature pl .. ama with a typi c al dlmenllon of 200uII1 or 

le.. . Energetic electron bea •• w .. re .ilo ...... ured through direct Fa rad .. y 
Clip fll..:lIlI urement . (J), inference iro", oblerva t ion of Inner .hell 10n l.atlon 
of the pla .... (~,~) .. nd fro~ ob.ervatlon of h .. rd X-r .. y. origina ting from 
the anod e (I). Here we pres .. nt an exper lone nt on tl",e and .p .. ce relolved 
...... ure.ent. of X-r .. y e",lallonl fr OM ~"I-pu ff Z-pinch using double 
i"'''ge. f j 1 t ered X-ray .treak photography. 

~A ( MENTAL OESCAIPTION 

In a gas-puff Z- plnch a cylindrical hollow a hell of gas Is imploded 
ele~ tro .. gnetlc.liy by ~n ?Kial_furrent. The co llapllng shell .. cquIrel a 
high radial velocity ( 10 cm.. ) .. nd the Itagnatlon of t h e radial 
kineti c energy on .. xt. relult. In .. plal"'a wi th high energy denlity. 

In tht ... xpe"Ci_ent the 1nlti .. l hollo ... g ...... hell of 15mm r .. diuI. ~_ 
thlckneaa, la p"Coduced between twO ele c trodea 20"'111 ap .. ~t.The g"l i, 

Injected ~Y. faIt acting vllve vt .... n annui .. r superlonic no~tle through a 
copper plate elec trode. The o ther ele c trode tl .. high "'pect ratiO ateel 
ho neyco~b. The di.charS'" in energiled by a 9 u f capaCi tor bank, cha rged to 
2&Io.V (Jk.J) . To ob .... r ve th t! effect of che el .. ct ron be ...... the del/lc," 11 
nor ...... ! I)· ope Tlilted with tht! 1101 td copper electrode .1 .. n IJnode. 

The cIrcuit I nductllnce with 11 Ihorted iond I1 &OnH, the peak d1 . charS" 
cu rrent 11 300kA , and the quarter -pe riod a t th e Circuit. ta 1.15ull . The 
~8U. of th~ s al-lJhe11 (-IOOug) c an be adju.ted by .. ltering the pI en"", 
p f el"Ure ( t yp l c .. lly &at"'I.~ t he dJ.charge tl~e rel a tive to g,,1 
11"1) ... .:t10n. Th... of the ~a'-Ihell la · opt i_lled . uc:h that the 



- 73 -

.tagn.tion on a~. occu~a a t peak . current. 

Tl_- reaolYed X-r.y. o b •• ry.tiona .re _de by .. fi .I, tered, d u.l pin-hola 
, c~er.. with a ac1 n tillat i ng datect o r Yi~ing the pinch radially to re.olv. 
the . xi .l atructure. The recording i ... de by a Kadland 675 hiah 'peed. 
op tica l a treak c amera . A .cheaatiC of the aet up 1. ahown ' 1n f1g . 1. Tiae 
correlati On i. achieved by pul . ina • f •• t LED 1n the field o f y1ew of the 
.treak c amer a, a~d ~tmult.neou. l y dlaplayina the electrical pul ae. on 
0.c111i.cope t race. of c urr en t . nd X-ray e.i •• ion. Beth pin-hole. ara 
lOO~. d1 •• eter ln coppe r and are .eparated by 9.5.. ln the axial 
direc tion. Alu~lniu~ . Beryl11U_ , Ki~io11. Cobalt and Nickel fi lter. are 
pair~ a nd -aunted behi nd the p i n-ho le& with 9anm of Aluminiu. depoaited 
on the acint l 11ato r fo r light tiahtne... The Nickel .nd Cobalt pair i. 
choaen auch that their trana.iaalon 1. ,1=114r except t n the reg i on of the 
Copper K-line e.i •• ion. Thi. give . an eneray diagnoa t ic for the anode 
a.is.lon. Ourlng each .hot tlae integrated aea.ureaent. are .. de wi th a 
bare alu.l nlu_ cathode X-ray dlode ( XRD) .nd a sep.rate doubla pinhole 
X-ray caMera u.lng calibra ted X-ray fil_. These -ea.ure.ent. allow ua to 
obtaIn a c alibration o n the X-ray atr~ak reco~d. 

T1.. integrated .pect~a 1a recorded on Kodak DEF X-ray fil. ua1ns a convex 
c urved PET cry.t.l 'pectro.eter. The apectral region ob.erv~ i. between 
3 .5-4.5A. A l~ ~11t locat~ between the pI .... and the apectroaeter 
provide . li_ited axlal re.olu~10n while per.itting spectra to be 

r ecorded i n a . i ng1e .hot . 

OBSERVATIONS 

Fro_ time- i ntegrated X-ray pln-hole photography it 1~ known that the 
ga.-puff Z-pinch produces a pl •• 3& co Lu.n between the electrodes Within 
which exlst ••• 1L, intenae X-ray emitt1ng reg10na . (2) ~opiou. X-ray 
e. i saion la al.o obaerYed fro. the anode and th is ha. been attributed to 
auprather.al electrona.(l) 

T1.e- reso lved X-~ay diode .... ure.ent . show · th.t the ha rd X-ray. are 
emit ted 1n ve ry .hort (IOna) duration p~laea. ( ftg.2) repeated • • ver.l 
tiees oyer a pe ri od of 40On. . Softer X-ray. are produc ed throughout thi. 
pe r lad. 

I:~,:t~~ _."' I ,,~ 
P IN CH PINHOLES! 

STREAK 
CA.'1EitA 

SC1 NT ILLATOR 

FIG. I FIG.2 
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Recording ••• de with the X-r.y ~In-hole IlreAk CA .. ",rll IIho .. that t he Pin c h 

I. c h.r.cte r l.ed by 2 or ) b"rll. of ele c t run b",'l"''' , .... ch l"'"tln~ rO r 
)O - IOOnl and eAu.lng the IInod .. to I ight up (flg.J). The (11"", b .. tween "'''ch 

bur.t rAng"" 

pi.".... .Il",} 1 
•• Inferr .. d 

froa 20nl to J ~Unl. ...t th .. t ... e .., ( th", II t .. ~n .. t Ion of the 

on "X'I, the pr"lenc .. of .. hl~h .. nergy .. 1 .. etron brllm ( - 20k eV ) 

f r o .. thO! h.rd X-r .. y K l.ne ..... ' •• Ion (rOM the .. nod .. which 

typlc .. lly l .. at . for 10n.. Sub.eQuent bu rlt of ",l ectronl .re In fe rred to 

be le •• energ",t l e anC! toO re 'nten .... 

..... oe lat .. d With th .... nod .. "" >IS 8i.on ,. Intenl.e loc alised pi." .... e .. 1\8Iion. 

Thele localil .. d hot-Ip<,tl do "at o.::cur during th.e (Irlt hi gh ",,, .. r8Y b",.a , 

but . re COlOl1llOn durl,,1I, th.e .ub .. .. qu.ent luwer .. nerRy bur.ta. Hot .pot, .re 

all.ay. ab • .erv .. d to be IIc companll':d by "node .... IIIdon. The radud .. xtent of 

the... r egion. a r .. m .... ~ured from time-integrated X- r. y pin-hole photogr.ph. 

t o be < 200 ..... 

U.tng KI",fo ll 

(fig ... ) .ho .... 

filter . ... hlCh le t through 50ite r X- f.y. the . tr eak f ecording 

the exl.t .. nce of • cool e~.ttln8 pI ••• a in the regio~ 

b~tween the electrodes, p .. e5ent lit all tl~es bet ween burstl of .. I ectron 

be.~.. PI •• aa .. ~i •• lon 1 _ ft r .t observed fro~ near the elec t rode Oppe' lt e 

to the nozzle. The <:mi"slon then s we"'VI up to .... rd. th .. nozzle, Indl Catln& 

t he occur.enc .. of a 'zlpper' .. ff .. ct . \./hen the palarlty of the dlseh~rge 1 . 

r .. v .. r • .ed, the z ipper effect and the hot ~pot e ... ll slon Is un.ffected . 

r. .. i •• ion fro~ the solid <;oppe r electrode. ",hlCh •• "0'" tile cathod .. , •• no 

10ngO!r ob .... rved . (flg.~) Jt c an .1 .. 0 b", ,e",r. th.t hot spots IIppell"ln~ at 

diffe r e nt tl ae "nd orlgintltlng from ,i ... lI"r ex ... 1 pOll i tio,,,, .. r e rel ated to 

the sam .. colder, longer lAsting pl a~ ma. 

lI,croden' l tollle t .. r tr.ce of an X-roty II p .. ctrU", t aken With the 

:tp .. ct ro ..... ter. Th .. dominant lines .. re fie -like .. nd H-l.ke r eson .. nce line • 

• nd satelli tes. Th.er e .r ... 1.0 inner shell 1""'''",I.on I,nes frolll 
par ti ally s trtpped 10nll . A ste ... dy Sl11t e ",o d .. } for ~-Sh .. 1J sl,.,.ctrolllc0l'y(6) 

•• u ... d to comp~r e with th .. spectrll. rrom th .. H.,.-llk .. to H-I ,ke re. onllnc e 

lin e ratlo,.n .. lectron temperatur .. of -5 00ev ." "ht",,,,"d. rro,," the r .. tl a 

of Llthlu", llke22 "at~~ll ~) S o f the He-like r0:'5 0""'",:" I.ne. !In electron 
denSity of 10 -10 c ", I, 1<1[",· .. .. d. ,h'5 mod"l "!liumes " 

.-.&""'eI114n electro n veloc.ity dlst~lbutl on. w,th,n lht' I' ftnl .. d .patial 

r esol ution of the spec tr o met .. r, Inner "hell tr~n9'l'DnS ~f~ ob~erv~d to 

ortglnot~ (rorn the •• me OKI"I pOli t lon n~ the h o t. den5 " pln~me .. xhlblting 

ch.e helium Ilk .. comp } .. x. lt I'" ,n( e rr .e<! th ... t the "o~ s"o~ 1~ n r .. lult. of 

th~ inter .. ction betw .... n. highly .. "e r getIC .. Ie c tron b ..... ", end 11 r .. lac.vO!ly 

co ld p i .... "' .. r .. ther th"" a th e .. ", .. 1 proce,"". 
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MODIfICATION Of THE DISRUPTIVE DENSITY LIMIT BY ECRH AND 
(~3 HELICAL WI NOIN GS 

T t.I Todd, 0 C RoMnson. B Lloyd , T Edlington, B J Parham, PR Collins 
J Riley , 0 Atkinson, SHall, F Ma M O'Brien and J Ellis 

Cui ham Laborato ry, Abingdon OX 14 30B , lJK 

(Euratom/UKAEA Fusion Association) 
INTROOUCTJOIJ 

The ubiquitous density lim it disruption of tokamak discharges (at tiN < 

1.5 x lO-l~Am . where N~abi\) is widely believed to be primarily a consequence 
of pe ripheral losses eroding the curren t density profi le to the point where a 
s tee p current - density gradient appears just insfde tile q=2 surface. The 
di srupti on follows the en s uing destabil isati on o f the 2,1 mode. eithe r 
d i r ec t l y 3S an ideal l:in k or via the overlap of islands of this and higher 
orde r tearing modes subsequently evolved. 

Thu s the density limit should be raised by any techn i que which permits 
higher pe r iphera l losses W"iile maintaining the stability of the 2,1 s urface . 
eg li ) increas ing the po~r arriving there (core or local heating). (ii ) 
direc tl y affecting the current gradient {local cu rrent drive , exte rn ally 
induc e d is lands fl ]l or (;;i) adding vacuum rotational tr ans form, ~vac ' 
~\? t hod s ( i l and (1;i) are addressed by th is paper. It should be noted that the 
close thi ck shell and powerful feedback systems of CLEO make it very rare 
fo r hard disrupt.ions to fu l ly quench t he plasma c urrent . 
RESULTS Wi TH ECRH 

Th is study was perfo rm ed with 60 GHz second harmo nic (2w
ce

) heating 
using is TEoI mode l aunched inwards al ong a midplane major radius. X-mode 
abso rption dominates. and has a cut-off density of 2 . 2 x l019/m3 • 
co rr e sponding to critical ne of.::. 1.6 x lOl9/m3 for core heati ng with 
mode rate ly peaked profiles . Thus for interestingly l ow values of IIN in ClEO 
ia;O .13m, c ircularl the plasma cur re nt has to be < 11 kA . At the r esonant 
fie 1 d of }. 07T thi s corresponds to a hi gh Q (10 at iD kA for exampl e) . and 
he nce a t endency towards rather narrow temperature profiles. For strong 
absorp ti o n XM lwce ECRH requires an initial elec t ron temperature .:: 150 eV 
which is unl ikely to be achieved in CLEO in the vicin ity of the Q"2 surface 
c l ose to the high density limit. Accordin gly. the best I/N limits 'ooEre found 
wilt! t he resonance pi aced at or near the hot core of the pi asma (_ 350 eV 
l;ncer 00 only) although r ay tracing calcul ations show that refractive effects 
~ ; splac e the heati ng zone as neis incre a sed . Such an ECRH assisted shot is 
c twnpar ed with its (){ equivalent in Fig 1. Since the initial effect of the 
t:CRH is to cause a drop in ne (probably mostly due to profile flattening). a 
dO W"l ward s t ep in plasma current loiaS prograrrrned to fac ilitate the fal' in II N 
~'h j l e the den sity was forced back. up. 



- 77 -

When the plasma current was programned to fall below _ 7 kA (ie q » 14 ) 
the n both OH and ECRH di scharges woul d evo l ve wi thout maj or di srupt ions to 
cool, quiescent pl asmas 'llhfch were of very low IIN but were not cons idered 
relevan t to convent i onal tokamak operation. One interpretation 1s that there 

. is some critical poloidal Lundquist number (_ 103 here) below which MHO 
activity is suppressed (as 1s ev i denced by decreasing Mirnov signals). Some 
ECRH assisted shots testing the density limit transferred to this regime at a 
plasma current - 9 kA (at ~ i ch the OH cases would only disrupt) consistent 
with suppression of the mF2 mode during the critical part of the density rise. 

RESULTS WITH HELICAl WINDINGS 
Another technique Which should affect the density l imit is to modify the 

profile of it i' making it difficult for the q=2 (i • 0.5) surface to be close 
to any sign? icant curren t density grad ient. This approach has been 
demonstrated on essent i ally shearl ess 1'"2 stell arators al ready (2) and 1s 
found to be capable of a pronounced effect in our strongly sheared p3 
machine. However un l ike those earlier results, on CLEO the disruption is no t 
eliminated in this manner, on l y shif ted to a different I/N ratio. In addition 
there gene rally exists an upper limit to the amount of strongly sheared i _ vac 
that can be added before the profi le of 't t is unstab le at any ~ensity (3). 

To compare easily with the [CRH ass?sted cases above the 'vac was added 
to a servo- cont rolled 9 kA discharge at various toroidal fields. During this 
period the nonnal tokamak density limit was _ 4.8 x lOlS/m3 for this cur ren t 
(wall conditions ~re not as good as dur ing the [CRH assisted sequence 
described above ) . Th·2 usual CLEO behaviour is a rapid sequence of dis rupti ons 
progressively coo li ng the plasma and thus raising the OH input power. As 
indi cated 1n the introduction any technique ...,ich raises the net power input 
should rai se the density limit. Fi gure 2 shows the result of prograrrvn;ng a 
slow density rise in a s impl e CLEO t okamak. The pl asma current se rvo 
increases the mean l oop voltage as the sequence of disruptions occ urs, thus 
progress ively raising the OH input po .... er. This sequence starts disrupting at 
_ 4.8 x l OIS/m3 at _ 20 kW OH and eventually reaches _ 7.S x 1OIS/mJ at - 54 
kW. 

At low toroidal field values (and hence low q) adding Signif icant 
helical field wa s found to make the plasma P+t D unstable even at very low 
densHy. However at toroidal fields of around 9.5 kG the dendty limit was 
raised substantially by increasi ng the helical winding current, I , to _ 6 kA, 
above which no further improvement was seen. Dfscharge wavetonns for an 
optimum case wi th I are shown in Fig 3, lIIhich can be directly compared with 
Fi g 2. A few small ~isruptions can be seen in the SXR activity but the loop 
voltage stays low until a large disruption occurs (.tIich is conside red to 
define the density limit). The variation of c r itical density with I{ for 
various values of S, is shown in Fig 4. 



CONCLUSIONS 
Raising the tota l power input 

to a conventional tok amak discharge 
(here by (CRH or by aChieving a low 

conduct i vity temperature) all ows 
the de nsi ty limit t o be sub­

stantially inc r eased . wIlile t he 
nature of the disruption is 

unchanged. The ope rat ional I/N 
1 imit was lowered f rom 1.7:dO-l~ to 
l.OxlO - l~Am. Adding hig hly sheared 
vacuum rotational transfonn to a 

low q t okamak plasma onl y adversely 
affects its stability. but ..nen 

added to a ~ tokamak all ows a 
much higher, but still disruptive, 

density limit to be achieved . In 
this (slightly dirty) case the 

operational limit was l owered from 
3. 8xlO-1" to _ 2.0dO- 1Io Am. 

We note that very high Q, (,. 

14) toi::;amal::s in CLEO do not exhibit 

density limit disru pti ons but 

merely cool smoothly to qJiescence. 

The critical density for rf acces­
sibility combined with the aim of 

producing interesting IIN values 
provides a lowe r l imit to q . The 

r esulting window in q would be 
wi dened by increasi ng the critical 

d ensity for accessibil Hy, for 
example by raising the [(RH fre­

quency or chang; ng to X-mode fund­
amen tal heating. 
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A CATASTROPHIC STUDY OF THE ENERGY BALANCE 
OF PLASMA IN TOKAMAK 

YU~GUO-YANO 
THE INSTITUTE OF PLASMA PHYSICS, ACADEMIA SINICA 

p.e,BOx 26, REPEI,CHINA 

AESTRACT. Th"E ENERGY BALANCE OP PLASMA IN TOKAMAY. IS 5TU­
DIED.SCALINOS ABOUT THE PARAMETRIC EFFECTS OF THE DENSITY 
LIMIT OF THER~~L EQUILIBRIUM, FOR BOTn DELAY AND MAXWELL 
CONVENTION IN CATASTROPHE THEORY. ARE DEDUCED, IT IS SHOWN 
THAT THE RADIATION DUE TO P£AVY IMPURITY AFFECTS THE DENSITY 
THRESHOLD SIGNIFICA~ITLY. ~~XWELL CO~WENTION OFFERS A MORE 
SEVERE LIMITATION ON THE ATTAINABLE DENSITY. AN AMPLITUDE OP 

~~C~L~;T~~~i~~A~~ ~~~~ts~NE~~t~c~~~i~N~PI~A~t~~ION . 
GIVEN. 

I. INTRODUCTION 
~~JOR DISRUPTION IS BELIEVED TO BE OF IMPORTANCE IN TOKAY~K 

RESEARCH AND MUCH EFFORTS BOTH THEORITICALLY AND EXPERIMENTALLY 
HAVE BEEN DONE ON THE TOPIC. 11,21 

'l.'HEORITICALLY I BESIDES THE flUID APPROACH, THE ABSENCE OF THE 
ENERGY BALANCE IN PLASMA IS PROPOSED TO BE ANOTHER APPROACH CAU­
SING DISRUPTION. IT IS REVEALED I II THAT THERE EXISTS A DENSITY 
LIMIT IN PLASMA BEYONG WHICH NO THERMAL EQUILIBRIUM EXISTS. THUS 
THE DENSITY LIMIT OF DISRUPTION IS ADDRESSED. LATER AN 1-0 
NUMERICAL STUDY OF THE THERr~L EQUILIBRIUM IN PLASMA SHOWED : /21 
(1) THERE ARE THREE TYPES OF THERMAL EQUILIBRIA DIFFERING IN BOUN­
DARY TEMPERATURE AIID PERFO~~IMG DIFFERENT TE(DENSITY) BEHAVIOR, 
NA!o'.E;LY, MONOTINIC , CATASTROPHIC AND IHTERCHANGABLE; (2)THE CUSP 
CA'i'ASTROPHIC STRUCTURE OF TE tlPON CONTROL PARAJol.ETERS (SUCH AS 
THE APPLIED TOROIDAL FIELD, THE L00P VOLTAGE, THE GEOMETRY OF 
PLASI1A AND THE BOUNDARY TE~PERATURE) INDICATES THAT DISRUPTION J 

IN THE STUDY, IS PARANi::TRICALLY CONTRO LLA BLE AND REMOVABLE. 
ALL THE RESULTS MENSIONED ABOVE ARE OBTAINED BY USING A MODEL : 

(A) THE H~RGY PROCESSES CONSIDfRED ARE THERMAL CONDUCTION , OHMIC 
HEATING A~~ E- I EQUILIBRATION ; (B)DELAY CONVENTION IN ELEMENTARY 
CATASTROPHE THEORY IS APPLIED ONLY . 

HOWEVER MORE ENERQY PROCESSES . SUCH AS RADIATION LOSSES AND 
AUXILIARY F£ATING. SHOULD BE INCLUDED. FROM A VIEW OF CATASTRO­
PHE THEORY, IN ADDITION TO DELAY CONVENTION. MAX'iELL ONE IS ALSO 
INTERESTING TO STUDY. THESE ARE THE PURPOSE OF THIS PAPER . 

THE BASICS ARE III SECTI ON I!. RESULTS IN A PORM OF SCALING OP 
THE PARA~£TRIC EFFECTS OF THE CRITICAL DENSITY AND THE CO~~ITION 
CAUSInG MJ.XWELL CONVENTION ARE QIVEN IN SECTION Ill. 

II • THE BASI cs 
THE ELECTRON'S ENERGY BALANCE IS CONSIDERED ONLY AND THE EQUA: 

TION NORMALIZED AS IN 121 IS: 
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L"JlT- Pt. .... .,. 11",,1'1 . t'u t'~ l' P""u 
(1) 

ON THE RIGHT HAND SIDE ARE THE CONTRIBUTIONS DUE TO THERMAL CON­
DUCTION, OHMIC HEATING, E-l EQUILIBRATION. LOSS TERM INCLUDING 
BREMSSTRAHLUUO. CYCLOTRON EMISSION fLIGHT AIID HEAVY IMPURITIES 
RADIATION. AS WELL AS NBI HEATHIO.LIKE IN /1-3/. THE ELECTRON"'e 
THERMAL CONDUCTIVITY IS TAKEN TO BE ANORMALOUS DUE TO MAGNETIC 
FLUCTUATION/41 

THE REST ARE AS FOLLOWS: 11-3. 5-91 

1'0«".- C'IV:T ..... /R" 

'El ... C,J(~(T .. -Td/Ttv.. 

'/#I-PIOt.+ Pc.'1C. " ~." PU1rll 

P..n.·~.trt-'Q'<-- ~r:T.{I" "'1.1011) '»lilt ."Col n 1t/~/ l CL..~) 
~."(1"- "tJIbf {' ''. ''. ) 

(2) 

0) 

(4 ) 
(5) 

P'"1:l - f(,A<f)./j·Q (6) 
~~RE TE AND T1 ARE ELECTRON~AND ION#TEMPERATURE RESPECTIVELY; 
Z,ZL AND ZH THE CHARGE NUMBERS OP THE BULK IONS, THE LIGHT IM­
PURIT~ IONS AND THE HEAVY IMPURITY IONS WHILE N. HL AND NH THE 
CORRESPOUNDINQ DENSITIES; P(NS),H AND G ARE THE INJECTED POWER, 
THE SPATIAL DISTRIBUTION OF PAST IONS AND THE SPECIES DISTRIBU­
TION OF THE PO~~R ABSORBED. ALL C;S IN EQUATIONS ARE CONSTANTS . 

FOR SIr~LICITY, A ZERO-D MODEL IS USED SINCE WE ARE INTERESTED 
IN THE QUALITATIVE BEHAVIOR . 

ACCORDING TO THE ELEMENTARY CATASTROPHE THEORX,DELAY CONVEN­
TION OCCURS AT THE BIFURCATION SETS, I . E. WHEN TP£ LOCAL POTEN­
TLAL MINIMUM ~~RE THE SYSTEM STAYS DISAPPEARS . BY r~XWELL CON­
VENTI ON O~~ MEANS A TRANSITION OCCURING WITHIN TP£ BIFURCATION 
SPACE WHEN THE SYSTEM TENDS TO STAY IN THE GLOBAL MINIMUM OF THE 
POTENTIAL . ITS OCCURENCE DEPENDS ON A FINITE-AMPLITUDE FLUCTUA­
TION OF THE QENERIZED POTENTIAL IN PLASY.A WHEN THE CHARACTERISTIC 
Tn~E OF THE FLUCTUATIon IS SHORTER TF.AN THAT OF EITHER THE THER­
MAL EQUILIBRIUM OF THE SYSTEM OR THE VARI ATION OF THE CONTROL PA­
RAMETER (PLASMA DENSl TY IN OUR CASE) . 

Ill . RESULTS: SCALINQS AND CONDITION FOR ~~XWELL CO~~NTION 
IN OUR STUDY, TWO OPERJ..TING CONDITIONS ARE CONSIDERED: (1) THE 

LOOP VOLTAGE IS FIXlED AS DENSITY VARIES; (2)THE PLASMA CURRENT 
IS KEPT CONSTANT. 

(1) VL=CT. 
SHOWING IN FIG. 1- 7 , A SCALI NG IS DEDUCED 

1lu-.oC 'Ta. V~/~~ 
(7) 

(2) QA=CT . I.E. IP=CT. (FIG. 8-14) 

(8) 
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WH ICH IS CLOSE TO MURAKA MI SCALI NG /10/ . 
SCALINGS LISTED ABOVE ARE FOR DELAY CONVENTION. UNDER CERTAIN 

CONDITIONS ABOVE-STATED IT IS INTERSTI NO TO CONSIDER ~~XWELL 
CONVENTION AS ANOTHER POSSIBLE TRANSITION FOR THE STATE OF SYSTt/ol 

IP A ORADIENT SYSTEM IS ASSUMED. WE CAN FIND THE POTE~lTIAL By • 
I NTEORATIIW EQUATIOn (1) W.R . T. TE AltD BY APPLYINQ CLAUSIUS­
CLAPEYRON EQUATI ON/l11 TO F n lD THE TRANSIT POINTS FOR MAXWELL 
CONVENTION. THE PARAMETRIC EFFECTS ARE DRAwN IN ABOVE FIOURES 
WITH AN INDEX " M". IT IS SEEN THAT ~.AXWELL C01NENTION OFFERS A 
¥.ORE SEVERE LIMITATI ON ON PLASlr'<A PARAHETERS. FURTHERMORE THE 
POTENTIAL BARRIER \o,'}fEN I"..AXW::LL COUVEUTIOU OCCURS, WHICH EQUALS 
Th"E MINIMUM AHPLITUDE OF THE FLUCTUATION IN PLASMA ENERGY AND I TS 
RATE OF VARIATION , CAN BE CALCULTED. A SAMPLE VALUE IS 

( 9) . 

SOME PARAMETRIC EFFECT OF THE CRITICAL POTENTIAL BARRIER IS GIVEn 
IN THE FIGURES. 
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The Generation of Reversed Field Configuration 

by RF Driven Cu rrent s 

H. frank, A. Hardt ke, H. Jog~ich, H. KOhnapfel, k. Plennis 

H. TUC2ek 

Universita t Essen - GHS, FB1/Physik, Universitlltsstr. 5 

D-II]99 ESBen 1 

"ccordins to the -Rot. ••• Ic- concept /',21 toroid.l d.c. currenta Ire 

genenlted in a bydrogen plaS_1I of 9phericIl e;bape . 

rota tiog .lIsnet.ic field is applied to tbe prehested .nd .'gnetiled 

pIss.a. This field is produc ed by r. f . currents t.hroush tao coil pairs, 

oriented orthosonally, .ith a ph.se Shlft of '19 deg re e s 1 3 /. 

The po.er 1s supplied by a tlo-cbannel trans.it.ter of S H~ at a {re ­

qllency of 111Hz for a pulse duration of 1.5 _sec. 

During the entire discharse period a r eve rs ed field configuration can 

be .3intained. 

Experimental arr angement: 

A: "ntenol for pre-ion.sat.ion 

9: Coils f or static . a sn. field 

C: Spherical coil-asle.hly 

for theta-pinch beati ng 

D: D-Typa coila for rotatios 

8agnatic field 

Fig. 1: Scb ••• tic Di_s r •• of the 

Spheroaall: devi c e 



- fl5 -

Using Hydrogen as working gas it is diff icult t o produc e a 

plasma by electricel dlsc hasrg.s at low prassur ••. In ord.r 

to achieve the favorab l . initIal co nditions for an effactive 

i n te r sction of t h e rotating magnetic field with the Plasma, 

a n electron cyclotron reaonance ( ECR) preio ntlaatio n 

(flg.',.\) an d a theta -pinc h kind of preheating (fig.1 . C) of 

the pl •• ma wera incl ud ed to o ur S pheromtlk devica. A qua ai-

atatic maSnetic bias fie ld ( Pig. 1. B) is used to fulfil l the 

f eR condition and as initial field for the reve r se d fiald 

c onfi g urat ion. The rotating fie ld ia applied by two coil 

paira ( fig." DJ. 

Th~ EeR preio na .ation : 

For the ge nera tion o f the plasma a magnetro n wi th a pulse 

p o wer o f _ kW i s use d, radiatin g a t a frequency of 2. ~5 GH2 . 

As t h e magnetic bias field ha s a mirror co nfi g uration t h e 

eeR condition is fulfilled first in the po l a r r egio n of the 

vesse l and mo ve. with increaaing b ias field through the 

ca nter to the wall in the e qu a tori a l plane. 

Measurements wi th elect rostat i c probes indi cate tha t for the 

i gn ition of th e discharge EeR i B necessary but the plaBma 

can e ve n be Buatained during pe r iods where the EeR c onditi on 

ia no longer fulfilled. 

Th . density of the feR-Plas ma is of the order o f 10" c m·' 

and the 4 1ectron temperatura ia ab o ut 1e eV. 

limit for ignit io n ia 5-1e-· mbar. 

The theta-pinch preheating: 

Th e pr essure 

Initial plasma hea ting ia ac h i@ved by d isc har g in g a 4 . 3 kJ 

capacito r bank OYGr 17 coils s u rro unding the aph e ri cal dlS­

c!': ... r". veaael in ho r i:tontal plane s (Fig.'. Cl. Th e ion t Qmpe­

rat ure ia d.t er mined by meas uring t he Dop pl e r br oadening of 

i mpurity linea a nd o C H. (Fig.2 1. 
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Ion teaperaturee evaluated of the Doppler brO l de ainS of 

differeat ion.si.tion Itases of Kitro«eD iapuritiel 

All observed ionieation states of the impurity lines show a 

temperature of the same order of magnitude between 288 and 

388 eV. NIl and NIII reach the temperature maximum lat er 

than NIV due to their l onger ener g y equipartitio n time with 

Hydro@;en . The ion temp e rature evaluated from H- is lower by 

a ract or of 14, nince the Ha radiati on o f the hot plasma core 

is covered by the mor e intensive radiation of plasma in the 

wall region of the vessel . The electron temperat ure has been· 

est imate d by the appeara nce of ionisation stages to be of 

thv or der of be eV. 

The rot at in g r . f. fi eld: 

The r otat ing magnetic field is produced by r. f. currents 

passing t hrough two pairs of coils (fig.1, D) with a phase 

shift of 98 degrees in space and time. The power ia supplied 

by a t wo-c hannel transmitter of 5 KW at a fr eque ncy of 1 HH% 

for a pulse duration of 1.5 mae c. 

it these ex periment a up to 1KW can be coupled int o the 

plasma mainta in ing a stable rever sed rleld configuration for 

about 1.2 mllec ( f i g. 3). Measu rements of th e radial distri -

bution oC th e magn e tic field show pla sma current a in the 

order of some kA proportional to t h e magnetic bias field 

(fig.lll. 
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Fi«. 3: Poloid.l •• ca.tic ti.ld ••• function ot ti •• n •• r the cent.r 

of the .ph.r. 

D 

~:.----~5~'-~1~.~~~'~5~--~2t.~~~2~5 
8/aT 

Expe riments are carri.d out to s tudy the g.n.ration or 

rotating magnetic rield. in a plasma by the Bl.vin-Thonemann 

. nd .rrect I 'H. 
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ON THE INTLUE!lCE OF "'- PARTICLE CYCLOTRON 

DAIJPH1G ON THE LOWER HYBRID CURRENT DRIVE 

L. Krlin, P. Pavlo , Z. Tluchor 
Ins titute of Plasma Physics , Czechoslovak Academy of Sciences 

Pod vodBrenskou vezi 4 , 182 11 Prague 8 , Cz echo~loyakia 

Abstract 
Some preliminary results on the influence of the cyclotron p~r­
manic da~ping of lower hybrid waves by thermonuclearly produced 
alpha- particles are presented. Recently . the usefulness of the 
Jower hybrid current drive (LP.CD) in reactor regime was doubted 
in connection with this effect . The quasilinear change of the 
elope of the alpha- particle distribution function ia taken into 
account. PJmlytical estirr~tes are obtained showing that at a 
su:fficiently !">.igh .-:ave er.ergy density the power abs orbed by al­
pha - particles saturates (in the approximation used) . Por the 
parameters of a hybrid reactor, the saturated power was found 
~~ch lower than that computed from the linear theory. It seems, 
therefore , that, at least for hybrid reactor conditiop~, the 
alphe-particles need n~t represent a serious obstacle to LHCD. 
~Gme further aspects of ttlis e~~ect ere discussed . 

In recent paper of V,'Oi;G aud 0:;:;0 [1J, the effect of thermonucle­
arly generated alpha- particles on LHe D has bee:1 investigated . 
The at:.thors estima ted the absorption of LHW by the alpha-parti ­
cles component by means of the ion cyclotron danping in the li­
near regime . For usual reactor par6.meters , they found very 
strong s:osorption (the effective absorption length L(X we.a of 
the order of 5 cm) . Even for the paraoeters of the hybrid reac­
tor [2] (whf:n their procedure yields ~AlO . 5m) , the absorption 
is s trong enough to make the usefulneaaof LHCD scheme questio­
nable . 
In this paper we tr-J to extrapolate the mentioned calcula tions 
into the quasilinear regime . Here, the original a~pha-particle 
distribution f~~ction (determined by alpha- particles collisions 
with electrons and iOM) , which bea been used in the mentione d 
paper , obviously changes its slope s and, consequently , also the 
absorption rate. It can be expected t~~t this ef~ect wil reduce 
the s~rong a bsorption , obtei~ed in t~e linear approximations . 
As follows from our preliminary estitlBtioDS, the absorption of 
lHW by the alpha-particle component really sufficiently decrea­
ses . 
The esticet ion of WONG and ono is based 6n the evaluation of the 
space 1£,.ndau decrement r x 

T>. k-L [Re (kzz ) - (Re n.L )2 ] 

(1) x 0 2 Re (k ) (Re n )2 
:xx CL 



Re k:x::x: = 1 

For parameters of the hybrid reactor [2], the basic in:fluence ~n 
the absorption is e~ected to come from the derivative 3f/ovi 
(since k uv .. Iw < 0 .1 ) . We 2 therefore inveatiga ted mainly the q~ 
silinear change of ~f/bvi , also due to the fact that the quas1-
linear diffusion in v~ is predominant~ 
The quasilinear diffusion equation with the collisi onsl term, 
source term and the ~uaBilinear diffusion in perpendicular velo-
cities has the form LJ, 4] , 

{V.l' ae
i 

[Vi ~ s D.l g;~ j} 
(2) )C, v 

v 3 a 
+k~ -[(1-

v a:x: 
2 ar J x)--+ ox o 

Here {J "X v means th2 corresponding' expression of v,L' V u in 
coordinate! v =r(v,J. + VII 2) , X= v. Iv, 'ta. is the slowing­
-down time, v« is the velocity of born particles I the velocity 
Vc and the coef!icient k are given aa in [4] • 
According to [~, the quasi linear diffusion coe~cient D ~ is 
given . 2 2 

\' 1reoc E 2 2 n, k,Lv.l 
(J) DJ. = L ~ kJ. I n (:A) " ),= 

met. )l Iv .. - Vg Wca. 
Vg being the group velocity . 
The basic problem arises from the complicated form of D~. To ob­
tain at least some qualitative results, we approximate !he ex­
pression v J.·DJ..by some average constant value E vJ.D.LD, = /:>. Ai'ter 
normalizing of all velocities to va , the equation (2) can be 
then rewriten into the form 

{ 
a2f } + 1I1_x2 _a_ [1x3 + a3) r] + 
~xt X ,x x!/) 3x 

(4) + ka
3 fi? a [(1_x2) a:t:l,"sSo .x'\f,?O(x_1l=O 

%Jx 2 ---ax arJ .llv", 

where Xl =vl/v ,X '" v/VCf, , a c Vc/Vcr.. and ~ = FIve< 2 . Let us 
:further normalize f to fIX (vcr) f where fa: is the unperturbed 
distribution function of alpha-particles 
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A fo:c :::r:J" I A = TB SO 
x +a 

and where So is alpha-particle source tenn . 
Since all velocities are of the order of Voc , x~ and x are clo_ 
se to 1 . Supposing that the dimensionles8 derivatives are of 
roughly the ssme order , and under the condition 
(6) ~» 1 
we get for the zero order solution fa from (4) a simple relatian 

(7) 02ro cO . the solution ?lra hfO(~xcv ) ~ This condition 1mplea ':I. },. " '" 

uVJ.. uX oX 
i . e. independent of x~. This value can be determined from boun_ 
dary conditions. SUPP3s1ng that in the quasilinear region (ex­
tending from xlmin, nc (XLmin) 1a considered negligible), the 
predomina.nt flux of particles in velocity space 1a in XJ.I 
(~f/OxJ.)/x~· can be determined by equating the fIuxes of par_ 
ticles over~Re boundary xJ.min between the collisional and qua-
silinear r egions . In this case ~ _ 2 
(8 ) ~! = ximin fQ~1min' x. - V~ ) 

b:r 'l.un g; 
where f« ia ·ihe undisturbed distribution function fo r Y.~in l 
Vu Iv(;/. • In the approxima tion used for S5, the condition l b) reads 

"Jr "" 
2 

'l" 0 . 05 11 n~ E 2 J 2(no) no B 

In.ot k.l DO Iv - v / k1v.t g 

1 » 
~ 

1 , 

where An is the number of harmonics. appearing in the interval 
v. (0 , VD() , no is the average order of this harmonics , 't s is tbe 
slowing- down time . Express ing the condi tion in terms of wave 
energy densi!! W~ II' we ~~t~in for the parameters o! the hybrid 
reactor (~J ne = b . 7xl 0 m J I 1:e . i = 11 keY 1 BT=6 1 , 6,) = 1. Sx 
:x10108ec- 1 k u = 84m- 1 the condihon 
(10) Wk ~1O-2 J m- 2 • ' 

The value on RHS of eq. (10) corresponds roughly t~ 100 l8'1 of 
the input rf power in case of the hybrid reactor ~J. 
The flattening of the derivative af/av.l leads to the satura tion 
of the abl10rbed power, analogously to the estimation of FISCH 
[ 5J and KLDtlA [61 . Neglecting the component of the absorption 
coming from ~f/~v", the absorbed power is given by 

P = -21 k" [ Re (kzz ) - (Re (n"»2 ] • I!J~ ~ Wpe 2 . 

tot K! 2 Re (k=) (Re n") 2 L;"'T W £..leo, 

(11) ~ f dVh J dV1 J n
2 (~) 2 f (vl. minl vu" 

Wc« .£) (v1 minl vu' Ek ) 

----"------ ] v gr W kJ. dkJ. • 
k It Yu+ n WC(X- W 

Supposing a rectangular form of EkJ. 2 (and therefore also '1.:0, it 
is seen that Ptot does not depend on the wave energy density. 
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Rough comparison of this saturated absorbed power with 2he po_ 
wer determined in the linear approximation for Wk c 10- Jm-z 
yields, for our parameters (6ku ::; 0.2 k HO ) I 

-2 Psat I'V 10 Plin• 
The contribution to the absorbed power due to the neglected 
term Of/av" may modify the relation. However, since in our C8se 
this contribution represents approximately 1 % of Plin, it can 
be concluded that for parameters of the hybrid reactor, the po­
wer absorbed by alpha-parti cles estimated from the quasilinear 
theory may represent only a small fraction of the linear esti -
mate. 
There are further effects associated with the strong absorption 
by alpha-particles and with the quasilinear perturbation of the 
alpha-particle distribution function. Since the absorption in 
alpha-particle component strongly increases with the alpha-par­
ticle density (exponentially dependent on the ion temperature), 
the increase in the ion temperature will lead to the decrease 
in the driven current. This may worsen the ion confinement. 
Through this effect, an i ntrinsic negative feed-back might be 
established to stabilize the thermal instability. 
The quasilinear perturbation of the alpha- particle distribution 
brings a possibility of a current drive by a lpha-particles, ana­
logously to the ECR scheme. Further, the asymmetry possibly ge­
nerates a new wave spectrum which can have an influence on the 
total driven current. 
Our results bear, of course, the character of rough estimates. 
More precise results will be obtained from 2- D computer simula­
tions now under progress. 
The authors are grateful to Drs. R. Klima, V. A. Petrzilka and 
J. Preinhaelter for valaable discussions. 
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Comment on paper GO Fr 1130 5 

"A Class of Special Toroidal MHO Eauilibria , 

includinq Minimum-B" by C . M. Bishop and J.B . Taylor 

D. Palumbo 

EURATOM, Brussels, Belgium 

As I have worked on this problem since many years (fl.1 

D. Palumbo , 11 Nuovo Cimento, X, B(196B) 507; /2 . / O. Palumbo, 

in "Instability and . Confinement " in Toroidal Plasmas" Varenr'ja 

Course 1971 , page 91), I ' m glad that Bishop and Taylor 's paper 

gives me the opportunity of making several comments and add some 

details. 

1. The general i sation of the isodynamic solution considered by 

Bishop and Taylor by adding to the square of the toroidal field 

the square of a vacuum toroida1 field - k/R2 in their notations 

- was already considered in /1/, and was the main reason for 

publishing paper /2/ . These extended solutions are no longer 

isodynilmic but still allow an arbitra r y choice of the pressure 

profile. There are some differences in the notations: Bishop 

and Taylor's R2, f ('f1), fi (~), and k correspond, respectively, 

to X, T('f), "leo/"~ and c
2 

in my ref. /2 . /. I agree that apart 

from pure relabelling these solutions are the only possible ones 

which conserve the magnetic surfaces. 

2. In ref. /1/ I noted that the purely isodynamic equilibrium 

is always unstable. In ref. /2/ I considered in more detail the 

stability problem. On the basis of the fact that the toroidal 

field of the purely isodynamic equilibrium i s too low (q « 1), 

I determined the k- values required for stability (C 2 in my 

notations) by imposing that the Mercier criterion be fulfilled 

throughout the whole plasma volume, for different pressure 

profiles. The average for Mercier (only ) stable equilibria 

are calculated, using 

= ~(.£ 5"" p'l.oL'\r\112). 
< i> > B"- 'U;; 0 :J 

MM 
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the toroidal q factor is given as a fUnction of 0/ and C2 • 

3. The search for equilihria with congruent drift- and 

magnetic- surfaces, now called omnigeneou6 equilibria, was the 

starting point fo r Ref. /1/. There I have proved that i60-

dynamicity is, strictly speaking, a sufficient condition for 

this property, the ne.cessary condition being that the magnetic 

lines are geodesics of the magnetic surfaces (geodesic configu­

rat ion) . However, it should be noted that the distinction 

between geodesic and isodynamic configurations is rather 

academic, the only possible exception of any practical interest 

being the Stellarator /2/, which in principle could have geodesic 

but not necessarily isodynamic solutions. 

4. I also had the curiosity of looking whether non-axisymmetric 

isodynamic equilibria do e xist. In ref. /2/ I searched by 

cumbersome differential geometry for the existence of solutions 

with weaker symmetry (plane of symmetry instead of axis of 

synunetry), but with negative result. More recently (Acc . Sc. 

Let. ~rt. Palermo, 1984, in press) by the same method, I have 

shown the non-existence of the isodynamic Stellarator and. 

finally, in collaboration with M. Balzano the non-e~istence of 

non-axisymmetric toroidal isodynamic equilibria with continuous 

scalar pressure (ibid in press). This last result can also be 

deduced from more general consid.erations (see H. Bineau. Proc. 

6th European Conference on controlled Fusion and Plasma Physics, 

Hoskow 1973. Vol. I. 221). 

Finally. let me add a few remarks on possible areas for 

future work. 

The unique property of the generalized (C
2f 0) solutions -

the possibility of accommodating a variety of pressure profiles 

for .~ fixed geometry - can be exploited in v a rious problems; 

Study of the specific influence of the P profiles o n the 

stability. 
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Heating, during which the P profiles will possibly change 

(a fe ........ 'cek s ago at Erice I di scus sed Cl sonlcwha t naive 

example) . 

Dependence of P and J profiles from t he temperature profile . 

For instance, in the purely isodynamic case (C
2 

= 0) the 

dependence i s s o drastic , in inductive discharges , that 

with realistic temperature pro files no interesting 

equilibria can exist . 

Another pos s ible application is in the sea rch for ne ..... exact 

solut i on s of the Grad-Shafranov equation . In fac t , if ..... e 

conside r the f ami ly of all possible conf igurations having a 

given pressure pt'ofilc , t his family ce rtai nl y contains the 

isodynamic ·salut~on. Along these lines, anc making use of a 

coordinate s ystem with 1 , in collaboration wi th 

M. Balzano, we are looking far familie s of exact, and possibly 

new, solutions. 


