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P R E F A C E 

This volume contains the texts of the invited lectures, post-deadline 

contributions that were read at the Conference and the supplementa ry pages 

to papers already published in the first volume of the Proceedings . 

The invited lectures were selected by the Paper Selection Committee from 

suggestions given by heads of leading plasma research groups in Europe 

and elsewhere. A last minute arrangement during the Conference permitted 

the presentation of an extended lecture by Dr. I.R. Gekker, as well as 

an invited lecture by Dr. F.A. Nikolaev. The texts of these lectures are 

included in this volume. To keep the same arrangement as in the first 

volume the invited papers are printed in a logical order, regrouping 

those pertaining to a same subject, rather than in their order of pre­

sentation. 

Please note that the post-deadline papers have been given numbers 

(underlined) which are different from the page numbers, to avoid 

confusion in referencing with papers of the first volume. 

Except for retyping of manuscripts not conforming to the format and 

minor editing corrections, the texts are photographic reproductions 

of the original papers, which means that the authors must bear respon­

sibility for the content of their papers. 

The Organizing Connnittee 
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BEHAVIOUR OF DISCHARGES AND INTERNAL DISRUPTIONS IN T .F.R. 

T. F. R. Group presented by D. Launois 

ASSOCIATION F:URATOW -C f A LR /, . ../ FUS!O\ 
Depctrte me nl de Phn iq11e rlu Pfo smH e t d e /<1 fu sion C1111tnil<;1, 

Centre er Et11rfps \'11r·h;11ir<'S 

Boite Postale n° 6 . 92260 FONT EN ·I Y- ·ff\ -rws 1~·s ( HH \ u~· ) 

Abstract : In TFR discharges the current concentrates around the magnetic 

axis, forcing the safety factor to become less than unity in this region ,where 

a turbulent process arises. For high current discharges, above 200 kA, the 

energy confinement time le ve ls at about 25 ms. The electron energy balance 

may be exp lain ed either by this turbulence or by dissipative trapped elec­

tron instability. The ion behaviour is consistent with the neoclassical 

transport theory. 

I- Introduction 

At the time of the Tokyo conference we reported /Ref l/ that 

TFR had been successfully operated at the max imum current and maximum 

toroidal fie Id ( Ip= 400 kA ; BT= 60 kG ) . Experiments carried out for 

TE (ms ) 

8 1 60 50 40 20 kG 

D2 Ii • • ' 
H2 0 o V 

20 ,... 

• 

15 ... 

0 

10 ,... 

' v 

5 -

I ' 
0 100 200 

Fig: 1 

T 

TE is Calculate<! with 

"• = ni 

• 
• • 
0 

' 
300 

• 

-

-

-

400 

roughly simi lar values of the safety fac­

tor at the p lasma edge ( q(a)N 4) ,yiel­

ded the dependences of the main plasma 

parameters ( ne, Te, Ti, Zeff) on the 

plasma current. Steady state regimes 

were achieved of Ip =200 kA for about 

0.5 s. An important feature appeared 

to be the 11 leve 11 ing-off11 of the e ner­

gy confinement time ~£at a va lue 

around 15 ms, for large p lasma current 

(lp)200 kA). This is shown again on 

fig. l, w ith ~,,..defined by ~= \\'.k.+Wi. 
~ E '\Jl 

Vis the steady state loop vo lt age. 

Attempts were made to determine 

the plasma power balance. The ion ba-

1 
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lance could be exp lained by neoc lassica l diffusion , usin g the plateau regime 

coefficient . As to the e lectrons, which were responsible for most of the los­

ses, we had to use a no mal ous transport coe ffi cients. Our n umerica l sim ulation 

code cou ld reprod1Jce the act ual expe rime nt a l results (time e vo lutiv .i , ra dial 

profiles, e ne rgy ba la nces) using , for the thermal conduction coefficien t Ke, 
• 2 

a pse udo c lassical t ype de pende nce ( l{, fa ) which did give rise t o a shrin -

ki ng of the current channe I arou nd the axis and to a related decrease in q • 

After q reac hed the va lue 1 on axis, we had to mult ip ly Ke by a nume rica l 

factor over the region where q(l. Howeve r we cou ld not get to a conclu­

sion, as t o what was the mec hanism responsib le for the e nhance d losses ( im­

purity radiation in the plasma core or anoma lous therm a l conduc tion coeffi­

cient). 

order to 

Following th is l ine , more expe riments have been designed in 

-fol low the space time evo lution of the impurities 

-i nvestigate the shrin king of the current channe l and t he enhan-

ced internal heat transport 

-bring out evidence of mechanisms that may govern the power 

balance • 

To help in these e xperiments , the centeri ng of the p lasma column 

was improved with the installation of a new feed-back ci rcuitry. The neu­

tra I gas i n;e cti on can now be contro lled during the course of a discharge 

enabling us to increase somew hat the plasma density. 

The values of q(a) ra nged from 2 ,7 to 15 for t he various condi ­

tions we in vestiga ted . 

11 - Impurities 

For the impuriti es the main conclusions reached by the vacuum UV 

spectroscopic study and given in /Ref 2/ are : 

- The light impurity ions and heavy impurity of moderate charge 
12+ 15+ . . . 

(Mo , Fe , •• ) have their maximum concentration at radii where Te is 

equal or s lightl y smaller than their ionization potential. 
3 0+ 31 + 

- The highl y charged ions (Mo ,Mo , • • ) are conce ntrated 

inside a diameter of about 10 cm. 
3 -1 

- Inward diffusion velocities of the order of 2 . 10 cm.s are co l-



culated for rl\J 16 cm. 

The power radiated by measured light impurity lines is about 35% of 
. . 30+ 31 + 

the input power but only a few per cent 1s due to Mo -Mo . The molyb-
11 -3 

denum centra l density is tU 10 cm , the ratio is roughly constant 

during the plateau current. 

Ill- Shrinkage of the current channel and its consequence internal disrup -

ti ons for q~l • 

111-1. Experimental results . 

111- 1- 1. ~..?~~~~~..?£._Te _p_!:':_f!_!.:_~ ~-qic:JJ!l.~.:.~.:_s_ 
The Thomson scattering p rofi les of Te, measured under va rious 

current( lp) and var ious toroidal field ( 8r-) conditions are shown on Fig.2. 
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Fig 3 : Soft X rays detecmr 

The half maximum width of the profiles 

is an increasing function of _1_ (see 
qla) 

insert). In the centra l region {r<5cm) 

the profile flattens out {for high current 

we may even observe a smal I dip on the 

axis) indicating a larger heat conduc-

ti on. 

111- 1 - 2 • ~ !_e ! '2..a J. _:I!: !:Y2 !J ~ '2..5 

We have measured the soft X-rays 

emission from the hot plasma core, in 

re lati on with the enhanced interna l heat 

transport. Our experiments are similar 

to the ones that have already been car­

ried out on S.T. /Ref 3/ 

Our experimental set up is sketched 

onFig.3. 

The soft X-ray signal obtained un­

der typical conditions is sketched on 

Fig .4 • 

The sig nal amp li tude A roughly 

fo ll ows the plasma current amp li tude. A 

superimposed saw-tooth type oscillation 
;VI 

(6A) appears when Teo reaches its 

3 
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maxi mum, at about 50 ms . 

The saw-tooth oscillation e x hibits a m=o, n =o mode struc­

ture with a period varying from 1 ms to 3 ms, at highe r densities. 
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Fig .5 shows that, further away from the a xis, the soft X- ra y si­

gnal emitted is inverted, i . e. a decrease of the signal in the inn e r part of the 

plasma corresponds to an increase in the outer part. The start up time of the 

relaxation is fairly identical at any radius (the spread is less than 10 ps ), 

but the rise time is longer at larger radius. 

Quite generally a sine wave 
"""-./ 

oscillation {!::,.A) with an m=l, n=l 

mode structure is in turn superi mposed 

to the saw-tooth mode . It appears du ­

ring the slow rise of the saw - tooth and, 

quite often, surv ives its fast fal I off. 
~ 

The rise time is of the order of N 3:\0-6--i o 

The frequency is close to 10 kHz but 

generally weaker after the fall off of 

the saw-tooth. 

Fig . 6 shows that the radius 
"'1.-1 

at which_M = o and the radius at 
~A 

which ~is maximum are c lose of 
A 

the radius ~ where q= l . Hereafte r 
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we w ill identify r
1 

with the point where 6: = 0 .(Considering local va-

lues rather than the actual chord a veraged signal would yield a slightly 

larger r 1). 

The functional dependences of the saw-tooth mode on I and BT 
p 

have been searched for. The results are summarized on fig .7. We observed the 

o . nperimentcl results 

radius r1 ( as defined above ) to vary 
"la. 

approximately as ( ! /BT) . The in-

ternal saw-tooth mode vanishes out when-

30% 8~=25kG /B•=JJkG B, : LOkG ever q(a)Nl2 .(For these low current con­

ditions q(o) could not go below l even 

though the current channe I become very 

narrow ) 
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The question now is what to 

attribute the variation of the soft X-ray 

flux to ? The X-ray emission depends 

on ne, Te and Zeff' Concerning Zeff' our first attempts to search for fluctua­

tions have not yet produced reliable information. However the Thomson dif-
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fusion measurements yielded informa­

tions on T and n during the saw-tooth 
e e 

period as shown on fig.8. In spite of a 

large inaccuracy, the measuremenfs sup­

port the conclusion .that a temperature 

fluctuation is mostly influencing the soft 

X-ray emission ( ~Te.Nl5%).The density 
T. 

fluctuation is in th~ range of only o few 

percent as evidenced also from 2 mm 

microwave interferometry. Consistently, 

the rise in T related to the saw-tooth 
e 

rise can be explained on the basic of oh-

mic heating only (including Z eff in the 

calculation), if it is assumed that the los­

ses are negligible meanwhile. This implie s 

that the losses would essentially o cc ur 

5 
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during the rapid fal I off of the saw-tooth in the region where q < 1, leading to 

a steady state on a time scale longer than the saw-tooth period. Tentative 

mechanisms responsible of the turbulent loss process will be considered and 

discussed later. 

Since for this process, q(o) is always c lose to unity we are in a 

position to estimate a few physical quantities . 

i) In particu lar, the knowledge of q(o) permits to determine j-(o) 

and, taking the electric field calculated from the loop vo ltage, the steady 

Z () Th . d z (o)= 102.9(0) .U(110\ts\Te.}:eVl _ 0.9<i? 
state effo. rs rea s eff "B,.(Wb/m'). t¥\J\. 
Knowing Te,U,BT we then get an upper bound of Zeff(o) by taking q(o)=l. 

ii) Conducti v ity measurements /Ref 4/ performed by inducing RF 

currents yie Id the conducti v ity profile <i(r) in the outer region. The range of 

theoretical curves that may reasonab ly be fitted to the data can be greatly 

reduced if we constrain q(o) to be close to unity. 
>/2-

iii) If the central current profile is such that j(r) l\J °fe(ll) 
te Zef~ l~' + '\ 

one 

gets ZeffN C as r varies (for r~l Ocm). Typical values obtained for Zeff 

using q(o)N 1, are of order 5 to 7, for discharges with the large limiter ( 40 

cm l . D.). With the smaller limiter ( 34cm l.D.) Zeff decreases to 2 to 3. 

111-2. Interpretation of the data. 

111-2-2. J~~'2.kJ.'2.g_~_!~:_.:_~~e~!_.:_~a~~:J. 

According to the observations described above we inter-

pret this phenomenon as a therma l instabi l ity arising as a consequence of 

the ohmic heating process. 

In order to study it ana lytically we write t he thermal conduction 

coefficie n t as KN n 
2

(r) To( (r) (~land so lve fo r the e lectron tempera-
e e e r 

ture profi les choosing the density profi le as n= n exp-.1_ r
2 

with o(, Pi and 
e 0 2 r 

~as parameters. As shown of Fig . 9, for some values of the parameters 0(, ~ 

no steady state equilibrium is reached. The current channel keeps skrinking 

down, whereas the maximum va lue goes up. Howe ve r a steady state equili­

brium is obtained over a parameter region which stretches out as the density 

profile gets narrower (increasing O on fig.9) 

If we compare with the numerical simulation where t he functiona l 

dependence isN~i.~(1-+~2) we always e xpect - for not too sharp density pro­

fil e , at le ast - that the shrinking of the c urre nt causes q to become less 



than unity on the axis. This results i n an internal turbulence phenomenon. 

Here f,. is the Larmer radius in the total magnetic field. We note from 

Fig. 9 that for ve ry sharp dens ity profiles even point A is in the equilibrium 

region. For these conditions q(o) is still greater than unity. 

This situation is to be compared to the experiments with q(a)f\J 12, 

for which the density profile was very sharp (ON 4); q(o) was larger than 

and no interna l disruption appeared. A more detailed investigation of this 

model is given in Ref.5 . 

non 
eqilibr~m 

K."' n.2 r.« (Be )(l 
r 

with n. = n0 exp_ .1 r 2 

2 
and : s = 1- (1-2 a) 

3 
11.=1-'3 

Note that, K."'v•; p;(1+q2
) 

gives 1 

- pseudoclassicol simulation 

when q >1 
--0 diffusion "' v.; Pi when 

q.;:1 

s 
0'-----1,~3--'1/~2_,_2/_3 __ __,LLLJ. ____________ __. 

Fig : 9 

In the interpretation above, it 

has not been necessary to modify the 

Zeff(r) in the resistivity term to account 

for the T profiles. 
e 

111-2-3 J_n_!:_r~~-dJ.s!:~..!.!_?~s-= 

i) The m=l, n=l sinewave mo-

de, f=l 0 kHz . Th is shrinking of the cur­

rent channe l causes q(o) to become less 

than l which in turn may give rise to 

va ri ous instabilities. The m=l,n= l struc­

ture of the sinewave mode shows that 

this mode is of MHD origin ( q= :' = 1). 

Among the linear theory predictions we 

may choose as candidates the internal 

kink mode and growing magnetic islands. 

The internal kink mode theory in toroidal geometry /Ref.6/ 

s how s that the stabi lity of this mode depends on the q profile and on a 

parameter including the kinetic pressure term Rn (O) T(o\ . For a given pro-
1 B 

file, the weaker the parameter, the lower the criticJI value of q(o) below 

which the instability would appear. This is indeed qualitatively observed as 

shown on Fig .10. However the critical v alue of q(o) seems to be larger than 

the one predicted by the theory. It has to be emphasized that the theory did 

not include a few non-basic phenomena which wou ld howe ve r increase the 

c ritical va lue (magnetic shear, coupling with m=2 tearing mode). On the 

o ther hand experimenta l errors are introduced by some arbitrariness in the 

c hoic e of the T profile and by uncertainties in the dete rmination of n(o) 
e 

7 
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and T (o). 
e 

Howe ver the simi larity of 

the soft X- ray signa ls emitted near 

the q=l surface wi th the s ignal emitted 

- in the case of negative vo ltage spikes 

/ Ref .7 / near the q=2 surface-where 

the in te rna l kink mode can not occur, 

speaks in favor of magnetic islands 

/ref. 8/. So far the study of the m=2 

mode w ith the aid of soft X-ray de­

tector has not been performed . Mea-

surements with magnetic probes indi-
"" 

cate that "'Be tvl o/oOfor the m=2 mode 
139 

in norma l regimes . However before 

a comple te disruption of the plasma 
f\J 

channe l thi s mode woul d grow (~N3%) 
~e 

and a coup lin g between the m= l and 

m=2 mod es wou ld occ ur /Re f.9 / . 

Q9 

Q8 

0,7 

Q6 

Q5 

q(o) [ q(o) is colculoted from the 
roost peaked f it of r. profile l 

stob(e r egion 

. . 

Fig: () 

.. 

lllStcble region 

ii) The m=o, n= o saw-toot h mode f N300 - 1 OOOH z • The theoreti-

cal calcu lations that might provide an explanation for those modes are sti ll in 

progress , and three di ffe re nt lines are be in g in vesti gated: 

- non linear e volution of interna l kink modes / Ref . 10/ 

- magnet ic island i nstabi lit ies / ref .8/ 

- non linear convexion ce ll / ref.1 1/ 

a de tail e d compa riso n between the non l inear theor ie s predictions and th e ex­

perimental resu It s is presently under way. 

IV- Energy balance • 

IV- 1 . Experimental resu lts. 

A detailed study of e ne rgy ba lances as a function of q(a) has been 

carried out / ref. 12/ . We var ie d Ip from 1 00 t o 400 kA and BT from 25 to 

60 kG. Te(o) appears to be mainl y a function of BT, and for a given BT, the 

energy l ifet ime is a function of ne, Ip and U i .e. of Zeff' (So as to compared 

w it h our for mer result s published in Tokyo we have ass umed ne = ni ) • 



20 

10 

Fig.11 shows the evoluHon of ZE at 50 k G as a function of c ur ­

rent. The lifetime is lower at lower BT • Compared to ou r earlier results 

l;'Eincrease d by 60%, that is r oughly 9 ms. This is due on one hand to the 

increase in l'\e resu lting from the improved controlled inject ion of ne utra l 

gas, and on the other hand to the decrease in Zeff l ikely resulting from the 

i mprove d plasma positioning system. Here again we note a levelling off of 

C:E= f (Ip) . This is part ly due to the difficulty of in creas i ng the density 

wi thout destroying the p I as ma. 

t(ms) 

• 

• • 
• 

e D 

If the ene rgy loss of the e lec­

trons near the cen ter is indeed governed 

by the saw-tooth induced turbulence, 

the energy lifet ime is~~: ~t rv ~t 
e ~(l"le~)/~eTe. 'i!J../ A. 

where At is the saw-tooth period. 

Fig. 12 show s the comparison be tween 

!;:E' and ~E = E .We(o) as a function 
e e JIO~ - F;; (o) 

of s,. for lr 140 kA . He re ~i (o) is t he 

power going ove r from the electrons in­

to the ions. The two quantitie s va ry quite 

similar ly. The good agreement between 

the absolute va lues is fortuitous since 

0

'--__ __,
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_k~==-r(kA ) the soft X- ray flu x is not me re I y pro-
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FIG11 

I 

Ip ;140 kA 

• = TEe 

+;A.lit 
6A 

port ion al to the plasma pressure n T . 
r) 0 

At fi xed BT, too , the depe nden ces of 

both quantities on I are in good agree-
p 

ment. This would suggest that , at least 

i n the central region where q <'.1, the 

electrons energy li fetime is determined 

by the internal dis rup tion phenomenon. 

IV-2. Experimental thermal 

conduction coe ffi c ient for the 

electrons. 

An experimental heat 

conduction coefficient K can be deri ved 
e 

from the steady state heat transport 

9 
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equation. It takes on the form 

\< = ii' ( £: J -We.i - Wimp) Y' dr 
e \" Y\ Te. Y - JL. Lo~ i; - .1 !. l.oG. ne.1 

(. \. elf' J 2. dr ..l 

w here W . is the power transferred from thee lectrons to the ions and W. 
e1 imp 

is the power radiated by the impurities. The calculation performed by a 

computer code in which the data on n (r) , T (r) , T. (r) and Z ff is in-
e e 1 e 

troduced, is obvio us ly very sensitive to the gradients and we had to smoot h 

out the data . Flatter smoothed profiles of T (r), increase K (r) in the cen-
e e 9 (<l.) 

tral region. The shape of Ke(r) resulting from different va lues of Q= q<o) 
which is a parameter describing the shrinkage of the current channe I, is 

given on fig. 13. We note that K(r) 

Ke • experimental 

Ke ( normalised on the axis ) 

FIG 13 

q (o) 
0=-­

q(o) 

yet e ntirely been obta ined . 

is fairly constant up to L =0.7 . The 
Q.. 

rise of K (r) near the edge indicates los-
e 

ses induced by impurity radiation. The 

result above is obta i ned assuming that 

Zeff is a constant as r varies, but 

the assumption that?:: (r) is a constant 
Ee 

as r varies leads to a very simi lar re -

sult. Since we have evidence that in­

ternal disruption is responsib le for the 

energy loss, we are forced to conc lude, 

from the constancy of 'Z:"Ee (r) , that the 

influence of the interna l disruption car­

ries ove r into the outer region where 

q) l. However, the experimental 

proof for s uch a n i nte rpretation has not 

An ana lytica l expression for Ke(r) that wou ld fit to the various 

expe rimenta l Ke, calculated from the steady state data gathered over many 

discharges, can be expressed as / ref .5/. 

- 1 /2 
K I . N Z ff ( n A. q ) T - 3 / 4 • ana 1t. e e 1 e 
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IV- 3. Tentative comparison of the e xperimental Ke with vari o us 

diffusion regimes . 

If we want to simulate the discharge behav iour (profiles, 
2 

particle and energy balances) with aid of a pseudoclassical Ke ( 'Vei ~0 
using the measured values of Zeff' we have a good agreement between the 

e xperimental '0'Eeand the pseudoclass ical "Gfeup to 200 kA . Beyond that 

point the disagreement becomes very important (fig . 14). 

We then consider two possibilities to account for the discharge s 

One possibility would be to consider that the heat conduction is 

governed by the trapped electron instability, the conditions for which ­

including shear criteria / Ref . 13/ - are fulfill e d in our case. Taking into ac ­

count the experimental profiles, the energy balance is calculated at r = 1 Ocm 

wherev ff <wb - forthe theoretical predicted K . Fig . 15 shows 
e ounce e 

the va l ues predicted for T as a function of I , using this thermal conduc tion 
e p 

coefficient. Moreover such a coefficient accounts for the evolution of"CE 

as a function of the parameters BT, I , n • It should be noted however that 
p e 

the drift osci ll ations that shou ld be responsible for the thermal losses have 

not yet been identified. 

Energy confinement t ime of electrons 

_ z,tt =S 
Pseudoclossicol diffusion 

. . . . 
. . 

• I p = 100+140kA 

•Ip= 200 kA 

6 I p = 300+330kA 

The other possibility would 

be to col I for the observed inte rnal 

di sruptions . Unfortunately at the p re sent 

time no thermal coefficient related to 

this loss mechanism has been deri ved. 

However, we mentioned earlier the 

points arguing in favor of this turbulen­

ce ( variation of "r"Ee with the p lasma 

p a r a me t e rs , c ons ta n c y of '0E e o v e r r ) , 

making it a likely candidate. 

The se attempts to a c count for 

the balances show the prese nt diffi c ulty 

to choose among var ious mechanisms ex­

plaining the electron thermal condu c tion 

law. 

11 
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The same app l ies to the ion therma l conduction the average va lues 

/Ref 14 /can be explained either by the neoclassica l K., either by a K. ha-
' I 

1500 

1000 

500 

100 

. . • Experimental points 
- Curve calculated with K • for the 

trapped electrons 1nstablity ond 

Z..n = 4 

200 300 
Fig' 15 

v ing the functi ona l depen-

dence of the trapped e lectron 

instability K . 
e 

V-Conclusion 

In spite of uncertain­

ties in the interpretation of 

our results, the conc lusions 

that have been reached in 

TFR at the present time are 

the fol lowing. 

- the ion behaviour may always be interpreted using the neoclassi­

c a I d i ff us i on c oe ff i c i e n t s . 

- the i mpuri t y radia t ion at t he center does not affect sig n ificantly 

t he e lec tron balance. 

- the e lectrons behave anoma lous ly. The inte rna l turbul e nce as-

soci ated wi t h q < 1 could presently p lay th e main role in the transport me­

chanism. Howeve r this anoma lcus transport as well as the ion transport can 

a lternate ly be explained by the dissipati ve trapped electron instability, 

using the transport coefficient theoretical ly derived for this instabilit y. 
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Abstract: Two main plasma regimes are identified in Al cator, depending on 

the value of the streaming parameter, I; :::: <u
11

/vthe>, where u
11 

and vthe are 

the electron drift and thermal ve l ocities. For high i;q: 0.4 in H2) two-compo­

nent electron distribution funct ions are obtained, rf emission at frequencies 

greater than and equal to the ion plasma frequency, and strong ion heating 

up to temperatures of I keV occurs. For low values of I; (generally obtained 

by pulsed gas injection), the distribution function is Maxwellian; nearly 

classical resistivity and rates of bremsstrahlung emission are observed. The 

energy r eplacement time TE is found to increase roughl y in proportion to the 

density. In the extremes of the two regimes T. ~ T . Preliminary resul ts of 
i e 

ion heating by r f injection near the lower hybrid frequency are reported. 

Introduction: In this paper, we report on results obtained in Alcator[I], a 

tokamak device with major radius R = S4 cm, limiter radius a = 9.S cm, and 

maximum toroidal field of JOO kG. The results reported here were obtained 

with toroidal fields in the range of 3S kG to SS kG, with the bulk of the 

measurements taken at 40 kG. The correspond i ng plasma current range was 50 

to ISO kA, with discharge duration from 70 to 400 msec. The base pressure 

was between 3xJo- 9 and 1x10-8 Torr. Vigorous d ischarge cleaning, accompli shed 

by audio-frequency excitation of the ohmic system, prec eded each run. The 

majority of the measurements were performed in hydrogen or deuterium . Addi­

tional measurements were performed in He and other gases or with a controll ed 

dose of con t aminants. Normal fil l ing pressure was about Jx Jo-4 Torr; initial 

plasma dens ity corresponds closely to this pressure. For clean machine condi­

tions, the dens ity a lways decr eases with time, with the predominant decrease 

occurring in the first 5 msec of the discharge . In order to vary t he plasma 

density, and therefore the electron flow velocity, additional gas is injected 

after toroidal equilibrium is established. In this way plasmas with average 

dens ities in the range of sx 1012 cm-3 to 2x 1014 cm-3 have been investigated. 
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Two main regimes of operation are encountered by varying the value of 

the streaming parameter, E;, :: <ull /v the> where u
11 

(v the) is the l ocal flow 

(thermal) velocity of the electrons; the average is over the minor t oroidal 

cross section. In one, the classical or "Coulomb" regime which occurs for 

re l ativel y high density and low values of E;,, the el ec tron distribution f unc­

tion is nearl y Maxwellian as measured by both laser and sof t x-ray t echniques. 

In the other, the anomalous or " s l ide-away" regime, characterized by rela­

tively low density and high values of E;,, the e lectron distribution func tion 

inferred from these measurement s is not Maxwellian. This regime i s al so char­

ac t erized by s trong heating of ions (up to T. ~ 1.2 keV) accompanied by emis-
i 

sion of rf r adia tion near w . , l ack of hard x-ray production(< I mR per 
pi 

shot near limiter), extremely l ow level of MHD instability and long stable 

discharges (up to 400 msec has been obtained). We believe tha t this is a new 

regime of tokamak operation . 

Resis t ivity measurements: Examples of spectra ob tained from pulse-height 

analys i s of bremsstrahlung in the range 1-1 0 keV are shown in Fig. I . We 

find the presence of an energetic tail in the slide- away r egime, whereas we 

obtain a Maxwellian spectrum in the case of the Coulomb regime . An indica­

tion of similar effects i s a l so obtai ned using l aser scattering, and the re­

sults are documented e l sewhere[ 2
•3]. I n the Coulomb regime, the peak temper­

ature T (O) determined from the soft x-ray measurement is systematically e . 
about 20% higher than that found from the laser, which may r ef l ec t a differ-

ence between transverse and longitudinal temperature . In the fo llowing we 

use the laser (transverse) temperature for evaluat ion of the classical re­

sistivity. 

a -~ 

= 2 fc dr r ~II (r~ tTe(r)l 2 

8.2 en(r) m j c 
0 

e 

We def ine 

( I) 

where Jll (r), n(r), and Te(r) are the current density, particle density, and 

el ectron temperature, and a i s t he effective radius of the current channel. 
c 

We evaluate Eq. (I) by using the following r adial profiles T = T (0) x 
~ ~ e e 

[J - (r/ac) 2 ], n = n(O) [! - (r/a) 2 ] and Jll (r) a: T/(r) with ac = 8 cm. 

These profiles ar e consistent wi t h measurements made by the l aser at 4 cm 

off centre . Using these profil es, we evaluate <n/ncl> , where n = Ell I Jll, 

ncl is the Spitzer-Harm r esistivity for hydrogenic plasma and Ell is the 

e l ec tric fi eld (assumed t o be cons t ant Qyer the cross section) . In terms of 

the peak electron temper atur e T (in units of keV) 
eo 

2.98 y_1% s, 
~ eo 
I 

(2) 

15 
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~ 

where V is the loop voltage, I is the l oop current i n units of JOO kA, and 

S is a profile shape factor given 

al 

J dr r 

0 

(a
1 

i s the limiter radius). 

Typical values of S found for 

other tokamaks range between 

0.2 and 0.4. For the tempera­

ture profil e u sed her S=0 .23. 

Hence, the uncertainty in our 

temperature profile could lead 

to an underestimate of <n/nc1> 

by a facto r of 2. 

Results for a variety of 

plasma densities , currents and 

filling gases are shown in 

Fig . 2. For each gas, a cross­

hatched region is indicated 

which marks the transition re-

gion between Maxwellian and 

non-Maxwellian spectra. The 

data obtained for He was ob­

tained by pulsed-gas injection 

i nto an initially hydrogenic 

discharge, wi th density about 

sx 1012 cm- 3. Since the density 

Q) 

c: 
c: 
0 
..c: 
u 

-c: 
:J 
0 
u 

Q) 
c: 
c 
0 
..c: 
u 

Q) 

0.. 

....... 
c: 
:J 
0 
u 

2. 5 5 
En e r<J y 

7. 5 
( k e V) 

(3) 

10 

----
0 2. 5 5 7. 5 10 

Ene r g y ( ke V) 

for the points obtained in 

Fig . 2c is greater than 2 . Sx 

1013 cm- 3 , we believe that the 

Fig . I . Sof t x-ray spectra ob t ained i n slide­
away (top) and Coulomb (bottom) 
regime . 

majority of ions in these dischar ges are hel ium . We call att ention t o the 

fact that <n/nc
1

> is never significantly greater than un ity in H
2 

and D2 , 

and approaches the classical value of 1.8 in He. There is also a systematic 

decrease in <n /nc1> for ~ > ~c for all gases. 

We also report experiments concerned with effects of impur i t i es on t he 

r es istiv ity measurements. Beginning with a well-condi t ioned machine, o
2 

was 

injected into a hydrogenic discharge, and the partial pressure of o2 was 

varied between I and 3ox 10-6 T. As a result , <n/nc
1

> increased to about 2 

and the el ectron temperature increased from 0 . 7 keV to I keV. The results 
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Fig. 2. Resistivity measurements in H2 (a), D2 (b), and He (c) 
as a f unc tion of the streaming parameter ~ . 

0 .5 

are summarized in shots numbered J-15 shown in Fig. 3. Then, normal tokamak 

oper at i on ceased and the machine was discharge-cleaned in o
2 

for about 30 

min. Immediate l y, upon recommencing tokamak operation, <n/nc
1

> increased to 

values of 3-5 and the e l ectron temperature near l y doubled, as shown in shots 

20-30 in Fig. 3. In addit i on to having higher voltage "anomaly" and electron 

temperature, these discharges differed in having an increasing rather than 

17 
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the usual decreasing density with time, a much higher leve l of hard x-ray 

activity (JOO mR/shot) and strong MHD instabi lities[4J. Discharge cleaning in 

H
2 

tended to reverse the process, but the normal duration of about I hr was 

not sufficient to reproduce the normal behaviour. Similar results were ob­

tained by using N
2 

rather than o2 as the contaminating gas, We also note 

that values of ~. obtainable for the contaminated machine, were generally in 

the range of 0.05-0.1. These results which show <n/nc
1

> increasing to levels 

more typical of conventional tokamak operation give support to the credibili­

ty to results obtained under c l ean conditions. 

17 117s 
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Fi g. 3 . Resistivi ty and temperature measurements in clean and contaminated 
conditions. 

Below we will use a parameter a defined as a = <~> <n/n >. In cont ami-
c l 

nated discharges the value of <n/nc1> i s increased, so that a higher value 

of a can be taken as an ind i cation for a higher contamination level at the 

same value of ~ in different discharges. 

Slide-away regime: Since plasmas with high ~ are known to be unstable in 

linear geometry (for example to ion-acoustic modes in the case T > T.) we e i 

have been l ed to search for evidence of similar instabilities in the Alcator 

device. Additional motivation for this work was provided by the observation 

of high ion temperatures (T. ~ T ~ I keV) even though the electron-ion equi-
i e 
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libration time is much longer than the ion energy containment time. Here, we 

report the discovery of a band of strong rf emission in the vicinity of the 

ion plasma frequency w ., extending from w. to 5-JO w . . The higher frequen-pi pi pi 
cies tend to occur first in time and correlate with the onset of hard x-ray 

emission (total dose '\J I mR) and intense synchro.tron radiation. The emission 

in the vicinity of w . always occurs a few milliseconds later and correlates pi 
with the appearance of energetic ions (See Fig. 4). Thus, we identify the 

w . radiation as being connected with the anomalous ion heating . pi 

a 

b 

c 

d 

e f 

l. 2. 
Fig. 4. Example of slide-away phenomena 

a. loop voltage J V/div; b . electron density 1. 2x 1013 cm- 3/div; c. total rf­
emi ss i on (arbitrary units); d. charge exchange neutrals: energy '\J 2.5 keV; 
e. discharge current 65 kA/div; f. x-ray emission energy > 200 keV. 

Sweep speed: I . 50 msec/div; 2. 10 msec/div. 

Measurements of the emission spectrum were taken with a small molybde­

num-tipped probe, 0.6 mm in diameter. The probe is movable and can be posi­

tioned at any point within the 2.5 cm shadow of the limiter. Two spectrum 

analyzers were used to obtain the spectr a in the ranges 300-2000 MHz and J-

20 GHz. The spectra were recorded by either repeated, fast (JO msec) sweep­

ing of the analyzer, or by shot-to-shot scanning of the passband frequency. 

In Fig. 5, we present the spectra obtained at three moments in time 

during the discharge. A s trong peak at the lower end of the spectrum is found 

at frequencies corresponding to f . = 2 JOl!l7A, where A is the ion mass num-pi e 
ber. This dependence is displayed in Fig. 6, where we have plotted the densi-

ty calculated by assuming the peak of the spectrum to correspond with f . vs pi 
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Fig . 5. Spectral emission from a slide-away discharge in hydrogen; shot-to­
shot measurements were taken at B~ = 40 kG, I = 100 kA. 
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the actual average density as 

measured by either 4 nun or 2 mm 

interferometers or by calibrat­

ed Thomson scattering. A 30 dB 

drop in the intensity is ob­

served jus t below f ., and 
pl. 

when the average density de-

creases during a discharge 

pulse, this cut-off moves 

Fig. 6. The el ectron density 
ne(wpi) calculated 
when the measured 
peak frequency is in­
terpreted as w · vs 
the measured ef~c tron 
d ensity <n > 

e 
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Fig. 7. Rela tive power level P(w .) of the 
radiation emitted at w .~l. 

pl. 

accordingly. The spectrum ex­

tends to several GHz wh ere the 

emission level becomes compa­

rable t o the sensitivity of 

the ana l yzer (~ 45 dB) . 

The rel a tive power P(w . ) of 
pl. 

the emitted radiation at f . pl. 
as a function of s is found to 

have a distinct threshold at 

values of 0.45 for hydrogen 

and 0.2 for deuterium di schar­

ges as shown in Fig. 7. There 

are also indications tha t the 

presence of impurities leads 

to a decrease of the emitted 

power. Discharges with h igher 

impurity content (a = 0. 3 to 0.4) have P(w . ) decreases by 15 to 20 dB. 
pl. 

The fac t that the emission i s cut off below w . tends to rul e out tur­
pi. 

bul ence associated with c l assical current-driven ion-acoustic waves. In t his 

r eg ime of operation w2 >> w2 and the lower hybrid resonance frequency pe ce 

Sweep speed : 20 msec/div. 

w1H ~ wpi' This suggests the excitati on of 

lower hybrid modes which propagate for w > 

w . , whose mechanism has been investigat-
PbJ ed . 

Coul omb regime: Af t er formation of a dis­

charge at norma l filling pressure of 

1x 10-4 T, gas is inj ected by means of a 

pulsed gas valve. In this way, discharges 

with <n > up to 2x 1014 cm- 3 have been stu-
e 

died. Typical traces of vo ltage, current , 

and dens ity for t his mode of operat i on are 

shown in Fig. 8 . I n this mode, the electr on 

and ion distribution functions are nearly 

Fi g. 8. Example of a discharge in the 
Coulomb regime: a loop voltage 2 V/div; 
b. discharge current 65 kA/div; 
c . oVI emission at \ = 1032 i, 6.8x 1ols 
photons/sec/cm2 .sterad/div; d. e l ec tron 
dens ity 4 .6x1013 cm3/d iv. 
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Maxwellian (c.f. Fig. J.b), and the resistivity appears to be c los e to clas­

sical as evidenced by data presented in Fig. 2 for s << s . Both soft x-ray 
c 

and visible bremsstrahlung measurements show that the effective Z (defined 

here as the ratio of measured to computed free-free hydrogenic bremsstrah­

lung decreases from 5-JO at low density (~ ] x J013 cm- 3) to near unity at 

high density ( Jx J0 1 4 cm- 3) . This implies that the relative impurity concen­

tration in the centre of the plasma decreases as the density is increased, 

a conclusion which is also supported by the density dependenc e of the UV­

lines of light impurities, for example, OVI as shown in Fig. 8. 

Poloidal beta Se = 
<nk(T +T.)>/Be2 (a

1
)/2µ and 

e i o 
gross energy replacement time 

TE = ?<nk(Te+Ti)>Volume/I.V. 

have been measured (see Fig.~. 

Here the profiles quoted above 

are used. The data points re­

present TE' neglecting the 

ion energy content, and the 

dashed line indicates the ef­

fect of including the ions. 

The energy replacement time 

is roughly proportional to 

n and has weak (if any) de­
e 

pendence on I and B~. The 

poloidal beta, consistent 

with the measurement of TE' 
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Fig. 9. Energy replacement time vs density. 

scales as Se~ ne/rP, where p ~ J. We also find the maxi mum density i s pro­

portional to the maximum value of I, which suggests a limiting value of Se· 

R.F. heating: Ion heating by rf injection near lower hybrid frequency w
1

H 

has also been studied [ 6]. A pulse of rf power, frequency 2.45 GHz, peak 

power 70 kW and width variable up to JOO msec have been applied by means of 

an S-band waveguide flush-mounted in the vacuum chamber wall and oriented so 

that E II B. The total absorption efficiency is high with 70- 80% of the for­

ward power ab s orbed . No deleterious effects (such as density rise or impuri­

ty increase) on the discharge are found. Typical ion temperature rise is on 

the order of 100 eV ( see Fig. JO). Strong tail-heating is also observed; the 

effect is nonlinear in t he applied power. For ion heating to occur, it is 

not necessary to satisfy w = w
1

H anywhere in the plasma. 
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CONFINEMENT AND NEUTRAL INJECTION EXPERIMENTS I N ORMAK* 

The ORMAK Group 
Presented by J. F. Lyon 

Oak Ridge National Laboratory, Oak Ridge, Tennessee, U.S.A . 

Abstract: The ORMAK operating regime has been extended to higher toroidal 

fie lds , discharge currents, and neutral inj ection power . Confinement studi es 

have concentrated on anomalous electron energy transport (through scaling 

studies at constant q), and the effects of Ml-ID instabilities (through soft 

x-ray fl~ctuations) and impurities (through Zeff(r) measurements). Ion 

heating increases l inearl y with coinjection power, and collllterinjection 

heating effi ci en cy increases with dis charge current. 

Machine Operation Improvements: Previous studies of confinement [l] and 

neutral beam injection [2] in ORMAK were conduct ed at toroidal f ields BT ~ 

18 kG, dis charge currents I ~ 130 kA, and 25 kV neutral injection power 

fl .. ~ 45 kW per injection direction. Typical plasma parameters at I = 95 kA 
1nJ 

were T (r=O) 
e 

700 eV and T. (r=O) ,..., 220 eV for n (central chord average) ,..., 
1 e 

2 x 101 3 cm- 3, and T. (T=O) ,..., 275 eV for coinjection. Since the Tokyo IAEA 
1 

conference, confinement and neutral i njection studies have used improved 

machine parameters (BT~ 25 kG, I ~ 200 kA, P . . ~ 180 per injection direc-
1nJ 

tion at 30 kV) with feedback control of the vertical field and with oxygen 

rather than hydrogen di scharge c l~aning. Typical plasma parameters at 

160 kA are now T (0) ,..., 1200 eV and T. (0) ,..., 360 eV for n 
e 1 e 

and T. (0) ,..., 500 eV with injection. 
1 

Confinement Studies Review : Transport properties have previously been dis-

cussed [l] with some emphasis on the differences in the discharge character-

istics in the high density (large amplitude m=2 Ml-ID oscillations in poloidal 

field B9, peaked (high) Te(r) type A discharge) and low density (small 

amplitude m;;:: 3 osci llations, br oad (low) T (r) type B dis charge) regimes. 
e 

The electron energy transport was found to be anomalous, although the gross 



-

energy confinement time TE was in reasonable agreement with pseudoclas­

sical [3] scaling . Possible reasons for the electron anomaly are (1) im-

purities and (2) instabilities (especially MHD instabilities and dissipative 

trapped electron modes) . The main theme of the confinement study was 

therefore to evaluate these effects through (1) scaling experiments (I 

varied) at a constant q(at)' the 

safety factor at the limiter (at = 

23 cm), and fi xed filling pressure, 

(2) studies of spatially resolved 

soft x-ray fluctuations, and 

(3) estimates of Zeff(r) and 

P d . . (r) from different meas­ra iation 

urements. 

Constant q(at) Experiments: The 

central framework for the confinement 

study was chosen to be the variation 

of the discharge characteristics with 

I at constant q (a.Q). This al lowed 

variation of the ohmic heating power 

from 120 kW to 550 kW without changing 

the gross magne t ic configuration, and 

hence gross MHD stability. In this 

sequence of experiments q(at ) was 

held constant (q = 5) along with the 

hydrogen filling pressure (4.5 x 

10- 4 torr), and the ohmic heating 

current I was varied from 30 kA 
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Fig. 1. Time behavior of typical 
120 kA discharge in constant q(at) 
sequence. 
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to 155 kA, corresponding to a toroidal field variation from 4. 5 kG to 

22 . 5 kG. 

Figure 1 shows the time evolution of the principal parameters for a 

typical discharge (I = 120 kA, BT= 19.0 kG) in this series. Here (T ) is 
e 

a particle average and (Zeff) a vol ume average , with ( Zeff) estimated from 
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Fig. 2. Va:r>iation of electron 
temperatuxie profiles with discharge 
current in the constant q(at) 
sequence at 45 ms. 

Fig. 3. Variation of plasma 
temperatuxies with I in constant 
q(at) sequence at 45 ms. 

the plasma resistance. Figure 2 shows the variation of T (r), and Pig. 3 
e 

shows the variation of T. (0), T (0), and (T) with discharge current at t = 
1 e e 

45 ms. The central core temperature increases linearly with current, while 

there is litt l e change in the outer (or edge) e lectron temperature. This is 

reflected in the s lower increase ("' 1213) of the average electr on temperature 

(T ) up to 0.65 keV. At low current (I ~ 100 kA) the T (r) profile is simi-
e e 

l ar to the type B profile of the Tokyo paper [l]; while at hi gh current the 

T (r) profile is peaked, similar to a type A case. 
e 

There is no significant change in the e l ectron density profile with 

increasing plasma current, with ne(r) "' [l - (r/ai) 2
]

2
. Both n (0) and n e e 



increase linearly with current, with n ~ 1.6 x 10 11 I(kA) cm-3 and n (0) ~ 
e e 

1. 6 n . The calculated ~ is rough ly constant c~ 0. 3) as suggested by the 
e p 

previously observed scaling ~ ,.., n /I while the plasma resistance decreases 
p e 

inverse l y with increasing I. Therefore the gross energy confinement time 

TE is roughly linear with current 

(GMS scaling [ 4]) , as shown in Fig. 4. 

Pseudoclassical scaling [3] agrees 

reasonably well with the experimental 

energy confinement times, but f ails 

to predict the experimental depend-

ence of the ene r gy confinement time 

on electron density (TE,.., nea' a~ 1) 

for other conditions fixed. Also, 

TE scaling expected for dissipative 

trapped electron modes is higher 

than the experimental scaling by a 

factor of 2 to 5. 
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Fig. 4. Variation of measured 
and calculated energy confinement 
time with current for constant 
q(at) at 45 ms. 

The ion energy confinement still appears to be approximately neoclas-

sica l [1,5] in ORMAK. From Fig. 3 T. (0) is seen to increase almost linearly 
1 

with I, except at the highes t current. This linear dependence agrees with 

the Artsimovich plateau scaling [6], T. ,.., (n IBT) 1/ 3/liC",.., I for the constant 
1 e 1 

q(at) study. A more exact cal culation including all the terms in the ion 

energy balance in a 1-D dynamic transport code and using Hinton-Hazeltine [5] 

values for i on thermal conductivity gives essential l y the same answer, 

assuming Zeff= 10 . Charge-exchange measurements indicate that Ti(r) i s 

flatter than ne(r), Ti,.., 1 - (r/at)~ where~ ~ 2. 5-3, although Ti(r)/Ti(O) ,.., 

n (r)/n (0) is assumed for plasma energy estimation. 
e e 
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Internal MHD Oscillations: Fluctuations in the soft x-ray emission from 

ORMAK were studied with an array of nine planar silicon (PIN) diode detectors 

collimated to view radial chords across a minor cross section . The chord 

minimum tangency points extended from -2 cm (inside) to +14 cm (outs ide) in 

2-cm intervals, and the x-ray signals were assumed to be approximately repre-

sentative of these points. This arrangement of detectors permitted dis-

tinguishing between odd and even poloidal mode numbers (m) only near the 

center of the plasma, and the investigations were confined to a s ingle 

toroidal l ocation . Fluctuations in the soft x-ray intensity s tudied during 

the sequence of constant q (aQ) experiments show features similar to those 

obtained on the ST [7 ] and TFR [8] tokamaks . 
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r j ! . 
M H D LOOP S IGNAL 
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Fig. 5. Sawtooth waveforms from 
collimated soft x-ray diagnostic 
for type B discharges at 80 kA and 
q (ai ) = 5. 
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Fig. 6. Radial dependence of 
(a ) safety factor q, (b) sawtooth 
amplitude, and (c) m=l oscillation 
amplitude for 80 kA , q(a )=5 type B 
discharges . 
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For the low current, type B discharges, fluctuations were dominated by 

"sawtooth" oscillations (shown in Fig. 5), with m odd (assumed 0) and a 

period of,..., 0.5 ms, and with the rapidly changing portion associated with a 

growing oscillation (m even, assumed 1) at the Ba frequency. Figure 6 is 

for one type of such discharge in the constant q(a~) sequence and compares 

the radial dependence of the fluctuation with q(r) calculated from the laser 

Te(r) measurement assuming j(r),..., Te 3/ 2 (E fully penetrated, Zeff constant). 

Figure 7 shows a similar corn-
1.2 

parison for a higher current, type A 
1.0 

discharge. In the interior the 
~ 0.8 
~ 

4~ 
I 

3 ~ fluctuations are dominated by m=l .:.: 0.6 
h..~ 

2~ 
0 oscillations at the Ba frequency. 0.4 

0.2 
:-.. These oscillations are more continu-
'o 0 ~~~~~~~~~~~~ ... 0 

ous than for type B, and themselves -10 0 10 20 

are dominant compared with the sawtooth . 

The m number of the x-ray oscillations 

at larger radii (,..., 10-14 cm), though 
-10 0 10 20 

not measured, is believed to be m = 2 
'\ (• 

by comparison with [7]. A phase rever- 6 A /~\!~\ 
• sal is noted between the last two points, 

and we assume q = 2 is nearby. 

The l ocations of q = 2 resulting 

from j ,..., T 3/2 modeling are generally 
e 

in reasonable agreement with locations 

derived from the soft x-rays. Such 

-10 0 10 
RADIUS (cm) 

20 

Fig. ?. Radial dependence of (a) 
electron terrrperatux>e and density 
profiles, (b) safety factor q, and 
(c) x-ray oscillation amplitude for 
120 k.A, q(ai) = 5 type A discharges. 

agreement is sometimes found for the location of q = 1, but frequently q(O) 

from the T (r) profile is higher than 1 for cases where sawtooth oscillations 
e 

were consistently observed. .This latter circumstance includes cases in which 
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the readjustment of T (r) required to yield q(O) = 1 is outside the limits 
e 

permitted by possible error in measuring T . We believe that these results 
e 

indicate a nonuniform Zeff(r), and thus inaccuracies in t he j,..., Te 312 model. 

Estimates of Zeff(r): Three different methods are used to estimate the 

effective ionic charge Zeff(r) in evaluating the effect of impurities on the 

radial electron power flow: ( 1) enhancement of hydrogenic bremsstrahlung 

from measurement of central, spatially collimated soft x-ray energy spectra; 

(2) charge-exchange measurement along two radial chords of 90° pitch-angle 

scattering of injected fast ions [2,9] ; and (3) plasma resistance and T (r) e 

profiles . The present model used to calculate Zeff(r) from r es istance 

assumed j(r) to have the form j 0 [1 - (r/a)a]~ where the parameters j 0 , a, ~' 
are determined from the total plasma 

current, and the calculated positions 

of q=l and q=2 are made to agree with 

the mode-rational surface positions 

determined from the internal MHD 

oscillations. Here we assume Spitzer 

resistivity and a fully penetrated 

electric field. Figure 8 shows 

these estimates of Zeff(r), along 

with z
11

(r) mode l used in the Tokyo 

IAEA paper [1] which assumes that 

constant ratio of high Z impurity 

density to proton density required to 

make the calculated and measured re-

sistance agree. This example is 

similar to the 126 kA case in the 

constant q(a~) sequence but at lower 
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ciensity (ne,.., 1.4 x 10 13 cm- 3). Although the uncertainties of each measure­

ment are too large to determine Zeff(r), the best consistency is obtained by 

discarding the Zeff(r) central peaking arising from the previous impurity 

model (Z~). The Zeff(r) obtained from the calculated q(r) profile does not 

require any assumptions about impurity species. If we assume the dominant 

impurity is iron (the Fe XV and Fe XVI lines are now stronger than the car-

bon lines and second to the oxygen lines in intensity), then nz/ni is as 

shown in Fig. 8. A significant peaking occurs near the plasma edge which 

becomes more exaggerated if a low Z impurity (such as oxygen) plays a 

significant ro l e. 

Electron Radial Power Flow: The results from the previous two sections can 

be combined to give a qualitative picture of the radial power fl ow in a 

typical discharge. First, near the axis the power flow due to internal dis-

ruptions is significant, but the energy involved is small. For example, 

this energy transport is estimated to be ,..,30% of the total power contained 

within t he q=l surface (but only,....2% of the total ohmic heating power) for 

the type B case shown in Fig. 6 and only,....10% for the higher dens ity type A 

case shown in Fig. 7. The energy flow associated with internal m=l disrup-

tions (,.., 3/2 n6T /T) is calculated from the soft x-ray sawtooth amplitude 
e 

(giving nTe)' period T, and plasma density. Second, in the outer part of 

t he p l asma the radiation loss is dominant . Measurements of the radiated 

power with a pyroelectric detector indicate that an essentially constant 

fraction (,..,7Q%) of t he ohmic heating power is lost via radiation over most 

of the discharge duration and for the entire current range of the constant 

q(ai) sequence of experiments. This fraction is in rough agreement with 

results from radially movable point limiter experiments and with measurements 

made using an array of liner thermocouples. Measurements obtained by varying 

the radial position of the pyroelectric radiometer indicate that the 
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radiation comes mainly from the outer part of the plasma, rather than from a 

central core. The biggest unknown with respect to the radial power flow 

mechanism is in the important middle region where the m=2 mode r ational sur -

face i s located. This middle region control s the bulk of the radial power 

flow, and its mechanism is not well unders tood . 

Neutral Beam Injection Studies: Injection experiments since the Tokyo IAEA 

conference have principally addressed two main themes: (1) ion temperature 

scaling with increasing injection power and (2) improvement of count erinj ec-

tion heating efficiency and reduction of plasma deterioration with increasing 

toroidal current. Here coinjection indica t es injection parallel to the dis-

charge current and counterinjection antiparallel to I. Calorimetric meas-

urements i n ORMAK and t es t s t and operation of ORMAK inj ectors have shown that 

the measured neutral power injected into ORMAK is a f actor of 2 less (at 

25 kV) than previously estimated, requiring an upward revision in the ion 

heating effici ency . 

Figur e 9 shows the variati on of 

central ion temperature with coinjec-

tion neutral beam power. Over the 

range the ion t emperature increases 

linearly with injected power . A simi -

lar linear scaling of ion temperature 

with injection power i s also obtained 
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Fig. 9. Linear ion heating with HO 

In these experiments coinjection power. + 
into an H plasma. 

the possibility of beam perturbation of the normally dominant e l ectron-ion 

heat t ransfer (P . ,... n n. / lr) was minimized by adj usting the filling pressure 
e i e 1 1 

and the fedback vertical fie ld to keep the pl asma density, p l asma shi f t, and 
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discharge current approximately constant while the number of injectors used 

was changed. The net ion heating rate ( ..... 1 eV/kW) at low currents (~ 100 kA) 

can be made to agree with that obtained from a perturbation calculatior. for 

a reasonable set of plasma parameters (principally Zeff). In this calcu­

lation (9) the beam power input to the ions is calculated from a Fokk~r-

Planck treatment of the fast (injected) ion ·distribution, including the 

effect of scattering into the "loss region." However, at higher plasma cur-

rents ( ..... 160 kA) the experimental ion heating rate is approximately unchanged 

whereas the calculated value (10) doubles because of the correspondingly 

higher T and consequently greater fraction of injected power transferred to 
e 

the ions. At the higher current the loss region is not important (and hence 

the role of Zeff is reduced) and there is also less uncertainty in the larger 

ion temperature increase obtained. Since the perturbation calculation (9) 

gives a net ion heating rate ~T./Pb which varies (approximately as 
1 earn 

T. 3/2 G. /n 2 (n /n ) , where G. is the volume density-averaged fraction of 
1 1 e + e 1 

beam power going to the ions, the largest remaining uncertainty in the 

apparent disagreement is the relatively uncert?.in proton deficiency n/ne. 

Figure 10 shows the effect of increasing coinj ected power on the 

electron temperature profile. For 35 kW 

DO inj ection the central T rises , but 
e 

the volume average T remains at 410 eV. 
e 

For 95 kW DO coinj ection the Te (r) dis-

tribution broadens, and the volume 

density-averaged T increases to 500 eV. 
e 

There is consis t ent evidence for net 

electron heating that is typically ,.... 

100 eV out of 800 eV for T (0), in e 

Te ( r l 
1.2 .y"' . t = 45 ms 
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Fig . 10 . Effect of increasing vO 
coinjection power on Te(r} for H+ 
plat3ma . Here I = 110 kA, ne = 1. 9 x 
1013 cm-3, and BT = 18 kG. 

rough agreement with the perturbation calculation values. 
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Counteri nject i on Improvement with Toroidal Current: At low discharge 

currents (~ 100 kA) counterinjection leads to little net ion heating in 

ORMAK. The relatively poor ion heating efficiency seems to be due primari l y 

t o the fact t hat counterinjected fast ions can pitch-angle scatter into the 

" l oss region11 [11] i n phase space produced by the large radial excursions 

(to t he limiter or wa11) of t he unconfined fast-ion "banana" dri ft orb its 

(for particular pitch angles) before they give up a significant part of 

their energy to plasma ions [9 ] . Direct evidence for the higher loss of 

counterinjected fast ion can be seen 

in Fig. 11 which shows the perpendicu-

lar fast ion energy distribution ob-

tained for coinjection and for counter-

injection at low discharge current 

(90 kA) wi th a hydrogen beam and 

plasma. The two perpendicular energy 

distributions are similar, although 

considerably fewer (by about a factor 

of 5) counterinjected beam ions scatter 

through 90°. In addition, counterin-

jection at low discharge currents 

(~ 100 kA) is accompanied by delete-

rious effects on the discharge: 

io2 

Joi 

JO 12 
E <KEV> 

'" ' 
\ II 

' " \ "' 

16 

Fig. 11 . Increase loss (relative 
to coinjection) for counter­
injected fast ions scattered ,..., 9u 0 

from the injected direction . 

decreased plasma stability, poor discharge reproducibility, lowered central 

e l ectron t emperature, and a t endency toward a decrease in density. 

For higher currents, differences between coinjection and counterinjection 

due to loss region effects should decrease since the effect of the loss 

region scales as the ion gyroradius in the pol oidal fi e ld, that is, the 

energy at which a fast ion orbit (characterized by an initial radius and 



pitch angle) first hits the wall scales as 12 . Measurements on 155-kA dis-

charges confirm the reduced singificance of the loss region at high currents 

in three ways. First, the perpendicular fast ion energy distributions ob-

tained are simi lar to those shown in Fig. 11, but the counterinjection data 

now falls only a factor of 2 below the coinj ected points. Second, counter-

injection produces 45% to 60% as much ion heating as coinjection for simi lar 

discharges at 155 kA, as contrasted with a negligible a~ount at 95 kA. By 

comparison, Fokker-Planck calculations for the fast ion slowing down and 

pitch angle scatt ering give counterinjection/coinjection ratios for ion 

heating efficiency and fast ion containment of ,.., 50% (due primarily to the 

electric field effect with the loss regions nearly negligible) at 155 kA and 

,..., 15% at 95 kA. Third, the deleterious effects of counterinj ection are much 

weaker, when observed at a l 1, than those obtained at lower plasma currents. 

For example, t he central electron 

temperature is no longer lowered, and 

no appreciab l e adverse effect on 

plasma stability is observed. Fig-

ure 12 shows the improvement with 

toroidal current of the ratios 

( counterinj ection) /(no injection) 

for several parameters (discharge 

voltage V, T (0), and C III line 
e 

intensity). 

Conclusions: Confinement studies 
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Fig . 12. Relative improvement (HO 
counterinjection/no injection) of 
various plasma parameters with toroidal 
current. 

with q(aR) = 5 and filling pressure held constant show that ne(O), ne' Te(O), 

and T. (0) vary linearly with I from 30 kA to 155 kA. The energy confinement 
1 

time varies linearly with I and is in reasonab l e agreement with gross pseudo-

classical scaling. Fluctuations on soft x-ray s ignals indicate that the 
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energy transport due to internal di sruptions is small and that the q=l and 

q=2 positions can be estimated. Comparisons between different estimates for 

Zeff(r) indicate that Zeff(r) is no! peaked on the axis and that nz/ni 

appears to be peaked near the outside. Radially movable radiometer measure-

ments indicate that the bulk of the radiated power comes from the outer part 

of the plasma. Neutral beam injection studies indicate that the actual 

power injected is ,.., 1/2 that previously estimated . The ion temperature 

scales linearly with injection power, but at high I the heating rate is 

apparent l y less than that calculated. Counterinjection is more effective at 

high I. At 155 kA, the 6T. and fast ion fraction scattered through 90° are 
1 

about half that obtained for coinjection, due primarily to t he electric 

field effect, in agreement with Fokker-Planck calculations, and de l eterious 

effects on the plasma behavior are absent. 
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INVESTIGATIONS ON THE SOVIET TOKAMAKS 

K.A.Hazumova 

I.V. Kurchatov Institute of Atomic Energy,Moscow, USSR 

In recent years, the experimentalists working on the tokamak 

devices faced the problems which must be solved before starting 

the construction of the next tokamak generation. 

The first problem is to find the scaling law for the confine 

ment time and the mechanisms of the particle and energy losses. 

The second one is to estimate the minimum p~rmissible value of q 
8-rr;nT and the maximwn value of ~= • Further, the prospests for 

I"' H2. 
future devices are connected verJ essentially with the amount 

of impurities. The source of impurities and the main process of 

their desorption from the surrounding surfaces are not yet clear. 

The behaviour of the impurities inside the plasma is also unknown: 

do they concetrate inside the plasma column according to the 

Braginskii effect or they are stopped on its periphery? Finally, 

there are many problems relating to the additional heating, its 

possibilities and the processes in the plasma column attributed 

to it. 

The experiments on the Soviet tokama.ks were performed to an_ 

swer these questions and I shall try to outline the present status 

of the experiments. 
I 

I shall begin with a discussion of the disruptive instability. 

After a set of experiments on T-6, the disruption may now be self­

consistently explained as follows. Initially there are some surface 
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MHD-mode bursts, for example with m=2 or J. The expression "sur -
face" is, however, rather conditional because the mode m=2 appe_ 

ars to deform the whole column and fluctuations of the mean ele 

ctron density are often observed. The disturbance then propagates 

to the neighbouring resonant surfaces ( for instance with m=3 

and 1 for the mode m=2 ). This disturbance seemR to serve as a 

trigger for the neighbouring mode and may be a trigger for the 

higher ones. The original mode damps as a rule, but the energy 

is transfered to other modes. The distorted regions with the 

increased current density can overlap themselves and lead to bro_ 
h 

adening of the current C'Bnnel , i.e. to the inductance decrease 

and to the other effects observed during the disruption. Undoub 

tedly, this description is hypotetical at this time. What is 
c. 

the reason for the the surface mode eX'itation? And why is the mi_ 

nimum permissible safety factor different in different experi_ 

ments? One possible explanation is some local contact of the pla_ 

sma with the limiter which leads to inhomogenity of the plasma 

parameters along the resonant toroidal surface and to the reso_ 

nant oecillations. Indeed, if a rod is placed in the plasma co_ 

lumn periphery, then the instability appears with the mode corre_ 

sponding to the resonant surface touching the rod. The experi_ 

ments on Tuman-2 show clearly that the plasma column is more sta_ 

ble when removed from the limiter by adiabatic coJi.ession 

whilst the q value is not changed during the compression. As the 

electron temperature increases more than predicted by the adia_ 

batic compression law one can conclude that the interruption of 

the plasma -limiter contact leads to better plasma containment. 

The energy confinement time of the compressed plasma is signifi_ 

cantly greater than for the usual toroidal plasma with the same 

parameters. So far it is difficult to say what is the reason for 
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additional insulation: the redistribution of density and tempera_ 

ture, the MHD- mode stabilization or the decrease of plasma con_ 

tamination. The improvement of plasma confinement is, however , 

very pleasant. 

The internal mode with m=1 is now under study on T-4 in the 

joint Soviet-American experiment~ 
II 

Another instability discovered some years ago caused many 

troubles on the TFR and seems to be observed on the Alcator 

at low density. This instability is connected with the existence 

of a considerable beam of runaway electrons. It has a fixed 

threshold whioh depends on the electron density and the averaged 

current density ( Fig .1 ). Its appearance is accompanied by the 

appeara~ce of saw-teeth on the longitudinal magnetic flux deriva 

tive oscillograms which correspond to the increase of the plas 

ma transverse energy ( Fig . 2 ). The investigation of plasma 

HF-radiation at frequencies equal to or lower than the electron 

cyclotron frequency ( Fig. 3 ) has shown that electrons of 

50-150 keV are decelerated and their longitudinal velocity is 

transformed into transverse velocity. In this process a short 

burst of oscillations is generated in the wide range of frequen_ 

cies from several hundred kHz to 2000 MHz. As a result of this 

instability a considerable number of electrons of high transverse 

energy appears. These electrons move vertically in the toroidal 

drift direction, perhaps due to trapping in the field ripples. 

The fast ions also appear with equivalent temperatures up to 

450 eV, which is a factor of 10 greater than under Ohmic heating. 

These ions drift in the toroidal drift direction too. The mecha 

nism of runaway electron velocity transformation has been sugges_ 
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ted by B.B. Kadomtsev and O.P. Pogutse and was examined in more 

detail by O.P. Pogutse and V.V. Parail. When the velocity distri_ 

bution function of electrons is considerably e.longated in the H11 

direction, an intensive interaction of fast electrons with Lang_ 

muir oscillations occurs in the plasma at mean longitudinal velo_ 

city of the electrons more than 'l/;;r ( Wn~ WJ. ~ 1 ) • This interac 
II 

tion results in the transformation of electron velocity due to 

the anomalous Doppler effect ( W -Wn.= k 'ltn ) . The amplitude of 

oscillations increases. Under usual conditions Langmuir oscilla_ 

tions damp on the bulk electrons ( 6.J tv k ~tT ) • However, when tbE 

Langmuir oscillation amplitude increases significantly due to 

the interaction with fast electrons, a plateau is formed on the 

electron distribution function and the oscillation decrement va_ 

nishes. Then a wide range of oscillations becomes unstable (QK= 
Kz 

~pe='!)'-;) and practically the whole tail of the distribution beco 

mes isotropic. The process will continue until the beam energy w1 
0 

becomes of order of w
11 

• Then oscillati~s damp on the nonresonant 

electrons. The plateau disappears and the tail forms again. The 

theory describes the relaxation process well and agrees quantita_ 

tively with the experiment but it does not explain the appearance 

of a large number of locally trapped electrons, i.e. electrons 

with Wu/W1 IV 1-2 % ( a mirror ratio for ripples ). And it is this 

aspect of the problem whioh is the most interesting in practice 

because it can lead, as experience shows, to the chamber destruc 

tion. 
III 

The recent experiments have shown that the existence of an ano 

malous resistivity in the tokamak plasma becomes less and less 
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possible. Earlier a significant discrepancy was obserired at low 

density between the conductivity calculated according to Spitzer 

for hydrogen plasmas with the temperature measured by diamagnetic 

loops and that obtained fr·om current - vol tag~characteristics. 

Tbe first one was a factor of 50 - 100 greater than the latter. 

On TM-3 the measurements of bulk electron temperature by Thomson 

scattering and a transverse temperature of the fast electrons 

with energies more than 15 keV were carried out in the plasma of 

a low density . In Fig. 4 one can see that the electron temperatu 

re averaged over the cross section , as measured by diamagnetic 

loop is in some cases higher than that measured in the center by 

the scattering. In such a regime there is also a considerable 

fraction of runaway electrons with transverse energy about 20 -

30 keV. 
IV 

As is well known, in usual tokamaks it is impossible in prin_ 

ciple to investigate the energy confinement time as a function 

of separate parameters, such as the electron temperature and the 

poloidal magnetic field. So far, we have obtained a rough but 

adequate estimate of this dependence by using additional HF-hea 

ting. It was shown that 1::£ grows with Te. 
v 

The experiments on the finger-ring tokamak T-9 were perfor_ 

med to prove the theoretical expression for the safety factor 
c H11 a2 f +- K

2 

ci = 23R 2 < 
1 

) 
where K= b/a is the elongation of the plasma column cross-secti_ 

on. The q value was calculated from the poloidal probe measure_ 

ments of the current distribution along the plasma radius. 
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This dependence is shown in Fig. 5 where are shown also the K-va_ 

lues measured by different technmques. In these experiments the 

magnetic probes registered also the mode of disturbance by com_ 

paring it with the mo.del disturbance. The discharge current vari 

ation during the transition from one mode to other was also mea_ 

sured 

( 2 ) 

Thus one can say that the MHD-modes develop in the finger-ring 

tokamak in good agreement with the theory of V.D. Shafranov and 

L.E. Zacharov. 
VI 

The contamination of the plas.ma was investigated by mesure_ 

ment both of spectral line intensity and of the X-ray intensity. 

In the latter case the continuum spectra and the line radiation 

were measured. It is easy to show that the spectral line intensi_ 

ty of slightly ionized impurity ions is proportional to the in_ 

flux of neutral atoms of these impurities in a unit plasma volwne. 
0 

For the case of a stati'nary influx, if one neglects the loss of 

ions, one can write: . i-
5 i 0 

A 0 = no o ne + <t: c ; ) 

rt. s~ tle = n! s; n. + * ' 
where s~ is the rate coefficient of ionization. Then J\0=nKSKne 
and since the ~ine intens·ity JK=nKS~xne, A0=JKS~/S~ 

S "/ ex ( the ratio K SK is in principle a function of Te only ) • 

It was sho'm experimentally that the intensity of many lines 

of elements under investigation depends on ne as shown in F'igs. 

6 and 7. One can see the linear increase of Ik with ne ( regime 

A ~. When the runaway electrons cause an anomalous outward shift 
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of the plasma column, there. is no dependence of Ik on ne ( regi_ 

me B ).Finally, the line intensity increases when MHD-activity 

appears. Such a dependence takes place if ne is vari&d either by 

the initial pressure variation or by the plasma current variation. 

The Figs. show that the line intensity K=.A S 5Ldoes not depend J ef. 
lY, D J( IC 

on Te, since the latter was significanlY'"different in both cases. 

Since a given ion should concentrate for the most part in the re_ 

gion where Te is of order of the ionization potential, the ratio ex; SK S '- for a given ion should change rather qlightly with dis_ 
K 

charge parameters. Thus the .A.
0
-value appears to be a weak func_ 

tion of Te. The line of neutral iron was detected in spite of the 

large distance between the diagnostic port and the limiter.Thus 

one can say that at least this element goes from the wall rather 

than from the limiter. 

The results of spectral measurements on the TM-3 under condi_ 

tions: I =40 kA, q (a)= 4.5, n
8 

= 1.s·1013 cm-3, Te= 350 eV, 

Win = 150 kW , are as follows : 

the radiation power measured by the bolometer - 25 kW; 

the electron confinement time - 3.6 msec; 

the same including impurity influx - 2.7 msec; 

the absolute influx of neutral carbon -A.
0 

(C)= 1014 1/cm~sec; 
the same of neutral oxygen - ..A.

0 
(0) = 1 + 2. 1014 1/cm3.aec; 

the carbon concentration provided that the ion lifetime is 

equal to that of electrons - p (C) = 1. 5 %; 

the same for oxygen - p (0) = 1.5 + 3 % • 

To find out the dependence of the iow - Z impurity influx on 

wall contamination, an experiment was performed which added metha_ 
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ne to hydrogen. It was found that the ratio of C IV ion line in_ 

tensity to the electron density is proportional to the initial 

pressure of methane . The influx of carbon in methane discharge is 

a factor 5 more than the same in hydrogen one of the same density •. 

The ne-value does not change under these conditions during the 

stati~ary phase of the discharge . Thus it is possible to evaluate 

the lifetime of carbon ions in the TM-J plasma : 't E. {C) ~ 5 msec. 

Earlier, it was found that in the hydrogen discharge where the 

impurity concentration is about 1 - 2 % the impurity concentrates 

at the axis, whereas at significant contamination of the plasma 

{ in the methane discharge, for example, the carbon concentration 

was about 10 % ) the lifetime of the impurity is of the order 

of the proton lifetime and the impurity does not accumulate. Thus 

the chamber wall seems to be the main source of impurities in the 

present-day tokamaks, and the impurity flux at low density is 

proportional to ne. What is the mechanism of desorption ? 

Possible mechanisms are : 

1. The desorption due to irradiation. 

2 .The desorption due to neutral charge exchange atoms either 

from the center of the plasma, i.e. hot atoms, or from the peri 

phery, i.e. cold ones. 

J. The desorption due to charged particles . 

1. The absence of any dependence of the impurity influx on Te 

shows the insignificant role of the radiation losses in the ener_ 

gy range of 400 - 700 eV. The same is shown by the absence of un_ 

usual influx behaviour during the first milliseconds of the sta_ 

tionary phase of the discharge when an intensive irradiation of 

highly ionized impurity ions appears 
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At fixed impurity influx, the line intensity of slightly io_ 

nized ions does not change perceptibly when discharge parameters 

are varied and thus cannot lead to the influx variation due to 

photodesorption. Hence, the lines intensity variation of these 

ions cannot change the impurity influx and serves only as an in 

dicator of its change. 

2. In Fig. 8 are shown the fast charge exchange neutral atoms 

outfluxes as a function of ne for two cases : the density is va_ 
0 

ried by the initial pressure variati\fi and by the current variati . 
on. The fluxes differ significantly for these two cases and 

thus appear not to cause the observed impurity influx. 

J. Two other mechanisms can be demonstrated as reasons for the 

impurity influx : the bombard/ment of the wall by the cold neu 

tral atoms and by the discharged particles. In the latter case 

the size of the limiter shadow should influence strongly the im_ 

purity influx. For the present, we have no data on this problem. 

The analysis of X-ray spectra showed the appearance of ele 

ments of the stainless steel wall and of the 

TM-J experiments show the value of I n. z~ 
limiter. As the 

is up to 2.1014cm- J 
• L " 

and metal ions' concentration is abott 1-J % at an electron den 

sity of about 2-5.1012 cm-3. Unfortunately, these evaluati%.s are 

so far too rough because both the continu.um and the characteri_ 

stic radiation are caused mainly by runaway electrons in the 

discharges under study. The accuracy of the absolute estimations 

depends strongltl:n the accuracy of the runaway electron fraction, 

The contamination level plays the important role in impurity 

confinement under the very dirty conditions of present-day toka_ 

maks. The low-Z impurity level rapidly reaches the stationary 



state. This means that contradictory results on the impuri~y 

confinement may be obtained on machines with different pulse 

duration. 
VII 

Du.ring the recent year two methods of the additional heating 

were investj.gated on the Soviet tokamaks : ECH.H and adiabatic 

compression. ECRH seems to have a very good outlook from the 

the physical point of view . It allows heating the plasma region 

or electron component, whichever one likes. Further, this method 

opens wide prospects for the plasma properties study, in parti­

cular the local transport coefficients measurements . On TM-3 

the electron temperature distributions along the radius were 

stmdied by Thomson scattering before and after the ECRH- pulse . 

The results show the classical mechanism of heating. 

The adiabatic compression follows the classical law, as ex 

periments on Twnan-2 show. Te increases more rapidly than by th:i.S' 

law as mentioned above. The reason appears to be the improvement 

of plasma stability. 
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Investigation on the Disruptive 

Instability in Pulsator 

o. Klilber 

Max-Planck-Institut fur Plasmaphysik, Garching, 

Euratom-Association, Federal Republic of Germanyo 

It is well known that the economic efficiency of a fusion 
- 2 -reactor depends on B = 2 p

0
P/B where P is the average 

pressure and B the magnetic field. In the case of a tokamak 

reactor the maximum attainable value of B is limited by 

equilibrium and stability conditions. Equilibrium exists only 

for BP= 2µ
0

p/Ba2< R/a, where Ba is the poloidal magnetic 

field at the plasma surface and R and a are the major and minor 

plasma radius respectively. Stability requires q{a) = aB~/RBa> 1. 

Thus B is limited by the condit i on B <a/'l2R. 

Since a/R is typically 0,2 to 0,4, B is sufficiently large if 

q(a) is close to 1. This value, however, cannot be approached 

in actual tokamak devices because the so-called disruptive 

instability limits q to larger values. The nature of this 

instability is not understood as yet, but its phenomenology is 

well known: the disruptive instability manifests itself in a 

negative voltage spike, a sudden decrease in the major radius 

of the plasma column, loss of plasma energy and particles and 

a decrease of the current. This decrease may amount only to 

some percent, but it may also happen that the total discharge 

terminates within some ms. The instability is always preceeded 

by the occurrence of strong MHD modes in the outer regions of 

the plasma column, mostly of the type n = 1, m = 2, 3000 where 

n and m are the toroidal and poloidal mode numberso In general, 

the mode with m = q{a) predominates if q(a) is close to an 

integral numbero Disruptions may happen at any integral q but 

they occur more frequently for smaller q valueso Most tokamak 

discharges are operated with q) 3 or even q) 4 and almost all 

favourable results, e.g. large temperatures and confinement 

times have been achieved in this regime. Stable discharges 

with q values between 2 and 3 have also been produced: however 



it has not been possible to enter the region q<2 except in 

the case of the T6 tokamak. This device differs from all other 

tokamaks in having a copper shell very close to the plasma 

columno 

Obviously, it is essential for the development of the tokamak 

towards a fusion reactor to decrease the q value for which 

safe operation is possible. It should be pointed out that even 

an occasional occurrence of the disruptive instability 

constitutes a serious danger for large tokamak devicesbecause 

the sudden termination of the discharge current leads to large 

currents and forces in the vacuum vessel and the external 

circuits. For these reasons, the investigations on the dis­

ruptive instability are of particular importance in the field 

of tokamak research. 

In the following, mainly the work done on the Pulsator device 

will be referredo Pulsator is a conventional tokamak of moderate 

size (R = 70 cm, a = 12 cm, B~= 28 kG maximum, I = 95 kA for 

q = 3 and B~ = 28 kG) having a copper shell and an iron core 
transformer. It has, however, two features which turn out to 

be very suitable for investigations on the disruptive 

instability, namely a vertical field winding and a f = 2, 

n = 1 helical winding, both of which are located inside the 

copper shell and are fed with programable currentso Due to 

these windings, the ratio b/a between the inner radius b of the 

copper shell and the plasma radius a is unusually large; at the 

maximum attainable plasma radius a = 12 cm, b/a = 1.63. Hence, 

the plasmas produced in the Pulsator device are especially 

susceptible to the disruptive instability if the plasma column 

is not well centered. Nevertheless, it was possible to attain 

a minimum value q(a) = 2.2 by careful cantering under very 

different conditions, i.eo at high and low currents and 

corresponding magnetic fields, and for electron densities 

between io13 and 1014 cm-3• An example for a discharge having 

small q(a) is shown in fig. 1. In this discharge the electron 

density was increased by pulsed gas input during the shot, thus 

allowing a maximum of l.os • 1014 cm-3 to be attained at 

t = 100 mso 
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The optimum current program leading to a well-centered plasma 

column could be found by trial and error. The difficulty to 

meet this requirement grew markedly with decreasing q(a). In 

the case of a disruption due to misprogranuning it was quite 

easy to decide how the program must be changed since it turned 

out that the temporal evolution of the plasma current after the 

disruption was different for the cases of the plasma column 

displaced either too much outwards or inwards. When the plasma 

was displaced inwards before the onset of the instability, the 

disruption was hard, i.eo it resulted in a total termination 

of the discharge. In contrast, when the plasma was displaced 

outwards, the current increased again. The same behaviour has 

also been found for discharges operated in a d.c. vertical 

magnetic field and in cases when the progranuned vertical field 

was used to trigger a disruption arbitrarily thereby de­

centering the plasma column. /1/ In f igo 2 a sequence of shots 

is shown which differ in the time dependence of the vertical 

field Bz• Shot No. 1884 is a well centered, stable discharge. 
The decrease of B in shot No. 1886 and the accompanying out-z 
ward displacement of the plasma causes a small decrease of the 

current, but no instability, whereas the stronger decrease in 

shot No. 1888 leads to a "soft" disruption: the current 

increases again. The inward displacement due to the increase 

of B in shot No. 1891 causes a "hard" disruption, i. e. it z 
leads to current termination. 

The observed difference between "hard" and "soft" disruptions 

can be ascribed to an enhanced interaction between the 

plasma and the limiter caused by the instability. The 

instability leads to an inward displacement (reduction of major 

radius) of the plasma column and to a decrease of the discharge 

current and hence to an increase of the inward directed force 

proportional to Bz/Io Therefore, if the plasma was displaced 

outwards before the onset of the disruption, the centering of 

the plasma column is improved by the occurrence of the 

instability: thus the interaction with the limiter is reduced 

and the current is able to recover. If, on the other hand, 

the plasma column was already displaced inwards before 
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disruption, the enhanced interaction is further increased and 

this leads to current termination. The interaction with the 

limiter manifest itself in an enhanced release of impurities. 

On Pulsator, the time dependence of the emission of various 

impurity lines, e.g. OIII, O"JI, MoXIII has been observed 

during disruptions. The emission of all these lines increased 

rapidly, this increase starting with the appearance of the 

negative voltage spike. 

The phenomena pointed out above ref er to the more or less 

violent consequences o~ a disruption that has occurred, but 

not to the conditions leading to the onset of this instability. 

It is, however, conceivable, that some kind of enhanced 

interaction of the plasma with the limiter may be a starting 

mechanism for disruptions. This is suggested by the 

experimentally found sensitivity of a tokamak plasma to 

displacement. This view is reinforced by the results of the 

experiments using helical windings. /2/ 

The influence of a superimposed t = 2, n = 1 helical field 

on the stability behaviour of the Pulsator tokamak plasma is 

clearly not due to the change of the rotational transform. 

This follows from the experimental finding that helical 

currents corresponding to a vacuum rotational transform~ 2T[, 
of the order 10-S to 10-4 are sufficient to produce effects 

and that these effects only occur if the helicities of the 

tokamak magnetic field and of the superimposed helical field 

are in the same sense. In this case, for given plasma 

parameters a certain well reproducible level I~el of the 
current in the helical windings lead to a disruptive instability 

which exhibits all features characteristic of spontaneous 

disruptions such as negative voltage spike. decrease of 

current, losses etco For helicities of opposite sense, even 
+ a helical current Ihel > 30 Ihel does not influence the 

stability. The effect is based upon geometric resonance of 

the tokamak magnetic field at the magnetic surface q = 2 and 

the superimposed f = 2, n = 1 helical field. This resonance 

leads to the formation of islands, as was shown by H. Wobig /2/. 
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Fig. 3 shows the island structure produced by superposition 

of the tokamak and the helical magnetic fields. The islands 

originate on the q = 2 surface; their width is proportional 

to~ Ihel/B; • This linear superposition does not take into 
account the change of the tokamak plasma due to the presence 

of islands, but the experiments have shown that macroscopic 

plasma parameters change only slightly in the presence of 

superimposed helical fields. This has been observed in cases 

when the helical current was smaller than but very close to the 
+ critical value Ihel• 

In order to explain this in more detail the time dependence 

of the relationship between~ I~el/B~ and q (a) must first be 
discussed. It was found that there is a characteristic time 

of about 1 ms. If the helical current or the plasma current 

and hence q (a) change on a time scale large compared to 1 ms, 

the critical value I~el is independent of details of the 

temporal evolution. This means that the same value of Ihel 

leads to disruption whether Ihel is increased at constant q(a), 

or Ihel is held constant with decreasing q(a) due to increase 
of the plasma current. 

A different behaviour is observed for time scales of the order 

of 1 ms. The quasi-steady state (d.co) value I~el can be 
exceeded without disruption using a current pulse having a 

duration of about 1 mso Furthermore, stable a.c. operation 

above the doc. value of I~el is possible at frequencies of the 
order of 1 kc. This behaviour is clearly due to penetration 

effects, since 1 ms is roughly the skin time of the plasma. 

In the cases of slowly increasing Ihel or slowly decreasing 

q (a) it was observed that the disruption is preceeded by a 

period of reduced MHD mode activity. An example is shown in 

fig. 4. In this case, I~el was reached by a relatively fast 

increase of Ihel• The period of reduced mode amplitude can be 

extended by slower a increase of Ihel and for constant Ihel by 
an accordingly slower decrease of q(a). The period length 

corresponds to Ihel~ (0.6 - 0.95) I~el. This effect is not a 

transient phenomenon. If Ihel is held below I~el' the period 



of reduced mode amplitude can be extended arbitrarily. The 

decrease of the mode signal can either be due to a damping of 

the mode amplitude or to a sudden stopping of its rotational 

velocity. The experiments indicate that both phenomena occur. 

The stability of the plasma is improved by the superposition 

of resonant helical fields below the critical value. This 

means that a disruption which occurs reproducibly for given 

plasma parameters can be avoided by the superposition of a 

helical field, thus leading to an appreciable extension of the 

plasma current duration. 

The nature of this stabilization is not yet clear, but very 

probably the rotation of the MHD modes and the growth of their 

amplitude are hindered by a fixed helical structure. In this 

connection it should be mentioned that the MHD modes themselves 

create islands, as has been shown by Chrisman et. al. /3/. 

It is most noteworthy that the field perturbations created 

by the modes are typically of the order of lo-2 B • Currents 
C'.V 

in the helical winding leading to disruptions cause field 

perturbations of the same order of magnitude. From this one 

may infer that magnetic islands of sufficient size are a 

necessary condition for the onset of the disruptive instability 

independent of whether one has rotating islands due to the 

MHD modes or fixed islands created by the superimposed 

resonant helical field. 

The improvement of stability is the more pronounced the closer 

Ihel is to the critical value I~el• Thus this effect cannot 
be used to extend the stable regime markedly. It provides, 

however, the possibility to investigate the influence of 

islands of appreciable size on a tokamak plasma. It has been 

seen that the change of the plasma paramete~ due to a 

stabilizing resonant helical field is surprisingly small. The 

most prominent effect that was observed is a decrease of the 

resistance of typically 15 %. An according increase of 10 % 
of the peak electron temperature was observed, but this 

increase is not clearly beyond the error bars as given by the 

shot-to-shot reproducibility. Thus, it can be stated that the 

55 



56 

macroscopic plasma parameters are only slightly changed by 

the helical field. Since the effect of helical currents below 

the critical value is a suppression of the MHD modes, it can 

be statet that rotating islands have roughly the same influence 

on the plasma parameters as fixed islands. It is conceiveable, 

therefore, to determine the size of the islands created by 

the helical windings from the properties of the undisturbed 

plasma. The most important property is the shear in the 

region of the resonant surface which obviously determines the 

island width. The shear is given by the current density 

profile. For a given current density profile one can expect 

the real island size to be proportional to~Ihel/B~ ~The 
most interesting ~estion ts, of course, how the critical 

island size ioe• I~el/B~ depends on the plasma parameters. 

In order to investigate this, the toroidal magnetic field 

has been varied from 10 to 30 kG and the plasma currents 

from 10 to 120 kA, thus covering the range 2 <q(a)<"' 9 under 

very different conditions. The result is plotted in fig. 5. 

It is clearly demonstrated that~ I~el/B; is a monotonically 
increasing function of q(a). The solid curve plotted in fig. 5 

represents an {ttempt 
1 
to explain the experimentally found 

dependence of I~el/B~ on q(a). in accordance with the 
experimental results obtained using progranuned vertical fields 

the hypothesis was made that disruption occurs if I~el is 
such that the islands originating on the q = 2 surface touch 

the limiter. This means that for increasing q(a) the resonant 

q = 2 surf ace moves inward; thus the island size has to be 

increased in order to geto into contact with the limiter. 

The solid curve in fig. 5 was calculated using a current 

density profile representative for typical Pulsator plasmas 

and on the assumption that the island width is 

S = C • ~ I~el/B~ where the constant C was determined by 
adaption to the experimental points. Obviously, the variety 

of plasmas contributing to the experimental points of fig. 5 

is not really represented by one current density profile. 

This appears to be the primary reason for the divergence 

of the points, since the current density profile governs the 



distance from the q = 2 surface to the limiter and the shear. 

It is seen from fig. 5 that the points best fit one curve 

for q values close to 2. In this case in a approximation the 

total current is flowing within the q = 2 surface. Therefore, 

the distance of this surface to the plasma edge and the shear 

in the region between these surfaces are almost independent 

on the details of the current density distribution. 

A change of direction of the current in the helical winding 

leads to a rotation of the islands by 9o0
• The critical value 

+ Ihel is not altered by such change if the limiter has a 
circular shape. If, in contrast, the limiter is non-circular 

I~el is different for both current directions. This result 
has been obtained using a racetrack-like limiter, consisting 

of two half-circles having a radius of 8 cm and straight parts 

of 8 cm length, located such that the "major axis" is 

horizontal. If the current direction is such that the islands 

are located at the inside and the outside (i.e. the same 

position as is shown in fig. 3), I~el is a factor 1.7 larger 

than in the case of islands located at the top and bottom. 

This result supports strongly the view that the contact 

between the islands and the limiter is the deciding factor 

for the onset of the disruptive instability. 

Thus, all experiments carried out on Pulsator demonstrate that 

the creation of magnetic islands is an essential feature 

for the onset of the disruptive instability. Moreover, all 

results are consistent with the assumption that the 

disruption occurs when the islands come into contact with 

the limiter. 
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Figure captions: 

Fig. 1 Pulsator discharge at low q. 

Fig. 2 "Hard" and "soft" disruption due to inward and 

outward displacement of the plasma column. 

Fig. 3 Island structure due to the superposition of a 

resonant helical field. 

Fig. 4 Decrease of mode amplitude due to helical currents 

below the critical value. 

Fig. 5 Dependence on the critical island size 

on the safety factor q(a). 
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IMPURITY EVOLUTION IN T.F. R. PLASMAS 

T.F.R. Group presented by C. De Michelis 
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Abstract : Space and time resolved profiles of impurities have been obtained 

in TFR plasmas by a shot to s hot scan. Light impurities are present at the 

very beginning of the discharge, resulting in Zeff~ 4 already at a time of 

7 msec. On the current plateau, light impurity ions and heavy impurity ions 

of moderate charge are concentrated at radii where the electron temperat'.l!'e 

is equal or slightly smaller than their ionization potential, and radiate 

about 15 % 0f the input power. Inwards diffusion velocities of"' 2 x 103 

c;::.; 'sc:c are deduced 

( 30+ 31+) Mo , Mo are 
11 -3 

of"' 10 cm • 

for a radius of N 16 cm. Highly ionized molybdenum ions 

concentrated inside a radius of "'10 cm, with a density 

In this paper we shall mainly describe a study of the visible and 

ultraviolet radiation in TFR deuterium discharges with a plasma current 

I P = 140 kA and a toroidal magnetic field BT ~ 26 kG (diaphragm diameter 

40 cm). We shall not discuss here the coronal model used in the interpreta­

tion of the results ; details on this model can be found in / 1/. 

I- EXPERIMENTAL SET-UP 

The diagnostics used are : a)a v.u .v. grazing incidence duochroma­

tor placed at <f = 45° (starting from the diaphragm and following the plasma 

current direction) equipped with a grazing incidence gold-coated mirror in 

order to ob t ain radial profi l es(spatial resolution 8mm) ; b) two light guide 

multichannel systems, equipped with interference tilters, at <f = 0° and 

if>= 180°, in order to spatially resolve the visible emission ; c) a normal 

incidence v.u.v, monochromator at q> = 225° ; d) a Thomson scattering system 

at Y' = 180° for space and time resolved electron density and temperature 

measurements ; e) a soft x-ray detector at "f = 135° ; f) two bolometers, at 

\f' = 270° and ~ = 315°, and several thermocouples inbedded into the limiter. 

The two v.u.v. spectrometers are calibrated by means of the branching ratio 

method /2/ by using two visible monochromators placed in the same sections 

and viewing along the same chord ; the experimental errors on the measured 

absolute radiances are about a factor of two, and probabl~ somewhat less 



0 

above 1000 A. 

II - RESULTS WITH 140 KA, 26 KG DISCHARGES 

II-1. Time evolution. Figure shows the time evolution of several 
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plasma parameters for the considered 

discharges : plasma current I , loop 
p 

voltage V, average electron density 

~ (as measured by a multichannel mi­

crowave interferometer placed at 

'P = 0°), central electron density 

ne , central electron temperature Te, 
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(1032Al OVI [ 

and central ion temperature T. (as Figure 1. 
l. 

I 

200 t [msec] 250 

measured by charge exchange neutrals). It will be noted that, whereas the 

electron density grows continuously until the current decrease, the elec­

tron and ion temperatures have approximately constant val ues during the 

current plateau. Figure 1 also shows typical signals from the v . u.v. duo­

chromator ; in order to s how the signal due to highly ionized mo lybdenum 
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these signals refer to a discharge with the same current but higher magne­

tic field and a longer plateau (see section III). The radiance due to low 
0 

ionization ions (represented here by the OVI 1032 A line) is characterized 

by an initial peak, followed by a second, less marked, peak corresponding 

to the firing of the second capacitor bank (at t = 30 msec ) , and then the 

signals are roughly proportional to the electron density. HighJy ionized 
0 

ions are characterized by a different behaviour ; the MOXXXII 129 A line 

shown in figure 1 does not appear up to approximateJy 50 msec (since the 

background, due to light diffused in the monochromator, has to be subtrac­

ted from the signal shown), reaches a maximum at about 150 msec, and then 

remains constant until the current decrease. 

II-2. Radial profiles : beginning of the discharge. The iritial 

peaks clearly show that impurities appear early at the beginning of the 

d ischarge. Figure 2 shows the radial profiles of a few lines, at the time 

ECll" ph/cm1 secJ 

OV(630AI 

Figure 2. 

of the initial peaks, demonstrating 

that we are in the presence of vo­

Jume ionization and that a uniform 

plasma model can be used in order to 

interpret the experimental initial 

peaks. The lower half of figure 3 

shows the temporal behaviour, at 

h = 0, of the radiance of I y()t, and of 

several oxygen ions. The oxygen line 
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rium plasma, coronal model has been used in order to deduce the amount of 

impurities initially present in the 

electron density ne(t), the initial 

average electron temperature T (t) 
e 

plasma. Taking the experimental average 

amount n of neutral oxygen and the 
0 

have been adjusted in such a way that 

the peak times for the different lines and the intensity of the OVI peak 

coincide in the experimental and numerical case. The result of one of these 

calculations is shown on the upper half of figure 3, where on amount of 
11 -3 5 x 10 cm neutral oxygen initially present has been taken, there is no 

neutral oxygen flux, and the impurity confinement time-,;- has been taken 
p 

equal to 5 msec. 

Proceeding in this way for all the observed ions we were able to 

obtain the plasma "chemical" composition at a time of approximately 7 msec, 

when the average electron density is 0.8 x 1013 cm-3• The results of this 

calculation are shown in Table I. Taking a limit ionization state correspon­

ding to T ~ 100 eV, these impurity values show that, already at this early 
e 

time Zeff ~ 4. 

Element Atoms/cm 3 

0 5 x 10 11 

N 1011 

c 4 x 1010 

Fe ~ 1010 

Mo '- 1010 

TABLE I. 

"CHEMICAL" COMPOSITION 

OF THE PLASMA AT 7 MSEC 

(n ; 8 x 1012 cm-3) 
e 

However, since the electron density grows 

continuously, these impurity values are not 

sufficient to explain the independently cal­

culated Zeff value at the current plateau 

(Zeff~ 6). Indeed, these values would then 

correspond onl y to Zeff';;! 2.5 (taking into 

account the increased electron temperature). 

This means that impurities must enter into 

the discharge after the initial phase, pro­

bably during the current increase due to the 

firing of the second capacitor bank, when a 

second peak appears on the impurity signals. 

II-3. Radial profiles : current plateau. Figure 4 shows the space 

resolved profiles of electron density and temperature at the current plateau 

( 150 msec), obtained by Thomson scattering. These da ta refer to a vertical 

scan of the lower half of the plasma. It must be noted that the plasma 

outer region has a very low electron temperature, reaching 100 eV only at a 

radius of r ~ 15 cm. Figure 5 shows the experimental radiance B0~ of the 

D~ line as a function of the chord height h, and the space resolved profile 
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of neutral deuterium density "Y\.~(r), 

obtained by Abel inversion. These 

data have been taken at \f = 180° at 

a time of 150 msec. For r ~ 15 cm we 

have performed two calculations cor­

responding to two different fits of 

the electron temperature. The central 

neutral deuteri11m density has a va­

lue of 4 x 107 cm-3 , increasing to,.., 

1010 cm-3 at r = 19 cm. However,the 

central value must be taken as an 

order of magnitude indication, due 

to the difficulty of performing the 

Abel inv~rsion procedure when the 

experimental, not inverted profile 

has a deep depression in the center. 

At \.f> = 0° (the diaphragm section) 

the shape of n (r) is approximately 
0 

the same, but the absolute values are 

about one order of magnitude larger 

due t o the plasma limiter interaction. 



Figure 6 shows the radial (Abel inverted) profi les of the radiance 

of several oxygen ion lines at the current plateau. From these profiles one 

arrives to the conclusion that the maximum densities of the different oxy­

gen ions are approximately the same, but the higher the ionization degree, 

t he more the considered ion is inside the discharge. Moreover, experiments 

performed at two different locations have shown that the impurity distribu­

tion along the torus is, within the experimental errors, constant. The con­

tribution of these oxygen ions t o the electron density is (at r = 16 cm) of 

the order of 60 %. 
II-4. Interpretation. Radial inwards diffusion. It is evident from 

the data presented above that the neutrals coming from the walls are ioni­

zed in a peripheral shell ; the observed signals are therefore interpreted 

in terms of an impurity flux. This flux is calculated starting from the 

describ ing the rate of growth of the density nj of the ion j times 
() ')\ . d .,A 

~ = ....,;> ~- ~ (~) -ncz: 'Yl.J.- - i:::>J C~) ""e nJ. + cx'...}+-i ( Ta.) "Y\-~ 'Y\ J .-i. 

- ()(,. er ) .,.,_ ')\... ·+ ~ ]_ ( ..r -\t. ) 
et e C J' + vr T 4' 

ionized 

equation 

Here~~ and Qt. are the ionization and recombination rate coefficients, and 
IJ 

4 -2 1 
·'Yi(r) is the local flux (cm sec- ) of the considered ion. All parameters 

~ 
are functions of the radius. However, experimentally it is found that 

u-n.~;t>t = 0 at the current plateau, and it can be easily shown that for the 

ions considered, at the electron temperature existing in the shell where 

they are produced, the two recombination terms can be neglected . Therefore, 

the knowledge of T ( r), '\"\. ( r), "Y\.~ ( r), and n . 1 ( r) is sufficient to 
e e • J-

calculate the flux term 

'"I-'· (r-) == 1.. jr r 1 
[ S. ·1'\..e ')\.. - S. 'Y\, -n. J clr' 

¥ r 0 d' ··! ~--1 <!' e d 

Figure 7 shows the quantity to be integrated, as a function of ra-
. . 4 + d o3+ . . . l 1 d dius, for the couple of ions 0 an • This quantity is ea cu ate star-

ting from the experimental data ; since they show that the ion o4
+ is not 

present below a radius of 13.5 cm and the ion o3+ is not present above a 

radius of 17 cm, the two areas in the figure must be equal. Within the 

experimental errors this is indeed the case • One has therefore, for the 
. 4+ ( ) 16 -1 -1 15 ion 0 , r"'u = 2.5 x 10 cm sec , from vhich ''"" = 1. 6 x 10 T max ~max 

cm -
2 

sec-1• Writ i ng dovn the flux definition, i.e., "t; = -n.. V"t , one finds 
~ i • 

that the diffusion velocity of the ion o4+ is N 2 x 103 cm/sec at a radius 
5+ 3+ 4+ of "' 15 cm. Similar values are found for the ions 0 , 0 , and N • If one 

ca lculates the flux due to the friction between different ions /3, 4/, assu­

ming that the i mpuri t ies are i n the Pfirsch-Schlilter reg i me and neglecting 
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temperature gradients, the va l ue 

found for the inwards flux of o4+ 

(at the same radius) is ..v1015 cm-2 

-1 sec , in good agreement with the va-

lue given above . In performing this 

calculation we have considered the 

effect on o4+ of the ions D+ (which 

contribute about 50 % to the flux), 

05+ d 03+ , an • 

From the values on axis (chord 

height h = o) of the experimental 

radiance we have calculated the atom 

flux 't,for all the observed ions (in 

this case .. ,1., = '2A-p.S. B: Ira Q ' 
jt; <t 4 

where r is the branch i ng ratio for 

the observed line, p the radius at 

whi·ch the observed ion is produced, 

O the exc i tat i on rate coefficient, 

and B· t he experimental radiance). 
Figure 7, I 

The fluxes obtained in this way are 

g iven in Table II (note that, within the experimental errors, o2
+ , o3+, o4

+, 

and o5+ give the same atom flux). 

TABl.E II - ATOM FLUXES AT t 150 MSEC 

Observed B (cm -2 - 1 -1) sec sr 
-2 -1) Ion 

0 "16 (cm sec 
line (A) on axis 

D 4860 3 x 1012 3 x 1015 

OVI 1032 1. 5 x 1017 3 x 1015 

NV 1238 3 x 101 6 5 x 1014 

CIII 977 1.5 x 101 6 3 x 1014 

FEXV 2!14 1. 5 x 1014 2 x 1012 

MOX IV 374 5 x 1014 5 x 1012 

The problem is now to know how deep into the discharge these impu­

rities go. Calculations or the power necessary to ionize the incoming flux 

up to a l imit ioniz~tion state determined by the electron temperature and 



of the power necessary to heat the produced electrons to the measured elec­

tron temperature have shown that these impurities cannot all enter into the 

central hot plasma core and must, therefore , main ly recycle in a peripheral 

shell with a recycling time that can be estimated to be of the order of 

10 msec. For example, oxygen (which is the d~minant impurity) enters into 

the discharge and is progressively ionized up to the ion 06
+ (for which we 

do not have a radia l profile), and at this point should go mainly out to the 

walls, probably without recombining (at least for r .of: 18 cm). The mechanism 

responsible for this is, at this time, not clear. 

We must stress out at this point that the radiation power loss in 

this peripheral shell (obtained by adding the contribution of all the obser­

ved lines) is quite importa~t and corresponds to ~35 % of the input ohmic 

power. In this context, bolometric measurements have shown that most of t he 

power goes to t~e walls (30 to 70 % depending on the location of the bolome­

ter), whereas only"' 4 % cf the input ohmic power is found on the limiter. 

Although these measurements fail to account for the entire energy balance, 

their indication is in agreement with the fact that a large part of the in­

put power is lost by radiation. 

On the basis of what we have discussed up to now, the plasma should 

be composed of two well separated regions : a hot central plasma, with pro­

perties which can be varied by changing Ip and BT , and a peripheral shell, 

interacting strong ly with the walls and limiter, characterized by a large 

flux of impurities mainly recyc ling to the walls. 

III - RESULTS WITH OTHER DISCHARGES. 

Up to now nothing has been said about the central hot plasma. A 
0 

search for the 117 A line of MoXXXI (ionization potential ev 1800 ev), and 

,v 1 ~70 ev) /5/ 
0 0 

the 129 A, 178 A doublet of MoXXXII (ionization potential 

did not reveal any line emission in the 140 kA, 26 kG discharges . However, 

in a series of experiments the magnetic field was increased to 50 kG in se­

veral steps, at constant current, resulting in an increase of the central 

electron temperature /6/. The mentioned lines appeared when the central elec ­

tron temperature reached a value of 1.5 keV, thus confirming the fact that 

they belong to highly ionized ions present in the central hot plasma. Figu­

re 8 shows their time evolution , obtained in a series of experiments in 

w~ich B = 40 kG, along with the plasma current I and the radiance of the 
o T . p 

374 A line of MoXIV. The intensity of the highly ionized molybdenum lines 

arrives to a maximum at approximately 170 msec and then rema ins constant 

until the current decrease. A coronal s teady state model has been used in 
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5 B (101'.iphotons/cm
2 

sec sr) 
140KA , 40KG 

MoXXXI( 117 A) 

order to deduce, from the lines emis­

sion, the quantity of molybdenum pre­

sent in the center at the current 

plateau / 1/. The result is 10
11 

cm-3 

A comparison with Table I shows that 

molybdenum must enter into the dis­

charge after the initial period. Mo­

reover, in order to account for the 

temporal behaviour shown in figure 

2.1012 

Figure 8. 

P (keV sec-•crrrlster-1) 
Cotcutotea 

n, = 5.10llcml 
t;Y.t;.Q = u.io-•ster cml 
1,= 17 keV 

Figure 9. 

Fe 21.+ 

@I Mo 32+ 

8, the incoming flux of molybdenum 

must last of the order of 100 msec, 

starting from the firing of the se­

cond capacito bank. The power loss 

due to the radiation of these two 

lines represents only Q few % of 

the input ohmic power. Finally, sin­

ce the value of Zeff for these dis­

charges is "' 6, the contribution of 

the molybdenum ions to Zeff is of 

the order of 25 %. Figure 9 shows 

how the Zeff value is obtained star­

ting from the absolute measurement 

of the soft x-ray power emitted by 

the plasma. For a given electron 

temperature a set of curves is cal­

culated, corresponding to the x-ray 

power emit t ed using different as~ 

sumptions on the nature of the impurity ions. The experimenta~ value is then 

used in order to obtain from this set of curves a range of values for Zeff. 

In the example of figure 9 corresponding to a 200 kA, 40 kG discharge, one 

finds in this way 7 "' Zeff~ 10 at the current plateau which gives a quanti­

ty of molybdenum between 4 x 1011 and 1.7 x 1011 cm-3 (the first value is 

obtained considering that the only impurity present is molybdenum, the se­

cond one considering molybdenum plus completely stripped oxygen). Note that 

the lower cf these two values is in good agreement with the value obtained 

( 11 -3) . 11 . . h. 1 from the u.v. measurements "' 10 cm , expecia y since in t is ea cu-

lation we have neglected the presence of highly ionized iron. The value of 

Zeff in the center, calcul ated starting from the q (r = o) = 1 assumption , 
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2 

300 kA 
50 kG 

is in this case 8, well within the 

x-ray evalution, thus showing that 

the resistivity enhancement is due 

mainly to the presence of impurities 

and not to turbulence·. 

Figure 10 shows the radial 

(Abel-inverted) profiles of the den­

sity of Mo 30+, obtained with 300 kA, 

50 kG discharges. This series of 

shocks had a longer duration, and 

in particular. the electron density 

increased up to 350 msec, in such 

a way that (between 100 and 300 msec ) 

Figure 10 the ration tb. ~, 30+ remained cons-e riO 

tant. The results of figure 10 can be used, if the coronal steady state is 

M 30+ rapidly attained, to calculate the flux of the ion o , using the equation 

<\)')1,"4c3Q+ : J_ ~ ( _r ;;/tlio3C~) 
rot r( i: ) 11 -2 -1 

In this way we obtain 'til ~ r = 5 cm = 3 x 10 cm sec • With the 
lMoQO+ 

usual flux definition, and assuming that the impurity confinement time is 

of the order or larger than 100 msec, one deduces an inwards diffusion velo­

city of the order of 10 cm/sec. 

IV- CONCLUSIONS 

The main conclusions of this paper are the following : 

- Impurities appear very early at the beginning of the d i scharge and have a 

uniform distribution during the ionization phase. The main impurity is oxy­

gen ( 'V 5 % as compared to the electron density), and the value of Z f~ i s e I 

....,4 already at this early stage. 

- During the current plateau an approx imatly stationary state is reached ; 

the impurity ions are radially distributed following their ionization poten-
. . 3+ 4+ 5+ 4+ tial. The ions 0 , 0 , 0 , and N have an inwards diffusion velocity of 

the order of 2 x 103 cm/sec at a radius of 15-16 cm in good agreement with 
15 -2 -1 the theoretical value. The total flux of oxygen is 3 x 10 cm sec 

- Energy and partic le balance considerations show that only a small portion 

of the incident impurities can reach the central hot plasma. 

- The plasma is composed of two separated regions : a central hot plasma 

with properties depending on Ip and BT, and a peripheral shell (width 5-7 

cm) interacting strongly with the walls and limiter, characterized by a 

large flux of impurities mainly recycling to the walls. 
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- An important fraction of the input ohmic power is lost as line radiation 

in this external shell ( ~ 35 % in the discharge considered) ; on the con­

trary, radiation from the two observed lines due to highly ionized molybde­

num ions present in the center contributes only a few % to the losses. 

- The values of Zeff obtained from absolute measurements of the soft x-ray 

emission are in agreement with the values obtained from the conductivity. 

- Highly ionized molybdenum ions ( rv 1011 cm-3) are present in the central 

hot region and contribute about 25 % to Zeff• The inwards diffusion veloci-

f . 30+ . 10 m/ ty o the ions Mo is N c sec at r ~ 5 cm. 
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X-RAY MEASUREMENTS ON THE ST TOKAMAK 

S. van Goeler 
Plasma Physics Laboratory, Princeton University, 

Princeton, New Jersey 08540, USA 

With rising electron temperature, the x-ray emission has become an in­

creasingly prominent feature of tokamak plasmas. The exact origin of the 

observed radiation is still a matter of debate. In the first part of the 

paper we try to summarize our present thinking on this topic with special 

emphasis on the role played by dielectronic recombination. This question 

is of relevance for the interpretation of impurity data. In the second 

part, we review the main results of our investigation of the fluctuations 

in the x-ray emission and their relation to the MHD-stability of the 

tokamak. We discuss the observation of m = 1 oscillations accompanied by 

internal disruptions, and the observation of magnetic islands for the m = 2 

instability. 

I. The X-Ray Spectrum 

A typical x-ray spectrum from the tokamak (Fig. la) consists of a con­

tinuum and several impurity lines [l). A comparison with a hypothetical 

bremsstrahlung spectrum calculated for a hydrogen plasma from the laser tem­

perature and density profile shows that, although the slopes of the two 

spectra are in good agreement , the intensity of the measured spectrum i s 

usually by a factor 5 to 100 larger than calculated for hydrogen brems­

s trahlung (Fig. lb) . Obviously the main contribution to the spectrum comes 

from impurities. 

If low-Z impurities like oxygen are dominant the analysis is relatively 

uncomplicated, because the low-z atoms are completely stripped in the hot 

regions of the discharge. The continuum then consists of recombination ra­

diation (Ifb) and bremsstrahlung (Iff), the intensity ratio depending on 

temperature (e.g., for oxygen Ifb/Iff = 4.3 a t Te= 1 keV and Ifb/Iff 

= 1. 5 at 2 keV). The impurity concentration or Zeff can be determined 

very accurately in this case. Unfortunately , the fact that discharges occur 

i n which Zeff is larger than 8 (Fig. le), shows that also high-Z impuri­

ties like iron or mol ybdenum have to be taken into consideration. 

The presence of high- Z impurities complicates the analysis considera­

bly, because we have to cope with several elements, and because the r ecom­

bination radiation depends sensitively on the charge state of the ion, which 

in turn depends on an interplay of dielectronic recombination, radiative 

r ecombination , and confinement. Only recently are accurate p r edic tions for 
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Fi g . 1. (a) Comparison of measured x-ray spectrum with hydrogen spec­
trum computed from laser data . Central laser temperature is Te= 1450 ev. 
(b) Enhancement factor i;; vs central electron density nc. (c) Zeff de­
termined f rom continuum x-ray intens ity and plasma resistivity vs nc . 
(PPPL 753692) 

the dielectr onic recombination for tokamak plasmas [2) emerging. Figure 2 

shows the radiati ve power l oss cal culated by Merts et al. [ 2) for iron 

impurities in cor ona equilibrium. At low electron temperatures (T ~ 1.5 
e 

keV) , for which iron is not ionized to the helium-like state , die l ectroni c 

recombination is the dominant r ecomb ination process ; for high electron tem­

per atures (T ~ 1. 5 keV), for which iron is in the helium-like state, di-
e 

electroni c recombination is of lesser importance. The effects of fini te 

confinement, i.e. , the transport of ions between cold and hot regions, lead 

to devi ations from local corona equilibrium. These effects are difficult 

to predict, since the transport of the high- Z impurities is not well under-

stood . If this transport is comparable to the energy transport , its effect 

is small at low temperatures where dielectronic recombination is large , but 

should be an important factor at hi gh temperatures . 
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Fig. 2. Radiation power loss of iron 
impurities calculated by Merts, et .QJ,_. 

(2), for ne = l0 14 cm- 3 and nFe = l0 12 cm- 3 

(PPPL 753684) 

reflect the effect of a deviation from 

corona equilibrium due to finite confine­

ment. Characteristically we observed the 

largest deviation from Cowan's [2] calcu­

lated curves for T = 2000 eV . These im-
e 

purity lines are of great interest because 

they seem to be produced by diel ectronic 

recombination, as predicted by Gabriel [4), 

rather than by direct collisional excita­

tion . 

II. X-Ray Fluctuations 

Instabilities in the tokamak plasma 

have been studied by investigating fluc tua­

tions in the continuous, thermal x-ray 

emission. This method has revealed: 

(a) The existence of m = 0, n = 0 

internal disruptions preceded by m = 1, 

n = 1 oscillations [5). This feature 

was observed at high filling pressures, 

near the high pressure i nstability limit 

and at low densities, near the runaway 

regime (Fig. 4). 

These consi der a t i ons 

were surprisingl y well r e ­

flected i n some crude me a-

surements (3) of the K -line 
a 

of iron whi ch we r e per f o rmed 

on the ST Tokamak with a 

crystal spectr ome ter (Fig . 

3). The f act that the me a -

sured spec t r um f i t s better 

to the theoretical curve (2) 

for 1 000 ev than for 1200 eV, 

the peak t emperatur e measured 

by the l ase r , may perhaps 

COLLISION AL 
EXCITATION 

I i°NLY 

Te • 1.0 keV 

6.4 6.5 

COLLIS IONAL PLUS 
DIELECTRONIC EXCITATI ON 

I I (b) 

6.6 6.7 
EI keV 

Fig. 3. Ka- l i ne s tructure 
of iron: (a ) Spectrum measur ed 
on ST at central t emperature Te 
= 1 200 eV . The calibration i s 
t he Ka-li ne of neutr a l i ron . 
(b ) Computations of the Ka-line 
by Cowan [2] f or Te = 1 200 and 
1000 eV (ne = 10 14cm- 3, nFe 
= l 01 2cm- 3). For Te = lOOOeV 
the cont ribution o f dir ect col­
lisi onal exc itation i s also 
shown . (PPPL 753691) 
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Fig. 4. Instability regimes 
in ST at ohmic heating current 
I 08 = 70 kA. Ordinate is f illing 
pressure (D2) and abscissa to­
roidal field. Approximate re­
gions in which instabilities oc­
cur are shown by shading and 
lettering. (PPPL 743297) 

(b) The existence of small m = 2, 

n = 1 oscillations. These oscillations 

were observed at intermediate filling 

pressures (Fig. 4), concurrent with and 

phase-locked to simultaneous m = 3 sig­

nals on the B
8
-loops. 

(c) Evidence of the magnetic island 

structure of the large m = 2 oscilla­

tions preceding major disruptions with 

negative voltage spikes. 

Typical measurements for the inter­

nal disruptions and m = 1 oscillations 

are shown in Fig. 5 . (Similar data have 

been reproduced on the ATC and the TFR 

tokamaks [6]). When looking through the 

center (r = 0) of the column the x-ray 

intensity slowly increases by 3 to 30% 

for a time interval 0 . 5 to 5 msec, and 

than abruptly decreases. This sawtooth 

structure is evidence of the internal 

disruption. A little bit farther out 

(r = 1. 2 cm) the sawtooth amplitude be­

comes smaller; at the same time small sinusoidally growing precursor oscil-

lations appear. These have mode numbers m = 1, n = 1, as deduced from the 

phase relation between signals from different detectors looking at different 

radii and locations around the torus. At r = 1. 6 cm the sawtooth amplitude 

becomes zero and the precursor oscillation begins to disappear. At still 

larger radii (r = 2 cm) the sawtooth appears again but is inverted until it 

finally vanishes at 2.8 cm. The node of the sawtooth (in Fig. 5 the point 

r = 1. 6 cm) corresponds to the radius r where the 
s 

m =l oscillati ons be-

comes abruptly smaller. It probably represents the q = 1 surface in the 

plasma, since it agrees with the q = 1 surface calculated from the laser 

temperature profile under the assumption Zeff (r) =constant. This identi-

fication is, however, not absolutely certain. For instance , on ATC the 

q = 1 surface from the laser data was located at a larger radius than the 

node of the sawtooth, due, perhaps, to peaking of the impurities in the 

center of the discharge. 

The exact physical nature of the m = 1 oscillations is still not sat­

isfactorily explained . It is unlikely that the oscillations represent the 
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Fig. 5. Internal disruptions and m=l oscil­
lations: (A) Typical scope traces of the x-ray in­
tensity varying the distance r from the center of 
the discharge to the line of sight. (b) Radial 
profiles of the safety f~ctor q from laser data, 
the sawto0th amplitude ~A/A and the amplitude 
6A/A of the sinusoidal m = 1 oscillation 
shortly before the step. (PPPL 753793) 

internal kink mode, 

predicted by Shafranov 

and Rosenbluth [7] . 

Toroidal terms [8] have 

a stabilizing effect on 

this mode and, moreover, 

the experimentally de­

termined amplitude of 

the waves is much 

larger than nonlinear 

theory predicts. The 

arguments l e ading to 

this conclusion are 

summarized in Fig. 6. 

According to the pre­

dictions for the in­

ternal kink mode the 

displacement E;. is 

constant for r < r 
s 

and E;. = 0 for r > r . 
s 

The unperturbed x-ray emission profile £ (r) 
0 

i s 

assumed parabolic 
2 2 

£ (r) = £ ( 0) ( 1 - r /b ) 
0 0 

Inserting such a profi l e in Abel ' s equation , we obtain for the l ine integral 

I (r) = ! £ ( 0 ) b (1- r
2
/b

2
) 

312 
0 3 0 

The parameters £ (0) 
0 

and b are de t ermined by a fit to the measured 

An m = 1 perturbation to £ (r) 
0 

then yields the oscillation amplitude 

£
1 

(r) in t erms of the displacement E;. 

2 
2£

1
(r ) = £

0
(r - E;. ) - £

0
(r+E;.) = 4£

0
(0) E;. r/b for 0 < r < r 

s 

I 
0 

Inserting this into an Abel equation , modified for m-mode symmetry , yie lds 
r 

f 
s 2 2 1/2 - 2 2 2 1/2 

I
1

(r) = 2 £1 (r ) rdr / (r - r ) = 4£ (O) E;.b r(r - r ) 
0 0 0 0 0 

r 
The experimental points (+) for I 1 in Fig. 6 scatter appreciably , due to 

the lack of shot-to-shot reproducibility ; it can the r efore only be stated 

that the shape of the measured curve is not in disagreement with the pre­

di cted one . Howeve r , the absolute value of the displ a ceme nt E;. can be 
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Fig. 6. Comparison of m = l 
with MHD-theory. (a) Measured 
average x-ray intensity I 0 ~ 

radius. The line is a best fit 
for an assumed parabolic profile 
of the unperturbed x-ray source. 
(b) Measured oscillation ampli­
tude vs chord radius. The line 
is calculated, assuming a con­
tant displacement s = 0. 46 cm 
out to r = r s = 2 .1 cm and s = 0 
for r > rs. (PPPL 753690) 

derived with better accuracy . We find 

sir ~ 0 .2 which is much larger than 
s 

one would expect from the nonlinear 

theory of the internal kink mode. 

Recently Rutherford (9J has in­

cluded resistivity in the theory, show­

ing that an m = l tearing mode exists 

with an island struc ture . Nonlinear 

calculations of this mode are not avail-

able, and it is the refore unclear whether 

the large amplitudes can be explained in 

this way. 

The physical causes behind the in­

ternal disruptions are still unknown. 

The internal disruptions are, on the 

other hand, very important for the 

energy transport in the central core of 

the p lasma . The energy loss due to the 

internal disruption can be estimated by 

measuring the decrease in electron tem­

perature during a disruption . The re­

sulting loss is of the same magnitude as 

the energy input due to ohmic heating 

into the plasma volume inside the q = l 

surface . 

The small m = 2, n = l oscillations are observed at intermediate pres­

sures. The x-ray traces (Fig . 7) exhibit small (10%) sinusoidal oscilla-

tions, which seem to have reached a nonlinear stationary state. The m-

and n-numbers are again assigned by using phase measurements between various 

detectors, sampling at different radii and locations around the torus. Si­

multaneously, m = 3 oscillations, occurring presumably around the q = 3 

surface, are picked up with B 
6 
-loops. The frequency of m = 3 and m = 2 

oscillations is in the ratio 3:2, i.e. , the plasma rotates like a solid 

body. Propagation is in the direction of the electron d i amagnet ic drift 

and the frequency is of the order * v , the diamagnetic drift frequency. 

A comparison of the radial profiles of the small m = 2 oscillations 

with predictions for the tearing mode [lOJ is shown in Fig. 8. Polynomials 

are fitted to the unperturbed and to the oscillating x-ray line intensity, 

I
0

(r) and r
2

(r). These profiles are Abel inverted to obtain l ocal x-ray 
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like an incompressible 
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Fig. 7. Typical current, voltage and x-ray 
traces for the small m = 2 oscillations. The x­
ray signals have a kind of "grassy" appearance, 
which is due to small sinusoidal m = 2 oscilla­
tions. B6-loops and the voltage traces exhibit 
m = 3 oscillations. (PPPL 7 53794) 

curve, the displacement 

from the linear analysis 

of Furth, Rutherford, and Selberg [10 ), which is also used in the nonlinear 

analysis of Rutherford [11). Linear theory predicts a pole at the singular 

surface, which is smoothed out by island formation. The width of the island, 

under the so-called "constant ijJ " approxi mation is indicated in Fig. 8 . At 

this point the 

concept of t;, 

based on 

linear pertur­

bation breaks 

down. For 

small m =2, as 

well as for 

the m = 1 os-

cillations, 

the island 

structure 
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Fi g . 8. Comparison of the radial profile of the small 
m = 2 oscillations with tearing mode theory . (PPPL 743890) 
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A calculation of the linear growth rate yT [10) of the tearing mode, 

based on laser temperature and current profiles for the discharges of Fig. 
3 -1 * 4 -1 8, gives yT .. 6 • 10 sec , to be compared with w .. 8 • 1 0 sec . The 

pure m=2 tearing mode is t herefore onl y very marginally unstable, and 

probabl y the effects of diamagnetic drift , thermal conductivity, viscosity, 

etc. have to be incorporated [12). This objection against an interpreta­

tion as a pure tearing mode i s even more valid for the m = 3 oscillati ons, 

which according to Furth, Rutherford, and Selberg [10) should be completel y 

stable, because t he q = 3 surface is located at l arge radius . Considerably 

more wor k has to be done to i dentify this i nstabi l ity uniquely . 

The large m = 2 osc illation followed by large scale disruptions has 

been studied a lready with B8- l oops [13, 14), the ion-beam probe [15) and 

framing cameras [16) . The x-ray technique has yielded, as new informati on, 

some evidence for the island structure. In Fig. 9a is shown a radial plo t 

of the maximum and minimum of these oscillations just before the disruption. 

Typical oscilloscope traces are inserted at serval radii. The positions of 

the crossovers at r = 4 and 8. 5 cm represent poi nts of phase reversal 

relative t o a fixed monitor. In the region between r = 6 and 8. 5 cm the 
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Fig. 9. Large m = 2 oscillations and disrupt ions . (a) Measured x-ray 
intensity vs radius: Dots (•) repres ent peak intensity and circles (o) valley 
intensity o~the oscillation just before disruption; i n the range 4 cm 
< r < 8 . 5 cm the phase with re spect to a fixed monitor changes and the dots 
become minima and the c ircles maxima. Scope traces exhibit t runcation in 
the range 6 cm < r < 8.5 cm. (b) Comput er simulation of this measurement 
based on the tearing mode theory [10). (PPPL 753795) 



oscillations are truncated for part of the oscillation period ~ the scope 

trace at r = 7 . 3 cm is a good exampl e. The truncation time i ncreases with 

radius. The truncation i s the feature that seems to be caused by the island 

structure, as the compu ter simula tion of Fig . 9b suggests. In the computa­

tion it is assumed that the x-ray emiss ion £ is cons t ant on a magnetic 

surface lji , i. e. , £ = £ (lji ) . A functional dependence is chosen, so that £ 

decreases steeply with radius and is f lat (£ =constant) wi thin the is l and . 

ljJ is t aken from Furth, Ruthe rford , and Selberg [10] . Integration along 

chords of observation and rotation of the island pattern produces osc il­

lations between the maximum and minimum lines with time shapes at dif f er­

ent radii as shown . These calculations qualitatively reproduce t he features 

observed in Fig . 10. The truncation seems to be associated with the fact 

that the electron temperature and consequently x-ray emission are relatively 

flat across the island. 

The oscilloscope traces of Fig . 9 demonstrate also t he effect of the 

large scal e disruption on the x-ray traces. The x-ray intensity decreases 

in the central hot region of the pl asma and increases in the outer region 

of the island: i . e., the l arge scal e disruption exhibits the same sawtooth­

like feature as ·the the internal dis ruption. Figure 10 shows the time 

development of the x-ray profi l es during the disruption. The profile is 

flattened out and ther e is some indication that the disr uption is a process 

t ha t begins close to the island and 

propagates on a time scale of a few 

100 µsec toward the inside as well as 

toward the outside. The latter con-

clusion is drawn from the observation 

that the negative voltage spike ap­

pears 200 µsec after the sudden break 

in the sawtooth of the x-ray data . 

The velocity of propagation is in 

agreement with Jacobsen 's [16] measure­

ments. Practically nothing i s known 

about the physical causes behind the 

disruption. 

In summary i t seems that t he 

stability of the ST tokamak was 

gove r ned by the tearing mode o r 

closely related instabilities. The 

safety factor q (O) i n the center 
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was always close to one and the q=2 point was located at sufficiently 

large radius, so that the m =2 instability was either stable or only 

marginally unstable, as discussed in Ref. (10). If q(O) ~ 1, we observed 

m=l oscillations and internal disruptions, which were not too harmful be­

cause they involved only a small plasma volume in the center of the dis­

charge. If q(O) ~ 1 we observed m=2 oscillations, which were station­

ary and of small amplitude at intermediate densities, while at high densi­

ties they had large amplitudes and led into disruptions. It is unclear at 

present whether the small m=2 oscillations are fundamentally different 

from the large precursor oscillations of the disruption, or whether at the 

lower densities, higher temperature or small changes of the current profile 

lead to a nonlinear state without disruption. 
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Experimental Results on JAERI Tokamaks 

Y. Shimomura 

J apan Atomic Energy Research I nstitute, Takai, Ibaraki, Japan 

This paper describes recent experimental results on 

JFT- 2a and JFT- 2. In JFT-2a, a separatrix magnetic 

surface is stably obtained, and heat and particle fluxes 

to the divertor are investigated . In JFT-2, plasma 

densities in hydrogen and helium discharges are investi­

gat ed . 

l . Introduction 

This paper describes recent results on JFT- 2a and JFT-2 
experiments . Their machine parameters are summarized in Table l. 

Table 1 . Machine Parameters of JFT-2a and JFT-2 

JFT-2a J FT-2 
Major Rarius 0.6 m 0.9 m 
Minor R~dius O.l m 0.25 m 
Toroidal Magnetic Field l.O T 0 . 9/1.8 T 

Remarks Di vertor Dynamic Limiter 
Non Circular Fat Tokamak 

JFT-2a shown in Fig. l is a Tokamak devi ce with an 

axisymmetric magnetic limiter and/or divertor. Detailed 

description of the machine and preliminary experimental results 

were given in refs. l) and 2). The following sections describes 

the characteristics of a separ a trix magnetic surface and the 

plasma behavior in the divertor region . 

JFT- 2 is a fat Tokamak device. Machine parameters and 

experiment a l results with a toroidal fie l d of 0. 9 T were 

reported in ref. 3). In a number of tokamak devices a steady 

increase in the plasma density during discharges has been 

observed4). In JFT-2 tokamak , however, the electron density 
in a hydrogen discharge decays with time shortly after the 

ionization of the filling gas is completed. In section 3, the 
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time behavior of densities, their dependencies on the filling 

pressure are investigated i n the hydrogen and helium discharges . 

2. JFT-2a 

2.1 Operation Conditions and Plasma Parameters 

The experimental 

results described below 

were mainly obtained 

under the following 
conditions. The mova- Ti-ALLOY WIRE 

ble shell is at the 

open position, protection 

plates extend 5 mm from 

DIVERTOR 
PLATE 

the shell, and no 

titanium is flushed 

(Fig.l). The base pr essure 

is 1x10-7 torr. Hydrogen 

gas of 1. 5 x 1018 atoms is 

admitted by four fast 

acting valves. Plasma 

current I :::::: 15 kA and p 

DIVERTOR 
HOOP 

Fig.l 

di vertor hoop current ID:::::: 1.1 x I p. 

80 
Rlcml 

Cross section of JFT-2a 

Figure 2 shows the time behavior of the plasma enclosed 

in a separatrix magnetic surface which will be described in 
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Fig.2 Time variations of 

plasma parameters . 

(a) plasma current, I p ' and 

loop voltage, VL; (b) total 

number of electron , Ne ' and 

mean electron density, ne at 

R = 60 cm; and ( c) electron 

temperature, Te at R = 62 cm 

and Z = - 1 cm, and ion temper­

ature , TiN and TiD' obtained 
by neutral particle energy 

analysis and doppler broaden­

ing of Ha line , respectively . 



more detail in the next subsection . The peak current i s 15 kA, 

the l oop voltage is 4 V at 4 ms and no negative spikes are 

observed . The electron temperature near the centre measured 

by Thomson scattering is about 200 eV , and the ion temperature 

is 50 eV by doppler broadening of Ha l ine and 100 eV from 

neutral particle energy analysis . Energy confinement time and 

ftp are calculated to be 0.7 ms and 0 . 35 , respectively, by 

assuming parabolic pr ofiles of the temperature and density. 

These parameters are consistent with those expected from a 

conventional Tokamak and no adverse effects of a separatrix 

magnet ic surface are observed . 

2.2 Magnetic Confi guration with a Separatrix Magnetic Surface 

The field configuration with a separatrix magnetic surface 

is investigated by measuring the plasma in the scrape- off layer 

and by tracing runaway electrons . 
Figure 3 shows the time variations of the electron density 

and temperature in the divertor region which are about ten times 

lower than the val ues at the centre of the main plasma col umn . 

Density and temperature at 

1 mm from the surf ace of 
protect i on plates @ and (3) 
(Fig.l) are also measured 

and are similar to those 
in the divertor region 
shown in Fig . 3 . I n the 

case of I D= 0 or ID= 
0 . 45 x I , ion saturation 

p 
current in the divertor 

region is about 103 or 102 

times l ess than in the case 

of ID::::::l.lxIP (Fig.3) . 

.., 
'E 
u 

Fig . 3 

10 20 30 40 
T (ms) 

Time variations 

of electron density and 

temperature measured by double 

probes in the divertor region . 

The plasma observed in the divertor region clearly originates 

from the main plasma column . 
Figure 4 shows X- ray intensity from a target placed in the 

divertor region with various discharge condensions including 

ustable discharges where negative spikes preceded by growing 

or saturated m = 2 precursor fluctuations of poloidal field 
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are observed. X- ray from the 

target increases but X-ray 

from the protection plate 

decreases as the protection 

plate is ext racted. It is 

noted that runaway electrons 

pass at a distance about 12 

mm from the inner surf ace of 

the shell and reach the 

divertor region even in the 

unstable discharges and the 

separatrix magnet ic surface 

is located well inside of the 

shell and the protection 

plates. 

. -• .. 
0 2 3 4 

X-RAY INTENSITY FROM TARGET 
(Arb. Unit) 

Fig.4 X-ray from a tar get 

placed at R = 42 cm and the 

protection plate Q) during 

15-20 ms. "d 11 is shown in 

Fig . 1 . 

2.3 Plasma Behavior in the Divertor Region 

Characterist ics of a plasma in the divertor region is 

investigated by scanning magnetic probes, double probes , 

directional electrostatic probes, thermocouple probes and X-ray 

probes at ,R = 40 cm. 
In Fig.5, profiles of ion saturation current density i at s 

7 . 5 ms, t ime integrated heat flux density qH during 0 - 10 ms 
( ------- ) and 20 - 40 ms ( - -o- - ) , and X-ray intensity I at 16 x 
ms are shown. These profiles are shown to be axisymmetric 

within 10 %. Energy conversion efficiency of the t hermocouple 

probe is assumed 100 %. It is noted that X-ray intensity Ix 

from a target (X-ray probe of 4 mm~) is undetectable during 

the first 15 ms of the discharge. 

I t is seen that these profiles, especially Ix- and qH­

profil es at 20 - 40 ms , are asymmetric with respec t to median 

plane . 
· are is 

Larger peaks of qH and Ix, and also a smaller peak of 
located towards the direction of ion 'VB drift or the 

direction along which electrons flow out from the main plasma 
along a magnetic sur f ace under the acceleration of t he tor oidal 

electric field. This is confirmed by changing the direction of 
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Fig.5 Characteristics of a 

plasma in the divertor region 
at R = 40 cm. 

(a) ion saturat i on current 

density , is ' (b) time integrat­

ed heat fllJ.X density , qH; and 

(c) X- ray intensity, I
2

, f rom 

a target of 4 mm~ 

the toro i dal magnetic field and the pl asma current . The 

correlation between the time integr ated heat flux density qH 

and X- ray intensity I x during 15 - 20 ms with various discharge 

currents is shown in Fi g . 6. I t is seen that heat flux increases 
with X-ray intensity. It is clear that runaway el ectrons causes 

this asymmetry during the later phase of the discharge . 

)( 3 • :J 

LL • • 2 • 
-+- • c 
Q) • I • 

0 
2 3 4 

X-ray From Target 
Fi5 . 6 Correlation between 

heat fllJ.X to the divertor 

region and X-ray from a 
target in the divert or 
region at R= 40 cm during 
15 - 20 ms . 

The part i cle fllJ.X to the 

divertor regi on calculated from 

the i on saturation current at 

7. 5 - 20 ms is 0. 6- 2 x 10
1 7 

particles/ms which amounts 
several times less than the 

particle loss flux fr om the 

main plasma col umn estimated 

from the tot al electron number 

in the col umn and Ha int ensity . 

The total energy to the divertor 

i s 13 - 20 % of total joule input. 

Diffusion constant in the 

divertor r egion at R = 40 cm is 

roughly estimated from the 

profiles of i on saturation 

current at different major radii 
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and is less than 1 x 103 cm2 /sec at 7. 5 ms which is about 10 

times l ess than the Bohm diffus i on coefficient. 

2 .4 Conclusions 

A plasma enclosed i n a separatrix magnetic surf ace and in 

the divertor r egion is investigated. The main results are as 

follows : 1) A separatrix magnetic surface is stably located 

inside material surfaces . 2) Plasma parameters of a main column 

are consistent with those expected from a conventional Tokamak 

and no adverse effects of a separatrix magnetic surface are 

observed. 3) Heat and particle fluxes to the divertor are 

axisymmetric. 4) These fluxes are several times less t han the 
total loss fluxes from the main plasms column . 5) Heat flux to 

the divertor r egion i s asymmetric with respect to the median 

plane, whi ch i s due t o runaway electrons f r om the main plasma 

column . 

The result 4) is due to the small dimension and weak 
toroidal magnetic field of JFT-2a . The results of 1), 2) and 

3) encourage us to make an attempt to reduce impurity content 

in a plasma by an axisymmetric divertor in a future large 
Tokamak . 

3 . JFT- 2* 

3 .1 Experimental Conditions 

The vacuum vessel is stainless steel without an insulating 

break , pumped by a turbo molecular pump with a speed of 1000 

1/ s to a base pressure of 1 - 2 x 10- 7 torr. Usually, after open­

ing the torus to air , we make about 2000 shots of discharges 

fo r the purpose of cleaning the vacuum wall . Furthermore , 

before the start of experiments the discharge cleaning of about 

500 shots is made to obtain r eproducible discharges . 

In the plasma experiments described here , the torus i s 

filled with steady gas flow . In some experiments we use a 

puls~d valve . The intervals between d i scharges are 1 . 5- 10 min, 

which are limit ed by the cooling of the toroidal coils . 

*This sect i on was prepared by N. Fujisawa et al (JFT- 2 group). 



3.2 Characteristics of Plasma Densities 

The typical time behavior of t he plasma densities in 

hydrogen and helium discharges is s hown in Fig . 7(a) . The 

maximum plasma current I~ax is 100 kA and the filling pr essures 
- 4 4 are Pf=3 . 5xl0 torr in hydrogen dischar ge and Pf =2 . 5xl0- torr 

in helium one . The mean line- of- sight dens ity is measured with 

a 4 mm micr owave interferometer. Fi gure 7(b) presents the t i me 

behaviors of the plasma current and the electron temperatures 

meas ured from soft X-ray energy spectr a. 
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Fig.7 Typical time behavior of plasma densities, 
current and electron temperature in hydrogen and heli um 
discharges with I~ax=l00 kA, Pf=3.5Xl0-4 i n hydrogen 
and Pf=2.5x10-4 torr in helium. 

The line density r eaches its maximum value at about 7 ms 

after the start of the discharge . While heli um dischar ges 

almost keep t heir maximum line dens ities during discharges , in 

hydrogen d i scharges the line density decays with a t i me constant 

of 10-25 ms, and after 25-30 ms , reaches a nearl y steady value . 

The dependences of the line densities on the f ill ing 

pressures are shown in Fig.8. The maximum line densities in 

helium discharges are in direct proportion to the filling 

pressure. Considering that the density pr ofile is nearl y f l at 

at about 7 ms after the start of t h e d i s charge , the density i n 

heli um discharges corresponds t o t he complete ionizat i on of the 

filling gas. The total electron number in helium d i scharges 

decreases, because the dens ity profile is peaked with time . 
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The maximum density in hydrogen discharges are about 20- 25 % 
of the electrons in the filling gas , and the s teady densities 

are less than 10 %. 
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Fig . 8 Dependencies of 
dens i ties on filling 
pressures in hydrogen 
(2) and helium(!). 
Dens ity(~) at initial 
stage of discharge 

cleani ng. Upper value 
is one at ~rMax marked 

2 p ' 
one is steady value . 

3 . 3 Characterist i cs of Densities before Discharge Cleaning 

Figure 9 shows t he time behavior of the density at the 

initial s t age of the discharge cl eaning , namely after only 50 

shots of discharges after 

opening the torus to air . 

It should be emphasized that 

the maximum density i s a bout 

50 % of the filling gas , and 

that the density does not 

decay with time . The mark 

(~) in Fig.8 evidently 

indicates the difference 

between the densities 

before and after the 

discharge cleaning . This 

may be due to the 

reduced adsorption on the 

surfaces and/or the influx 

of the impurit i es . 

20 

50 100 

Fig . 9 Time behavior of density 
at initial stage of discharge 

cleaning with I~ax=90 kA , Pf= 
2 . 4xlo- 4 torr in hydrogen . 



3 .4 Gas Analysis Measurement 

The working gas pressures after discharges have been 

measured with a mass spectrometer with a response time of 1 s. 

Figure 10 shows the time behaviors of the partial pressures 

corresponding to the mass 2 

and 4 , which are hydrogen 
and helium, respectively. 

The torus with no evacuation 

is filled via a pulsed gas 

valve at 3 s before the 

start of the discharge . In 

both hydrogen and helium 

discharges , it is reasonable 

that gas pressures drop 

shortly after the discharges. 

The hydrogen and helium 

particles adsorbed on surf ace 

are gradually desorbed over 

a long period of time . 

3 . 5 Conclusions 

p ...... 
j 

10 
Hmo(t l 

Fig.10 Time behavior of 
partial pressures of hydrogen 

and helium. 
x ...... without discharge 
o ... . .. with discharge 

6 ... .. . back ground 

The density in hydrogen and helium discharges on the JFT-2 
tokamak is investigated . The main results are as follows : 1) 

The line density in hydrogen discharges decays with time, and 

r eaches a steady low value less than 10 % of the filling gas . 

2) Helium discharges are observed to keep the maximum line 

density throughout the duration of discharges . 3) At t he 

initial stage of the discharge cleaning the line density in 

hydrogen disc~arges does not decay . 4) Hydrogen and helium 

particles adsorbed on the wall are gradually desorbed over a 

long period of t i me. 
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OBJECTIVES OF THE JET EXPERIMENTS 

presented by P. Noll, JET Design Team, Culham Laboratory; 

permanent address: KFA, Julich, Germany 

l. · Introduction 

The various national laboratories studying controlled nuclear 

fusion within the European Community have recently initiated the 

joint prepartion of a large Tokamak experiment. This experiment 

is known as Joint European Torus (JET) . It is expected to yield 

the information required to decide whether or not to proceed to t he 

experimental reactor stage in the Tokamak system. 

The present design proposal has been worked out by the JET 

Design Team which has been assembled at the Culham Laboratory since 

1973. It includes many contributions from the Commission and from 

the Associated Laboratories. Preparatory studies were performed b y 

the former JET Working Group which recommended the construction of a 

3 MA Tokamak. 

In the following we outline the objectives, the experimental 

prog ramme, the design and the main physics problems of JET. 

2. Objectives and areas of work 

The essential objective of JET is to obtain and study a plasma 

in conditions and dimensions approaching those needed in a thermo­

nuclear reactor. The achievement of temperatures T ~ T. ~ SkeV at e 1 

densities n ~ 3·1013 cm- 3 and of nTE> 1013 cm- 3 s will be attempted 

(TE = energy replacement time) . These studies will be aimed at 

defining the parameters, the size and ~he operating conditions of 

a Tokamak reactor. 

A large plasma current, large dimensions, additional heating 

and an adequate control of the plasma-wall interaction are required 
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to reach these conditions. The plasma current (~4 MA) is within 

a factor 3 to 6 of that envisaged in a reactor. In the most favour­

able case ignition may be possible in JET. Flexibility is essential 

to permit reliable estimates of nTE to be expected for reactor para­

ameters. The proposed project will permit variation of the aspect 

ratio, the plasma cross section from circular to D-shaped, the 

discharge duration and of the build-up phase (using compression or 

moving limiter techniques) . 
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The areas of research on JET may be divided as follows: 

(1) Scaling of plasma behaviour 

This includes studies of 

transport processes over a wide range of parameters 

including the "collisionless regime" appropriate to 

a reactor; 

~ "t' the maximum possible ratio of plasma to mag­cri 
netic field pressure, and q . , the minimum "safety min 
factor" value - (~ .t and q . determine the economics cr1 min 
of a reactor) ; 

long-time equilibrium, stability and impurity beha-

viour; 

diffusion and injection driven currents. 

(2) Plasma-wall interaction, impurities 

The plasma-wall interaction may strongly limit the perfor~ 

mance of JET. Studies are envisaged of 

the choice of limiter and wall materials, in particu­

lar materials of low Z; 

the role of plasma-limiter interaction, possibly using 

limiter detachment experiments; 

the control of the outer plasma layer by injection of 

gases and by control of the energy deposition; 

the effect of a poloidal field divertor, probably in 

a later phase of the experiment. 

(3) Additional heating 

The following methods will be tested and studied 

fast (adiabatic) major radius compression; 



0 
injection of fast neutrals (~ 80 kev for H , ~ 160keV 

0 
for D ) ; 

high-frequency heating at the low hybrid resonance 

(~l GHz) and in the magneto-acoustic and ion cyclotron 

range (5 - loo MHz). 

(4) a-particle effects 

Studies of a-particle production, confinement and subsequent 

a-heating are foreseen. The a-particles may be produced by 

direct reactions from an energetic beam of D
0 

injected into 

a T plasma or by thermonuclear reactions in a D-T plasma. 

The activation due to the large neutron flux (up to lo; 0 / 

discharge) will prevent maintenance after a few hundred 

discharges so that the total number of D-T discharges will 

probably be limited to a few thousand. 

Significant fusion yields may a~o be obtained by injecting 

Do into a 3 He plasma, without complications caused by acti­

vation. 

3. Experimental programme 

The studies above will best be realised by a programme of 

phased exploitation. 

Phase I: Exploratory studies 

This phase will start 1980 (provided the construction can be 

performed as scheduled) and may well last 2 to 3 years in order to 

(a) establish a range of operating conditions, (b) perform scaling 

studies, (c) work up to the maximum plasma current for the installed 

power supplies including the use of D-shaped cross section, 

(d) examine additional heating without internal structures, (e) in­

vestigate impurity effects, (f) establish the limits of operation, 

(g) decide on future power supplies, and (h) decide whether the 

divertor is needed. 

Phase II: Improvement of plasma performance 

This phase starts 1982 or later. If the results from phase I 

are extremely favourable, it will be possible to go directly to 

phase III. If the results are less favourable, some of the follow­

.ing will be attempted: enhance power supplies, examine heating 
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me thods using internal str uctures , increase heating power, fit 

divertor if necessary. 

Phase III : Fusion studies 

The earliest starting date is 1983 (conveivably 1982 if 

results from Phase I are extremely favourable). Fusion 

experiments will be attempted using non Maxwellian beam-plasma 

methods (maybe with compression) and D-T plasmas . 

Within this broad outline of Phases I - III, the experi­

mental strategy will also be determined by the developments in 

the world - wide field of Tokamak research . 

4 . The apparatus 

The Jet apparatus, shown in fig. 1, consists of 8 modules. 

A complete octant can be replaced by remote handling techniques 

under active conditions . The all- metal chamber (1) has two walls 

and consists of a series of bellows and rigid sections . The 

mov abl e limiters (2) are arranged in an axisyrmnetric fashion . 

The 32 D-shaped coils (4) are supported by steel ring reinforced 

transformer coils (7) and , against tilting, by the shell struc­

ture (5). During the discharge, the poloidal field coils (6,7) 

are essentially switched in parallel. The plasma equilibrium is 

controlled by feedback via 4 thyristor bridges. The magnetic 

circuit consists of an iron core (normally highly saturated) and 

of 8 unsaturated external limbs (8) which reduce stray magnetic 

fields in the neutral particle injector regions. 8 horizontal 

ports (9) (0 . 96 x 0 . 46m) , 16 narrower ports (10) and 32 small ports 

(11) provide access for quasi-tangential neutral injection, RF-

heating and diagnostics . The toroidal field coils are supplied 

by a static system and a flywheel-generator set; the poloidal 

field coils are supplied by a flywheel-generator set. 

Table I presents several JET parameters. Flexibility of 

operation and high performance with respect to different loss 

processes at relatively low cost are achieved by the choice of a 

tight aspect ratio R /a= 2 . 37 and of an elongated cross section . 
0 

With b ~ l.7a it should be possible to obtain an increase of the 

current and of the toroidal beta, ~ = 2µ \pas/SB2 ds 
TOR OJ TOR 



(s = cross section area ), by a factor 1 . 5-2 compared with the 

case b = a and the same values of R , a, q(o) and 
0 

~I = B~pds/µ0I;. , provided the current does not peak too much 

in the centre. 

5 . Indication of the plasma behaviour in JET 

5.1 .MHD stability 

The .MHD stability of the plasma in JET with elongated cross 

section has been studied numerically. Flat and peaked current 

profiles were investigated. The poloidal field coils were simu­

lated by a perfect metal shell of similar dimensions . Part of 

this work is presented in [l]. 

Results are: (i) Unstable internal modes do not appear if, 

essentia lly, q(o) > 1. (ii) No instability was found for surface 

modes if, for the case of interest q(o) > 1, the current density 

jTOR decreases strongly enough towards the plasma boundary (for 

instance parabolic with jTOR(a) = o). (iii) The tight aspect 

ratio yields an improved stability of surface modes as compared 

with cases with large aspect ratio; this may partly be ascribed 

to an increase of the q(a)/q(o) - ratio by toridicity effects. 

(iv) No instability of axisymrnetric modes was found for the 

investigated peaked current profile. 

The main conclusion is that JET carries a larger stable 

current than large aspect ratio Tokamaks with the same values of 

q(o) and of the tota l current in the toroidal field coils and that 

stable configurations with average beta ·~TOR ~ 3% (corresponding 

to ~TOR(o) ~ 10%) appear to be possible. 

Unstable current profiles are not expected because they should 

relax to marginally stable profiles except in the case of large 

amplitude disruptive modes which can lead to a current termination. 

It is desirable to control the current profile in such a way that 

such relaxation processes and the associated enhancement of energy 

losses are avoided. This is of particular importance during the 

current rise where unstable skin profiles tend to develop. In J ET 

it is foreseen to use an expanding limiter with expansion time 

~ l s or to increase the minor radius monotonously with t he cur rent 
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by control of the vertical magnetic field. Various studies 

undertaken for JET indicate that reasonable current profiles can 

then be obtained and that the thermal conduction loss to the 

limiter can be kept small (of the order of the steady state lossi. 

It is important to avoid in JET the abrupt current termina­

tion observed occasionally in Tokamaks . This large amplitude 

disruptive instability is presumably initiated by a thermal 

instability which leads to a slow peaking of the current profile 

and subsequently to internal instabilities. In JET, the central 

part of the plasma is presumably less affected by the boundary 

zone than in smaller tokamaks because the penetration distance of 

fast charge exchange neutrals is only a fraction (- 10%) of the 

plasma radius. Moreover, the power deposition profile-is mainly 

determined by the additional heating and not by Ohmic heating. 

The resulting current profiles may therefore be qualitatively 

different and less susceptible to peaking. 

5.2 Plasma Parameters in JET 

It is not possible to give definitive estimates of the plasma 

parameters i n JET [2]. New instabilities are expected in the l ow 

collisional regime . Extrapolations from present experiments are 

therefore doubtful. On the other hand theoretical estimates of 

instability loss are unreliable in absence of experimental veri­

fication. The purpose of JET is to remove this uncertainty. 

The JET parameters have been estimated in several ways. Some 

results are indicated in the fig. 2 together with observed data 

from existing experiments. The parameters assumed for JET are 

Ip = 3MA, BTOR = 3T, a = l.2m. 

(a} Simulation code predictions 

The points (1) show the effect of 4 MW of additional heating 

on an Ohmic initial state using thermal transport coefficients ~. 
l. 

given by nee-classical theory and 

96 
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pe is the electron gyro radius, ve is the classical electron colli­

sion frequency for Zeff= 1 . These coefficients, taken with 

Zeff = 5, were found by Mercier and Soubbaramayer to fit best the 

evolution of temperature and density profiles in TFR, and also in 



ST and T-3 [3 J. These extrapolations yield n(o)TE ~ 4•1013cm- 3 s, 

"" (,.., lMW) -T . ~ 3 keV with Ohmic heating alone and T. ~ lOkeV with 
l. l. 

4 MW additional power . When "plateau-like" ion losses are present 

also in the low collisional regime (points (2)), even 16 MW are 
........ 

insufficient to reach T . ~ 5 kev . 
l. 

The points (3) and (4) illustrate the effects of sputtering 

and (neoclassical) diffusion of wall material (Fe) for the cases 

of pseudoclassical loss and of taking K = K • Details of these 
e s 

calculations are given in [4]. In the case (4) cold gas is 

admitted. A cold plasma blanket is then maintained which reduces 

sputtering and inhibits the penetration of impurities into the 

plasma c ore. This promising method of impurity contr·o1 has the 

disadvantage that the contaminated and relatively dense blanket 

imposes restrictions to the heating of the plasma core by neutral 

particle injection. The problems of neutral injection are discus­

sed i n [5]. 

(b) Global est imates [6] 

The points (5) show the additional power required to reach 

break-even ( injected power = fusion power) by injecting D-atoms 

into a T-p lasma in the presence of impurities and additional losses 

caused by the collisional trapped ion mode. The density profiles 

of ions and impurities are taken as parabolic. A favourable 

power deposition profile is as-sumed. These estimates suggest that 

the envisaged power for neutral injection heating may be sufficient 

to reach the break-even condition. Modest amounts of impurities 

reduce t h e required power by redu cing the trapped- ion loss. 

Studies of self consistent density and temperature profiles 

indicate that the trapped ion loss may be much reduced for some 

profiles and that break-even may be achieved in JET with additional 

power is;; 5 MW. 

(c ) Major radius compression 

Major radius compression may be ~dvantageous in cases when 

losses by the trapped-ion mode or by impurities are serious [7]. 

In JET it is possible to compress the plasma in a time T ~ 40 ms . 
c 

The compression geometry is indicated in fig . 1 The point (6) of 

fig 2 represents the condition achieved by major radius compression 
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of an initial state maintained by 10 MW of additional heating 

against the trapped-ion mode loss. Even for a pessimistic 

assumption for this loss (which yields T ~ 0. ls in the final 
""' E state) it is possible to achieve T. ~ 6 keV and appreciable a 

l. 

- power for a short time. 

6. Conclusions 

Experiments of the size of JET are necessary to define the 

operating conditions of a future test reactor. Present estimates 
A 

indicate that the achievement of T . > SkeV and n(o)•T > 1013 cm- 3 s 
l. E 

should become possible in JET . 

The areas of main concern are: (a) behaviour of impurities, 

(b) control of the current density profile, (c) uncertainty about 

the present electron energy loss and about the transport behaviour 

in future low collisional regimes, (d) uncertainty about heating 

methods in future Tokamaks. 

New information relevant to JET will come from the presently 

approved Tokamak programmes within the next 5 years. The flexi­

bility of JET will permit response to this info rmation without 

major changes of the design. Some loss of performance will per­

haps have to be accepted. 
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Table I JET Parameters 

plasma minor radius (max) 

Plasma half height (max) 

Plasma mean major radius 

Toroidal field at R = R 
0 

Field ripple at R = 

Flat top time of B 
0 

R + a 
0 

Plasma current (D-shape) 

a 

b 

R 
0 

B 
0 

7'FT 

I 
p 

Safety factor at surface / on axis q(a)/q(o) 

current rise time 

Maximum loop voltage 

volt-seconds required for current rise 

Volt-seconds required during one 
ohmic replacement time at ~ = 1 

I 
Volt-seconds available 

Mean ion density (typical) 

Mean temperature for case ~I = 0.9 

Heating power for ~I = 0 . 9, when 7'E = ls 

Neutral injection power foreseen 

-n 
-
T 

PH 

Peak power from grid and generators 

P . . 
l.nJ 

P' 
total 

Estimated cost of construction phase inclu­
ding commissioning, buildings and staff 
+ 30% contingency (March 1975 prices) 

Expected date of approval 

Expected date of operation 

Notes to table I 

m 

m 

m 

T 

s 

MA 

s 

v 
Vs 

vs 

Vs 

cm- 3 

kev 

MW 

MW 

MW 

MUC 
M$ 

1.25 

2.10 

2.96 

2.77 (3.45) 

±1.8 

20 ( 15) 

3.85 (4.8) 

6/1 

,.., 1 

125 

18 ( 23) 

5 ( 7) 

25 (34) 

5•1013 

5 ( 8) 

18 ( 29) 

3-10 (:5:25) 

""3 50 ( ""550) 

135 
-180 

Dec 1975 

1980 

Values in ( ) are for extended performance (increased power supplies 

and additional heating; experimental phases II and III). I values are 
p 

given for a particular peaked current profile with q(o) = 1 and poloi-

dal currents = o, which yields ~I = s~spds/µor~ = 0.9 (poloidal beta). 

The Volt-seconds are given for this case and include resistive Vs loss 

the ~I 

~ = ~~ .µ R I . 
FT 8 I o o p 

""' = 0.9 case~ they are not computed from the power balance. Ptotal 

during the skin phase. The n and T values illustrate 

excludes peaks from inductive storage . 
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Abstr act: 

HYDROMAGNETIC STABILITY OF TOKAMAKS 

J .A. Wesson 

Cul ham Laboratory, Abingdon, Oxon, UK 
(Euratom/UKAEA Fusion Association) 

The first part of this paper presents an ana l ysis of the stability of 

large aspect ratio Tokamaks hav i ng a circular cross-section. The var ious 

types of instability are considered in turn and the results are used to find 

the reg i on of parameter space which is stable to all modes . 

The second part of the paper deals with the more complicated prob lem of 

determining t h e constraints imposed by stability requirements in the optimis­

ation of Tokamak configurations. 

I . INTRODUCTION 

The theory of s t ability of Tokamaks has two main purposes. The first is 

to help to elucidate the behaviour of present experiments. The second is to 

provide a s et of constraints in determining the optimum design of future 

Tokamak experiments and reactors. The fact that the stability propert i es of 

present experiments are no t wel l understood in any but the most superficial 

sense means t hat, for t he present,we must regard the predictions for future 

experiments wi th caut ion . In t his l ecture we shall l eave t hese uncertainties 

aside and attempt to provide an overal l theoretica l view of the stability of 

Tokamak configurations. 

We shall first consider the stability of l arge aspect ra tio, circular 

cross-section Tokamaks. We shal l then investigate the departures from this 

case which seem nec essary to achieve optimum designs . The results obtained 

for the proposed JET experiment( l ) will be u sed to illustrat e the stability 

properties of such configurations. 

II LARGE ASPECT RATIO, CIRCULAR CROSS-SECTION TOKAMAKS 

There are two basic types of instability for this case(
2

) : 

Kink modes - which are generally t he strongest instability, having gr owth 

rates 'Y ~ E (VA/a), where E is the inver se aspect ratio, a / R, and V 2 B 2 /p 
A cp 

These modes have a resonant surface in the vacuum region . 
k 

Interchange modes - having growth rates 'Y ~ $ 2 E(VA/a).These modes have a 

r esonant surface within the plasma . 

Each of these modes has a resistive counterpart: 



Resistive kink, or tearing modes - which have a resonant surface inside 

the plasma and are therefore complementary to the ideal kink modes. 

Resistive interchange modes - which are similar to the ideal interchange 

modes but only occur in the presence of resistivity. 

We shall consider each of these modes separately and then combine the 

resulting stability criteria to find the region of parameter space which is 

stable to all modes . 

KINK INSTABILITIES 

It will be instructive to look at the physics of the kink instability. The 

potential energy change arising from a pertubation may be written 

B d" 

jf e ~ 
5W = 7T2R 1!' 2 + -;- (m - nq) dr s/ . rdr 

where B' is the perturbed magnetic field. It is clear that only the second 

termcanprovide a destabilising effect . The physical origin of this term may 

be seen as follows. The unstable kink perturbations are essentially incom­

pressible and it is necessary, therefore, that the driving force provides a 

torque. Thus we take the curl of the force on the plasma and obtain 

I= "!JX (- ~ + j X B) = ~·?,! - i·?~ (1) 

In the large aspect ratio ordering the second term is small and the ~ component 

of the linearised form of equation (1) gives 

It is the torque arising from the dj /dr term in this equation which drives 
~ 

the instability. 

Assuming that a high current density is not tolerable on the conducting 

wall, there is no way of avoiding this destabilising current density gradient 

since j must fall from its central value to a zero or small value at the wall. 
~ 

Fortunately the current density gradient also provides a strong stabilising 

effect, namely shear of the magnetic field. This is apparent from the 

expression 

where µ 
- 1 

q 

.9.1:! 
dr 

r 

0 

d. 
~ dr 
dr 

Let us now ask under what conditions the destabilising force results in 
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Figure la 

I 
I 
I 
I 
I 
I 

Fig_ure lb 

r 

Graph of the square of the growth rate 
against the position of the resonant 
surface, on which m = nq . (a is the 
plasma radius) 

Graph of the radial displacement 
s as a function of r 

instability. Figure la gives a typical plot of growth rate (for a given m) 

against the radius r of the resonant surface m = nq . If a stabilising 
s 

effect (shear for example) is increased, the growth rate i s reduced as 

shown successivel y by lines 1, 2 and 3. We see then that marginal stabili ty 

is reached when 

( :~2 ) = 0 
s rs = a 

In the limit r ~ a the eigenfunction becomes localised at the surface 
s 

taking the form 
m - nq 

a 
m-n 

q 

asillustrated in figure lb. In this limit the potential energy charge is 

gi ven by 

5W = - ( 2 n Be s ) 2 

a a 

r - a 
s 

a 

where jcpa is the current density of the plasma surface and (j ~) is the 

average current density in the plasma. We see then that a condition for 

stability is that 
(3) 



-
It has been implicitly assumed above that it is possible to take the limit 

r -+ a . This 
s 

is, in fact, always possible for sufficiently large m so 

that condition (3) is a necessary condition for stability for m -+ co • This 

stability criterion for kink modes is therefore the analogue of the Mercier 

criterion for interchange modes. 

Further analysis shows that, if 

large m that 

J. = 0 it is also necessary for 
cpa ' 

I dj \ 
\ -i! ) =O. 

a 

For smaller m there are further requirements fo r stability. Expanding the 

current density at the plasma surface we have 

The stability conditions given above correspond to the requirement v ~ 1 

for stability. It can be shown that fo r lower m numbers a larger value of 

v is required for stability. However, for v > 2 the eigenfunctions are no 

longer localised at the surface at marginal stability and it is necessary 

to take account of the complete current distribution j ( r). 
q> 

We will now obtai n a more general view of the limits placed on the 

current carrying capaci ty by the kink stability requirement . We assume that 

the possible current distributions are represented by the set 

~)v 
- a 2 

for which the total current is given by 

and q I q = v + 1 . 
a o 

A set of typical current profiles is shown in figure 2 . 

The stabi lity problem has been solved numerically and the resulting stability 

diagram is given in figure 3. 

The horizontal axis gives the total current and also q . The vertical 
a 

axis gives qa/q
0 

and the current carrying capacity as measured by v . We 

see that, as shown by analysis, v > 1 is necessary for stability and also 

that v > 2.5 gives stability to kink modes for all qa > 1. 

It is important to notice that complete stability against kink modes 

may be obtained for q > 1 
a 

through the peaking of the current distribution 

alone, there being no need for a large qa except in so far as this is 
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Current profiles of the type 

3 
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0 

876 5 4 3 

0.2 

0 

r 

Figure 2 

j = j O-r2/ a2) v 
<p cco for a set of values of v 

j<P profiles 

/ ·"' 
2 

0.8 1. 0 

Figure 3 

Stability diagram for kink modes . The shaded region is unstabl e. ( E = a/R 
and Ic is the current in the coil producing the toroida l ma gnetic f ield) 



implied by the peaked current together with an independent limit on q
0 

• 

Whatever advantage there is from higher q derives from the removal of a 
modes m < qa and the consequent reduction in the amount of current 

peaking which may be required. 

We see then that the current carrying capacity is such that 

I 
0.5 > 2 > 0 .27 

rra j 

depending on the value of q . a 

q.:o 

Thus, the shape of the current profile having been determined by the 

requirement of kink stability, the total current will now be determined by 

the amplitude of the profile. This is proportional to j q.:o' which is 

related to the safety factor q
0 

by the relation 

The maximum current will therefore be obtained for the lowest value of q . 
0 

We shall now investigate the limitation placed on q by other instabilities. 
0 

INTERCHANGE INSTABILITIES 

Large m , ideal mhd, interchange modes 

For circular, large aspect ratio Tokamaks the requirement for the 

stability of high m-number modes is that( 3 ) 

rB2 ( )2 
(-p') (q 2 -l) +-scp !' > o. (4) 

If, as r -+ O, p' and q ' are proportional to r then the first term in (4) 

is proportional to r and the second to r 3 • This leads to the much quoted 

q
0 

> 1 requirement . However, criterion (4) imposes no constraint on q
0 

since, even for q < 1 , 
0 . 

the magnitude of the first term is less than the 

second for radii greater than a small radius r = 0 ( .J {3(1 - q 2 ) ) a 
0 

and 

inside this radius the pressure term can be made zero by making p' =O as 

illustrated in figure 4. 

Large m, resistive interchange modes 

When the effect of resistivity is included the large shear stabilising 

term in the criterion (4) is removed and the stability criterion becomes(4 ,s) 

3 

( -p'.)[ (q2-l) +(; ) 
0 
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q < 1 
0 

I 
p =O 

t 
r~J{3(1-q2)a 

0 

I~~~-~ 

r 

Graph of pressure against radius showing that the Mer cier 
criterion imposes no limit on q (provided there is sufficient shear) 

0 

With this criterion it is no longer possible to obtain · values of q much 
0 

lower than unity without substantially impairing the pressure obtained. 

The criterion for these modes is therefore essentially 

Low m, ideal mhd, internal modes 

q > 1. 
0 

. (6) The evidence on lower number modes is not complete but the ana l ytic 

numerical results(7)available indicate that the criterion for low m modes 
> 

and 

is qo ~ 1 . 

TEARING MODES 

The driving force for the tearing mode is the same as that for the 

kink instability . In the low 0 , large aspect ratio case the questi on of 

stability is decided as follows. 

that is 

Equation (2) is solved with 

fr{ r 8 ( r ~ · )) -ar 

d' 
~-q; 

m 2~, - d r___ t = 0 

( ~~ )cm -nq) 
rnr 2 

T = 0 
cp ' 

subject to the appropriate boundary conditions . The solution is singular 

at the radius r 8 at which m = nq and the quantity /::, is computed where 

r + e: 

~ = ~ ~~' s 
r - E 

s 
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Fi gure 5 

Stabi l ity diagram for t he m = 3 kink and tearing modes 

/ 
/; , / / 

KINK MODE S , 

/// 

4 3 

0 0·2 0·4 

Figure 6 

0·8 1·0 

0·75 

I 
na2j <l>o 

0 ·5 

0·25 

Comp l ete stabi l ity diagram for the l arge aspect ratio case 
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The stability condition is then /:::,. < 0 . It is found that, although the 

higher modes can be stabilised for a sufficiently peaked current profile, the 

modes m = 2 and 3 remain unstable. In order to obtain stability against these 

modes it is necessary to avoid having a resonant surface in the plasma by 

requiring q > m . This, therefore, leads to the requirement q > 3 and 
0 0 

this represents the principa l limit on q . A stability diagram for the 
0 

m = 3, n = 1 mode i s given as an example in figure 5. The singular 

behaviour of the kink mode as r ~ a in the vacuum region is now removed 
s 

and instability persists as the resonant surface passes into the plasma. 

The tearing mode and interchange instabilities have been added to the 

kink stability diagram to obtain f igure 6. We see that the maximum stable 

current is obtained for q = 3 and q = 6 , the current carrying capacity 
o a 

now being only 0 . 17 of that for a constant current density with q
0 

= 1. 

In the above description of the stability of the l arge aspect ratio, 

circular cross-section Tokamak, we took the geometry as given and searched 

for the best plasma configuration within that geometry. We shall now con­

sider the optimisation of the geometry itself. This problem has not been 

fully explored but the general arguments will be summarised and the results 

obtained for a typical "optimised" Tokamak, namely JET, will be used as an 

illustration. 

III OPTIMISED TOKAMAKS 

The optimisation of Tokamak design requires the application of chosen 

criteria with appropriate constraints of which the most demanding are 

probably the stability requirements. This procedure i s complex and is 

subject to considerable uncertainty. From the point of view of stability 

there are t wo important factors, in addition to t hose already discussed, 

which must be taken into account. These are the aspect ratio and the shape 

of the plasma. 

Aspect Ratio 

Two crucial requirements fo r a Tokamak are (i) a large plasma current 

(for good confinement) for a given current in the toroidal field coil and 

( ii) a high value of p. For a large aspect ratio these are related to the 

safety factor and the aspect ratio by the following approximate expressions 

and 

<f3 > = I a '\ ( I \ \ R) rra 2j ) 
cpo 

1 q-2 {3p 
0 



Thus, for given I/ na 2 j (for kink stability), given q (for stability 
~ 0 

against internal modes ) and given {3 the above requirements lead to the 
p 

choi ce of the smallest aspect ratio compatible with the other constraints. 

A more complete analysis leads to an aspect ratio between 2 and 3( 8 ) . 

R_lasl!!a Shap_~ 

The question of optimum shape is not yet resolved. The difficulty is 

that, although non- circular cross-sections offer certain theoretical 

( 9 ) h 1 'b h . f h f' . b advantages , t e actua e aviour o sue con igurations cannot e pre-

dicted with confidence. Furthermore the problem is intimately related to 

engineering constraints . 

The principal advantage of an elliptic cross-section is that a 

higher equilibrium value of {3 can be achieved. Furthermore, by adding 

a triangular component to the shape, the value of jq:o 

stable to localised interchange modes can be increased . 

which remains 

For a circular 

cross-section the limiting value of j R/2B is unity (q = 1) but a 
q;o <p o 

stable value of 3 has been demonstrated for a horizontal ellipse and a 
. . ( 10) ( 11 ) 

value of 1.4 for a vertical ellipse ' . However it is not known 

whether this improvement also occurs for low m-modes. 

JET 

We will now analyse the stability properties of a design which has, in 

so far as it is possible with our present knowledge, been optimised. The 

example we shall take is the JET configuration which has a small aspect 

ratio _2,5 and an elongated cross-section_ b/a = 1.6. A diagram is given 

in figure 7. The surr ounding conducting wall is included as an approximate 

representation of the position of the actual conductors. 

( i) Kink modes 

One clear change which occurs in going to a small aspect ratio equilib­

rium is that, for a given type of current distribution, the ratio q /q is 
a o 

enhanced and consequently the shear is increased . For example the flat 

current distribution having q / q = 1 for a large aspect ratio has 
a o 

qa/q
0 

1.7 for JET. The current distribution j = j J (2.4 r / a) has 
<p q:o o 

q /q 2.3 for a large aspect ratio but the corresponding ("Bessel") 
a o 

distribution for JET has q /q ~ 4.8. This has the effect, for q = 1, 
a o o 

of making qa large . As a result the lowest resonant mode has a high m 

number. For example in the JET case this is m = 5 for the "Bessel" 

current distribution . However, despite this, a necessary condition for 

Numerical calculations for the -!-. 0(12) . stability is still that jcpa ~ 

"Bessel", (j = 0) case(l3) were unable to detect any kink instability 
<pa 
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Fi gure 7 

5.4m. I 

Diagram showing the geometry of JET configuration used in the 
stabili ty calculations 

for currents for which the internal modes were stable. This may be due to 

the fact that the m numbers involved are large (m ~ 5) and that, if unstable, 

the growth rates would be very small. If, in this case, as in the large 

aspect ratio case considered earlier, the jcpa} 0 condition is essentially 

necessary and sufficient for large m-numbers a current distribution close 

to the "Bessel'' distribution wi 11 probably be stabl e for kink modes. 

An interesting result which the numerical calculations have brought 

out is that for unstable configurations the growth rate and the eigen­

functions vary continuously with q and do not have the banded structure 
a 

found in the large aspect ratio case. 

(ii) Internal modes 

In the above discussion of kink modes there is the implicit assumption 

that the stability condition for internal modes remains q
0 
~ 1. A calcu­

lation for l arge m-numbers, using the Mercier criterion, has shown that 

(assuming an unflattened pressure profile) the requirement is quite close 
(14) . . (13) 

to q > 1 . Numen.cal calculations for low m-numbers (m = 1, 2 and 3) 
0 



n 

4 

3 

2 

Figure 8 

Stability diagram for low m-number internal modes for the JET configuration. 
n is the toroidal mode number, only integral values having physical meaning. 
(See paper CN 33/A 12-3 of the Tokyo Conference 1974) 

found that the required value of q is approximately 0. 9. These results 
0 

are given in figure 8. 

The above res ults indicate that for stability against interchange and 

kink modes the JET configuration would require a current distribution 

peaked approximately as the 3essel f unction, that is roughly parabolic, and 

having q ::::! 1. 
0 

This would lead to a value of 

I ::::: 140 B 

giving approximately 4 MA for B = 30 kg. 
cp 

n = 0 modes 

cp 

q ~ 5 and a current 
a 

Calculations for the JET configuration have shown that i t is unstable 

to n = 0 modes unless a conducting wall is placed sufficiently close to 

the plasma. The instability results in vertical motion of the plasma. The 

general character of this instability is similar to the corresponding 

instability of an elliptical cylinder. 

The destabilising force comes from the negative gradient of the mag­

netic field energy density outward from the plasma surface. The stabilising 

effect is the magnetic energy arising from the perturbed magnetic field in 
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the vacuum region. For a circular cylinder with no conducting wall these 

two effects are equal and the plasma is marginally stable. For an ellipti­

cal plasma a displacement in the direction of elongation is unstable. The 

ins tability can be stabilised by a suitably placed perfect ly conducting 

wall . There is some dependence on the current distribution but the essen­

tial features are represented by the result for the constant current case. 

Th b · 1 · . . . ( 15) e sta i 1ty criterion is 

D > 0 where 

b and a being the major and minor axes of the ellipse and b 1 and a 1 

being the corresponding axes of the elliptical conducting wall. The most 

unstable displacement in this case is an almost rigid shift . (Ca l culations 

of stability are often carried out assuming a rigid displacement but care 

must be taken in interpreting these results because in general this dis­

placement is not the worst and only a finding of instability is conclusive). 

If the plasma would be stabi li sed by a perfectly conducting wall, it is 

necessary to determine the effect of the finite conductivity of the wall. 

The result will depend upon the detailed configuration but the essential 

behaviour can be derived using the constant current model. With a fini tely 

conducting wall the plasma is always unstable . Configurations which would 

have been stable with an infinitely conducting wall, have a growth rate 'Y 

given by 
1 

')'T = -
W D 

where TW is the magnetic field diffusion time characteri s ing the conducting 

wall. The infinite value of 'Y as D ~ 0 signifies the transition to 

hydromagnetic growth times . Since D is of order unity, growth times may be 

les s than the time of the experiment . In this case feedback techniqueswill 

be necessary to stabilise this mode. 

SMALL ASPECT RATIO - RESISTIVE MODES 

We must now retur n to the question of resistive modes and ask what 

their stabili ty properties are for smal l aspect ratio Tokamaks . In partic­

ular it is impo r tant to determine whether tearing modes impose the same 

limitations as in the l arge aspect ratio cas e . 

(i) Res i stive interchange modes 
. ( 16) 

The criterion for resistive interchange modes has been applied to JET · 

and, as in the l arge aspect ratio cas e, it is sti ll most stringent on the 



-
magnetic axis and leads essentially to the stability criterion that q

0 

must be greater than unity. 

(ii) Tearing modes 

The procedure for determining stability in the large aspect ratio case 

was described earlier and led to the requirement ~ < 0 . 
. . . h t(l7) criterion is t a 

~ < ~ 
c 

The more complete 

where ~ is a rather complicated function of the equil i brium quantities but 
c 

which increases with {3 and therefore with a/R. The precise condition for a 

given configuration requires a numerical calculation, especially since the 

resonant surface, at q = m/n, defines a particular radius at which the con­

dition~ < ~ must be applied . However, as illustrated in figure 9, ~ has 
c c 

a minimum value as a function of r and, for current profiles of interest, 
s 

the largest value of ~ occurs at r = 0. It is possible therefore to obtain 
s 

a sufficient condition for stability by requiring that 

Mr =O) < ~c .. 
s min 

For q c l ose to unity the resulting criterion for a circular cross­
o 

section is 

b.(r =O ) < 
s 

/ V T )~( 
2.9 ' (3 ( ~ 2 -

0 \ a qo 

where {3 is the value of {3 on axis V 2 = B 2 Ip and T = a a 2 The pre-o 'A cp Ro. 
cise numerical coefficient depends on the particular confi guration but the 

value gi ven is a typical one. The most unstable mode is m = 2 and the 

value of t-(r = O) for this mode is of order 10 . Taking typical par ameters 
s 

gives the stability condition 

where %{3 is the value of {3 
0 

expressed as a percentage and the factor N is 

typically of order unity for present Tokamaks and of order 1 to 0.1 for 

next generation Tokamaks such as J ET. It is seen then that if {3 is a few 
0 

per cent then a value of q slightly greater than unity gives stability. 
0 

The predi cted value of ~ for JET is of the order of 10%. 
0 

Assuming {3 ~ (a/R) 2 , the required value of q 2 - 1 is proportional to 
0 

(R/a) 3 and this factor provides the main improvement between large aspect 

ratio Tokamaks and the projected optimised Tokamaks. However, further 

analysis is required on this problem to determine the regime of validity of 

the calculation . 
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Figure 9 

Typical graphs of ~ and ~ against the radius of the resonant surface 
c 

CONCLUSIONS 

A large aspect ratio, circular cross-section Tokamak is stable to 

ideal hydromagnet ic modes provided q ~ 1 
0 ' 

and the current distri-

bution is sufficiently peaked. The maximum stable cur rent is then approxi­

mately 

I 
a 

(2.5 R) a Bcp (5) 

where I is in megamps, a in metres and B in teslas. Assuming the poloidal 
cp 

currents play a negligible role in the pressure balance, the corresponding 

<f3> value is 

_. f Pds -! B 2 y ds 

(6) 

There is no direct support for these results from present experiments. 

The best confinement is obtained for values of q from 3 to 10 . It may be 
a 

that the operative requirement is q > 1 and that the experimental current 
0 

distributions then imply these high values of qa. On the other hand it may 

be that tearing modes which are predicted for the large aspect ratio case 

are responsible for the lack of confinement at lower q . 
a 

Optimisation of the properties of a Tokamak leads to a small aspect 

ratio of 2 to 3. The results obtained so far indicate that the require­

ments for a circular cross-section are similar to those for the large aspect 

ratio in that stability against ideal hydromagnetic modes requires q ~ 1 
0 

and j } 0. 
<pa 



Shaped cross-sections offer the possibility of stability to inter­

change modes down to a lower value of q . However a decision as to the 
0 

usefulness of ellipticity or the optimum degree of ellipticity depends 

upon an assessment of a number of advantages and disadvantages . Regarding 

stability one important consideration is the acceptability of the axisym­

metric mode which, it appears, will probably require feedback stabilis-

at ion. 

Calculations for the small aspect ratio JET configuration show that 

a given q implies a larger q for the same current distribution because 
o a 

of toroidal effects. This means that the possible kink modes are limited 

to higher m values . It seems likely that the current di stri bution for 

stability will be similar to that for the large aspect ratio case. 

Numerica l calculations for localised and low m-number internal modes 

indicate a required value of q close to unity. In this case the expres-
o 

sions (5) and (6), for I and ~ . apply quite accurately for JET and imply a 

current of 4 megamps and a~ of 3% for ~ = 30kg. 
~ 

In the limit of large aspect ratio the tearing mode appears to be 

unavoidable for q < 3. However, at small aspect ratio, toroidal effects 
0 

become important and theory indicates that in the small aspect ratio 

Tokamaks of the next generation these modes may be stable for q ~ 1 . 
0 
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REVIEW 

ON THE IAEA WORKSHOP ON LARGE FUSION 

TOKAMAK PROJECTS 

E. I . Kuznetsov, V.S. Strelkov 

The Kurchatov Institute of Atomic Energy 

Moscow, U.S.S .R . 

An international workshop on large tokamaks was held in Dubna, USSR 

July 4-11, 1975. The workshop was sponsored by the International Atomic 

Energy Agency with the assistance of the USSR State Committee for 

Utilization of Atomic Energy. More than 100 representatives from Belgium, 

the Federal Repub l ic of Germany, France, the Netherlands , Sweden, the 

United Kingdom, the USA, the USSR and Japan participated in the workshop. 

The main objective of the meeting was to consider four large tokamak 

devices, namely: JET, designed by scientists of the European Community 

countries; TFTR (TCT) designed in the USA; DFTR (T-20) designed in the 

USSR and JT-60 designed in Japan. 

During the first two days of the workshop these four projects were sub­

jected to general consideration. The three following days were devoted 

to a more detailed comparison of different systems in the devices. 

Conceptual designs of fusion reactors and future fusion power plants 

wer e discussed on the last day. There was also a general discussion on 

CTR research programs and on perspectives of developing a fusion power 

plant system. 

The general purpose of all four designs is to develop a device which, in 

fact, is close to a test fusion reactor . It is considered to be a 
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system 1n which a controlled thermonuclear reaction of D- T plasma proce­

eds with energy release comparable to the input energy. 

At the same time, problems to be solved on each of t he four devices are 

different. This is due to the different engineering and constructional 

solutions accepted for the above designs. The main characteristics of 

these devices and the expected plasma parameters are gi ven in Tabl e 1. 

The JT-60 project aims at solving mainly physical problems which wi l l 

arise in the course of construction of a fusion reactor . Unlike t he other 

three devices operation with tritium is not envisaged in it. Since the 

device has large dimensions it can be used to carry out a wide range of 

research including a poloidal diverter (magnetic l imiter) and a removable 

limiter . Studies on plasma confinement and heating under conditions close 

to reactor-like ones as well as plasma-wall interaction, impurity behaviour 

and non-ohmic plasma heating are supposed to be carried out. 

The power supply system utilizes both fly wheel generators and direct con­

nection to the main lines . Longitudinal magnetic f ield co i ls have a 

circul ar cross-section. The vacuum chamber consists of two shells made of 

an alloy wi th a high nickel content. 

In the American TFTR (TCT) device there should be achieved a high fusion 

temperature and conditions under which the total energy release in D-T 

reactions (neutrons and a-particles) are comparable to plasma energy 

losses . 

Achievement of these conditions is substantial l y facilitated in a so­

called two-component tokamak regime, when a fusion reaction proceeds 

between nuclei of a preliminarily produced plasma and fast particles 

injected into it. In this case, i n order to get the ratio of the released 

energy to the input one equal to unity (Q 1), it is suff icient to have 

the value of nT or the order of 1013 cm-3 sec. For a rapid heating of the 



plasma with neutral injection, hi gh power injectors producing 60 and 

120 kev particles (with a power of 40 MW) will be used . The current 

pulse length in the plasma equals 1 sec (flattop), and correspondingl y, 

the injection pulse length is relatively small (O.l sec). Injection of 

60 kev particles heats the plasma and with injection of 120 kev particles 

a two-component tokamak regime can be achieved. For this device the 

impurity problem has not been considered in detai l because it is thought 

that the short plasma life time should not allow impurities t o accumu­

late and influence the i on heating conditions . 

In the TFTR device, the l ongitudinal magnetic field coils and the vacuum 

chamber have a circular cross-section. In the first stage of studies 

with discharge currents of 1 MA an iron core will not be used . The vacuum 

chamber is made of one shell of 20 mm thick stainless steel. It is pos­

sible to form a plasma column by cutting it off by means of a limiter 

and to adiabatic compress in major radius with the use of a transverse 

magnetic field. 

The Joint European Tokamak Project (JET) is far more advanced than the 

others. The objective of JET is to obtain and study a pl asma with para­

meters approaching those needed for a sel f - sustaining thermonuclear 

reaction (nT ~ 1014 cm-3 sec). The plasma column cross-section can be 

either circular or e longated. The possibility of getting an elliptical 

cross-section is consider ed as a means of providing an additiona l 

i nc rease of the extreme value of nT. Along with ohmic heating as the 

main hea ting system, injection of neutral particles of 80 and 160 kev 

ener gy at 25 MW total power is envisaged. Besides, a RF lower hybrid 

resonance heating a t a frequency of 800 Mhz and 20 MW is supposed to 

be used. The longitudinal magnetic fie ld co il s and the vacuum chamber 

are D-shaped. The chamber consis t s of two s hell s made of an alloy with 

a high nickel content. A closed magnetic circuit is used in t he polo idal 

magnetic field system. 
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The power supply system provides for combined use of both the main lines 

and the motor-generator-fly-wheel sets. 

A wide scope of physical and engineering studies is to be carried out on 

the T-20 device. Together with achieving plasma parameters needed for a 

self-sustaining reaction (nT ~ 10
14 

cm-3 sec) the device is designed for 

long term D-T plasma operation with better than 90 % a-particle confinement. 

The plasma parameters in T-20 practically coincide with those of a hybrid 

power reactor. It is planned to carry out neutron physics investigations 

and to measure a tritium conversion ratio for different bl anket modules 

as well as to study first wall sputtering under a-particle bombardment 

under frequently repeated pulse conditions. The cross-sec~ion of a longi­

tudinal magnetic field coil is intermediate between a circular and D-shape 

one; the chamber cross-section is c l ose to circular. The vacuum chamber 

consists of two shells made of s t ainless steel. In parallel with an air­

core version, possibilities of using an iron core or a closed magnetic 

circuit·in a system of poloidal magnetic field coils have been considered. 

However a final decision on the matter will be made later. Auxiliary 

plasma heating with 80 and 160 kev neutral particle injection and with 

RF plasma heating at 60 MW each are to be done. 

Vivid discussions on physical problems of large devices connected with a 

possibility to achieve design parameters and chosen optimum solutions 

took place during the whole workshop and at the additional session. The 

problem of impuri ties and ways of reducing their content in plasma have 

attracted great attention. It shoul d be pointed out that in spite of the 

fact that the role of impurities seems to be rel atively smaller in large 

devices, the impurity problem has not yet been positively solved. Problems 

of vacuum chamber construction, wall and limiter material choice, elimi­

nation of local energy release in different parts of the chamber seem to 

be rather complicated and not finally solved. Evidently these problems 

should be studied, taking into consideration such factors as material 

strength and ability to be welded, embrittlement under neutron bombardment 

and sputtering under plasma charged particle irradiation. 



The choice of an optimal cross-section for a plasma column and for a vacuum 

chamber depends on definite problems which must be solved. For example, 

the elongated plasma column cross-section in the JET device is designed 

for the maximum value of nT at the lowest longitudinal magnetic field and, 

correspondingly, at the lowest device cost. At the same time, as calcula­

tions indicated, to obtain the extreme temperature in TFTR device, a 

circular cross-section with the minimum plasma volume at a given neutral 

injection power turns out to be preferable. 

The problem whether an iron core or a closed magnetic circuit should be 

used in a poloidal magnetic field system cannot be solved in one way only. 

Discussions of this problem drew the attention of the participants to such 

an important problem as the modulation of the guiding field around the 

torus to be used because of the absence of a copper shell in all devices 

under consideration. This modulation takes place in case of a closed 

magnetic circuit and also without it . In the latter case it is connected 

to the necessity of using large iron masses for shielding the diagnostic 

apparatus, injectors and so on. The modulation leads to an additional 

magnetic field corrugation to the one appearing due to the finite number 

of coils. The rippling influences plasma conf inement and it should be 

taken into consideration when both analysing physical conditions and 

designing fusion devices. 

As mentioned above, in all the devices, auxiliary methods of plasma heating 

up to fusion temperatures are envisaged. During the discussions the main 

attention was paid to neutral beam injection, adiabatic compression and RF 

plasma heating. At present it is difficult to make a choice between these 

methods because none of them has been verified yet. Concentration of high 

Z impurities will have an important effect on neutral injection for it can 

lead to a beam absorption in the plasma column periphery. The problem of 

absorption in the column periphery as well as the development of input 

devices and of generators producing the necessary power are not yet c l ear 

for RF methods. For all the auxil i ary heating methods the effect of the 
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auxiliary heating on the plasma confinement has not yet been cleared up. 

This is why large scale experiments must be carried out before a final 

choice of a reactor plasma heating technique can be made. 

Taking into account the importance of obtaining data on plasma behav iour 

in large devices, as well as the low frequency of pulse repetition and 

rather high irradiation level, it becomes clear that plasma diagnostic 

problems are very important . At one of the sessions the d i agnostics 

complexes for JET and T-20 were discussed. It was emphasised that it is 

necessary to have diagnostic means providing simultaneous measurement of 

the local distribution of the different plasma parameters and to analyse 

the effect of stray magnetic fields and of neutron irradiation on the 

apparatus. 

All the devices are to be put into operation in the ear l y 1980's. After 

conducting experiments it is planned to construct experimental fusion power 

reactors. Programs of power reactor development and conceptual design of 

different fusion reactors and plants were discussed at a special session . 

Concepts of hybrid and conventional tokamak reactors including those for 

materials studies designed in the USSR, the USA (UWMAK, TCT, DOUBLET) and 

Japan were discussed. Economical aspects of fusion reactors were also 

considered. 

Future commercial reactors do not vary much in size. The major radius for 

instance is 10 to 15 m and the minor one is 2 . 5 to 5 m. In most cases the 

net electrical power is chosen to be between 2000 and 2500 MW(e). 

The most important problems facing utilization of fusion reactors for power 

production and ways of solving them were considered in detail. Evidently, 

all these questions are closely connected to and depend on results which 

will be obtained on demonstra tional and other facilities, i.e. which depend 

on achieving a self-sustaining reaction and on solving other physical 

problems . Nevertheless the discussion showed that it is already necessary 



to carry out a wide scope of technological and engineering studies to 

provide development of commercial fusion reactors and power plants. 

A general discussion on perspectives and on programs of CTR research in 

different countries was held and a surrnnary of the four projects was made 

in the final session. 

According to the opinion of the workshop participants the discussions 

were quite useful. It will make it possible to introduce into the projects 

a number of improvements during their further development and implementa­

tion. The problems pursued in the different projects are very real for 

achieving the common objective, i.e. the creation of demonstrational 

fusion reactors, and they complement each other. In his final remarks 

the chairman of the workshop B. Kadomtsev pointed out that each project 

corresponds to the problems posed, the objectives of the project and the 

laboratories where the projects will be put into reality. 

The first experience of an international cooperation in studying large 

tokamak projects proved t o be undoubtedly successful. It is desirable 

that such international workshops, with the help of IAEA, be made 

traditional. 

125 



LIST OF LARGE TOKAMAK PARAMETERS (June, 1975) 

Parameter, Symbol, 
Unit 

Major Radius R, m 

Plasma Minor Radius 
a,m 

Plasma Half Height 
b, m 

Maximum Magnetic 
Field B, T 

Plasma Current I, MA 

Mean Ion Temperature 
T., kev 

1. 

JET 

2.96 

1.25 

2.1 

3.4 

4.8 

5 

TFTR(TCT) 

2.48 

0.85 

0.85 

5.2 

2. 5/1.0 

6/6 

DFTR(T-20) 

5 

2 

2 

3.5 

6 

7-10 

JT-60 

3 

1 

1 

5 

3.3 

5-10 

Mean Ion Density 
N cm-3 
e' 5.1013 4.10 13/s.1013 (0.5-5).1013 (2-10).1013 

Value of B 

Energy Confinement 
Time TE, sec 

Type of Divertor 

Total Peak Power, 
MW 

Auxiliary Heating 
Power, MW 

a) Neutral Injection 

b) HF Heating 

Neutral Injection 
Energy, kev 

126 

1 1/2 .5 

1 0.2 

Limiter None 

550 700 

3-25 

3-20 

80,160 

12/40 

None 

150/120,60 

Table I 

1 

2 

None 

1600 

60 

60 

80, 160 

1 

0.2-1 

Magnetic limiter 
Radially Outside 

10-20 

10 

50,100 



MICROINSTABILITIES AND BEAM HEATING EXPERIMENTS 

IN THE CULHAM SUPERCONDUCTING LEVITRON 

N R Ainsworth, M W Alcock, R E Bradford, P R Collins, J G Cordey, 
T Edlington, W H W Fletcher, E M Jones, B E Keen, MF Payne, 

A C Riviere, D F H Start, e A Steed and D R Sweetman . 

Culham Laboratory, Abingdon, Oxon. OX14 3DB, UK. 
(Euratom/UKAEA Fusion Association) 

ABSTRACT: The proper ties of fluctuations in a high shear axisyrnmetric torus with 

a strong poloidal field were investigated during a current driven discharge with 

u/v < 0.1 and during the collisional afterglow. The results showed that drift 
e 

instabilities were present; during the discharge the scaling of amplitude with 
l 

dr iving current and shear as (I/0) 2 suggested the current driven mode whereas 

in the afterglow the scal ing with shear as e-l indicated the collisional mode . 

Neutral beam injection was used to heat the pl asma in the afterglow giving 

a temperature increase in agreement with c l assical processes. By modulating 

the intensity of the beam preliminary evidence was obtained for a plasma 

current driven by t he injected fast ions - an effect f irst proposed by Okhawa [l]. 

1. I NTRODUCTION: Multipol e containment experiments have al l shown MHD 

stability and as a consequence they have been used successfully for the study 

of microinstabilities and diffusion processes. Classi cal, nee-classical and 

Bohm scaling of diffusion have been observed in the G.A. Octopole [2] and both 

pseudo-classical and Bohm scaling of diffusion losses with electron temperature 

have been measured in the FM 1 experiments at Princeton [3]. The FM 1 experi­

mental results i llustrate the degree of containment to be expected in a high 

shear, axisyrnmetric torus with strong poloidal fie l d - properties which should 

provide ideal conditions for containment. The Culham Levitron has the same 

favourable properties with ring currents up to 325 KAT in use, but, 

as in FMl, c l assical containment is not observed. 

From the experiments we have done so far we report here ob.ser vation of 

the coll i sional drift instability during the plasma decay and of the current 

driven drift instability during ohmic heating. Both of these affect the plasma 

containment. It is interest i ng t o examine the operating regimes of our experi­

ment in terms of the drift velocity u due to the current and the col lision 

frequency of the electrons. Thi s is illustrated in Figure 1 . On the abscissa 

we have the ratio of the electron mean free path, Ae' to the connection length, 

Le' and on the ordinate we have t he ratio a = u/v , where v is the electron 
e e 

thermal velocity. The hatched area represents the region covered by our ohmic 

heating experiments and in addition we can have a = 0 by use of e l ectron 
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cyclotron resonance or neutral beam 

heating. Corresponding conditions 0·10 

met in some existing Tokamak experi-

ments are shown based on data given 

in the IAEA Conference Proceedings 

in Tokyo in 1974, as well as those 005 

for ZETA [4]. The JET experiment [5] 

is expected to have rather low 

current density and to be well 

into the collisionless regime. 

It can be seen that the range of 

va lue s of a studied here over-

laps the values commonly used in 

Tokamaks. Although values of 

A /L up to,...., 5 were reached in 
e c 

the present experiment, for most 

10 15 

Fig. 1 A comparison of current driven drift \•elocitics 
nnd collisionality conuitions·mct in the 
present (hatched area) and other experiments. 

of this range neo-classical effects were estimated to be small. 

In addition to the study of microinstabil i ties we report experiments on 

neutral beam heating of the plasma and, by modulating the neutral beam, pre­

liminary evidence has been obtained for a beam induced current in the plasma 

whose existence was first suggested by Okhawa [1] . 

2. EXPERI MENTAL DETAILS 

A detailed description of the Superconducting Levitron has been given 

elsewhere [6,7,8]. Figure 2 shows a section of the machine at the plasma region. 

The ring has a major radius of 30 cm, minor radius of 4.5 cm and floats inside 
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an aluminium safety cage for 

periods of several minutes 

before re-cooling is required. 

The ring current IR was 

normally 300 kAT but values 

down to 100 kAT were also used. 

The toroidal field BT was 

operated at se l ected d.c. 

values up to 2 kilogauss 

giving a minimum shear length 

of 30 cm. 

The plasma line density 

was measured with two separate 

µ-wave interferometers operat­

ing at 4 mm wavelength. The 

electron temperature was 



obtained by measuring the absolute intensity of the 5876 A Helium I line. 

Both density and temperature were also measured with a double probe when the 

effect of the probe on containment was acceptable. 

Most of the experiments were carried out in plasmas produced by ohmic 

heating by adding a small 50 Hz component to the d.c. toroidal field. This 

gave a poloidal electric field Ep at the plasma of up to 0.15 vo lt/turn. 

Since the poloida l field BP was much stronger than the toroidal field, Ep 

was essentially parallel to B. 

The gases used were H2, He and Neon and these were introduced through 

the symmetric set of holes around the centre column. The base pressure was 
-9 

2.10 torr and the operating pressure for plasma production was normally of 

the order of 10-6 torr. In this pressure range no difficulty was experienced 

in producing plasma even at electric field values of less than 2 mV/cm. The 

plasma density reached with the ohmic heating was~ 2.lo
11

cm-
3 

and the elect­

ron temperature was ~ 10 eV. 

The high energy neutral injection system supplied a beam power through 

the plasma of 1 .5 kW with pulses up to 2 sec long. The acceleration potential 

was 15 kV but three species were present so the beam consisted of 15, 7.5 and 

5 keV components with the largest fraction in the 5 keV component [9] . The 

centre line of the beam lay at an angle of 37.5° to the horizontal and passed 

through the plasma on the inner side of the ring at a distance from the axis 

of 20.6 cm in the midplane. 

3. POWER AND PARTICLE BALANCE 

. d . 12 -3 With the electron ensity n <<3. 10 cm the plasmas were transparent 
e 

to cold gas molecules so that the equilibrium electron temperature Te was 

determined by particle balance requirements [6] 
n 

e 
ne N (cr v) = ••• (1) 

Tp 
where N is the gas density, (cr v) the rate coefficient for i onization of 

the gas, which is strongly dependent on T , and 
e 

the particle confinement 

time. Given N and Tp the value of Te is fixed and related to the ioni-

zation potential of the gas. The observed Te for H2, He and Neon were 

typically 5.5, 10 and 8 eV respectively. 

When the heating power is switched off the e l ectrons cool rapidly by 

ionization energy loss, TE~ 2 msec, and when Te~ 2 eV cooling occurs through 

collisions with the cold ions and thence the gas resulting in a TE of 

several tens of milliseconds. In the afterglow both Te and T· i probably 

reach the temperature of the walls in times of the order of 200 msec. 

With plasma production by ohmic heating the equilibrium ne is deter­

mined by the power balance which in simplified form can be written as [6] 
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E2 w. + 3 T 
II i e 

(2) 
n (1 + f) n11 T e p 

where E11 is the RMS electric f i eld along the f ield lines, Ti~ Tei and n11 
is the Spitzer-Harm resistivity . The factor (1 + f ) where f is related to 

the fraction of trapped electrons, takes into account the neo-classical 

enhancement of resistivity and Wi is the energy required to produce an ion 

pair. If Tp is i ndependent of ne, and Te is kept constant by the require­

ments of equation (1) the r e l ation ( 2) indicates that ne cr I~ where I n is 

the ohmic heating current. The linear variation of ne with I~ was observed 

at l ow In [6] but it changes to ne cr I n at high I n as shown in Figure 3, 

indicating an addit iona l loss process 

at high plasma current. 

4. FLUCTUATION MEASUREMENTS DURING 
OHMIC HEATING 

Fluctuations in the plasma were 

measured by means of Langmuir probes 

biased to collect the saturated i on 

IRING dOO KAT 

I TF • 300KAT 

H2 Gas 

x 0 
current, ISAT' Figure 4 shows a radial 

profile of both ISAT and the ampli t ude 

of its fluctuations ISAT on the 

outer side of the ring at z = 0. 
,..., 

Sharp maxima in ISAT can be seen 

on both the inner and outer dens i ty 

grad ients. Although the fluctuations 

have a larger ampl itude on the outer 
Fig. 3 

1010 .._ _ _ .__._.___.___.__._._._......._ _ _,___.__..___.__._. 
10 20 30 60 100 200 300 600 

R.M. S. Ohmic heating curr ent (A) 

Average electron density ns n fuuction of ohmic 
henting current . 

s i de , the amplitude is still signi ficant on the inner side nearer the ring 
·8 ,.------,---,.----,---.----,---~-~ 

·6 

·2 

He gas 

IR • 300 k.AT 
l y • 300 kAT 

In = 370 Arms 

Ring 
surface 

ISAT 

\ 
1'°\ 
I I 
I I 
I I 

~ I \ 
I 

Ts•r 
Fluctuo1ion 
level ( 1110) 

Cage 

O'--~-'---'----'---'----'---'---~ 
3• 35 36 37 38 39 

where the fie ld strength is greater and 

the curvature is favourable . At a 

f i xed IR t he radial width of the 

signal was independent of ,..., 

The amp litude of ISAT increased and 

decreased at 100 Hz in phase with the 

applied ohmi c heating current maxima . 

The wavelength, AT, in the toroidal 

direction was obtained from the cor­

relation between two separate probes up 

to 5 cm apart on the same flux surface. 

Figure 5 shows the variation of the 
Radial position (cm fr om mlc axis ) 

frequency f(= w/2TI ) and 
Fig . 4 Saturated ion current to probe as n function of 

radius on l arge majo r rad i us s ide of r i ng. toroidal field stength. 
AT with 
For the 
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dominant mode, f AT is of the order 

of vD (the diamagnetic drift velocity) 

and with the localisation in space 

and time outlined above it seems 

probable that the instability was 

a l ow frequency drift instability 

driven by the current induced in 

the pla~ma [10]. The results of 

Figure 5 show that as the t oroidal 

field was increased the insta­

bility tended to occur with an 

integer number of wavelengths , p, 

between field lines, such that 

p AT Rj 2nR/ L, where is the 

rotational transform and R the 

maj or radius at the point of 

Fig. 5 

30 

Frequoncy 
f(kHz) 

10 

20 

10 

\'obwl•nglh 
}, 1 (cm) 

1 
0-03 

P• 

0·1 0·3 1-0 2·0 
11 I IR (cx6) 

Fluc tuation fre quency and wavelength in 
toroidal direction during ohmi c heating as a 
function of t he r atio of toroidal field 
current to ring current. 

measurement. This effect is understood to be due to a change in i nstability 

mode number in order to maximise the growth rate as the toroidal fie ld was 

changed. 

Theoretical expressions for w and the linear growth rate y are [ 10,11] 

where k2 = 
J. 

c
2 = kT /M . 
s e i 

y = 
\) 

e 
2 

c 
s 

2 
v 

e 

w w*1c1 + k~ a 2) , 

In 2 2 
v2(l + k J. a ) 

k2 + 
x 
and 

k~z w* ; JVD , vD = c kTe K/eB, K = d(~n n
0
)/dx , 

If the slab model approximation for the 

introduction 

a = c/0.i . 

of shear is used, k11 = x k /L where L 

and x 
0 

0 y s s 
is the radial width of the instability given by 

is the shear length, 
x2 = 2/k

2 
then 

0 x 

y = veMm [ _7 __ k_~ __ k_~_a_4_ 
8 e2 

+ 
k u 

x 

.fi e n. 
i 

... (3) 

Here 0 = l /K L . 
s 

For the current driven drift i nstability, and conditions 

well above threshold, the dominant term is 

y 

can be related to the ampli tude of the fluctuation 

theory which for drift waves [12,13) yields 

The linear growth rate y 

n' /n by using non-linear 
0 

y ex: (n' /n ) 2 [14 J. Hence from the theory we have 
0 I 

as observed and 

n' /n0 ex: (In/ 0) 2 • 
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Measurements of n' /n were made 
0 

in He and Ne plasmas with IR = 300, 

200, and 100 kAT and varying both In 

and 8. The values obtained are 

plotted as a function of In/8 in 

Figure 6 and clearly the dependence 

of n' /n on 
0 

(I /(j)~is 
n 

confirmed . 

If the plasma diffusion coefficient 

D a: (n' /n ) 
2 

then the variation of 
0 

n with In in Figure 3 at high 
e 

In can be explained by these 

f l uctuations. 

5. FLUCTUATIONS IN THE AFTERGLOW 
Hg. 6 

Fluctuation measurements made 

0.03~--------------' 

0-20 

0-10 

0-03 

(Ohmic current I shear ) 

Fluctuation ;;mpli tude during ohmic he at ing as a 
function of t he ratio of dri ving current to 
shear strength. 

25 to 30 msec after the ohmic heating driving current was switched off indica-

ted the presence of a low frequency instability in the collisional afterglow 

when In = 0. The radial profiles were similar to those measured during the 

discharge, Figure 4, with maximum fluctuation amplitude at the maximum density 

gradient but with smaller amplitude. The frequency and wavelength is shown in 

! 30 

"' v 
c 
~ 10 
CT 

~ 

20 

Q 10 

p : 1 

0-1 

Neon plasma 
afterglow 

IR • 200kAT 
I Q= 370Arms 

lO 3-0 

Fig . 7 Fluctuatfon frequency and wav elc11gth i n toroidal 
direction i n the afterglow as a fun ction of the 
ratio of tor oidal field current to ring current . 

Figure 7 as a function of toroidal 

field strength. The values of AT 

were the same as those measured during 

the discharge but w was l ower 

corr-esponding to the lower temperature 

to be expected with no heating. From 

equation (3 ) with u = 0 and conditions 

* well above threshold we have w = w 
and 

2 2 4 
7 k..1. kx a Ve m 

y = 
82 8 M 

giving n' /n a: 0-1 . Values of n' /n 
0 

for He are plotted in Figure 8 as a 

function of toroidal f ield strength 

(a: 0) and these clearly show the 

0 

0-l dependence. In addition the decay 

times observed in the afterglow varied as 8 2 as would be expected for Dex: (n' /n
0

)
2 

We conclude that it was the collisional drift instability which was observed and 

there were strong indications that the fluctuations determined the loss rate 

of the plasma in the afterglow. This instability was reported [15] as deter­

mining the containment time at Te < 1 eV in FM 1 . 
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6. HEATING OF THE PLASMA BY NEUTRAL INJECTION followed l ater by recombination light. 

Heating of the plasma by an injected beam was observed in the afterglow 

to give an increase in Te from< .1 eV up to 2.5 eV. The effect is illus­

trated in Figure 9 where the observed He I light intensity, used to measure 

T , and the electron density are shown at the time that the neutral beam was e 
switched off. The He I light fal l s abruptly as the electrons are cooled and 

recombination light appears IV 100 msec later. The total fast ion population 

was measured by means of a foil covered Faraday cup irmnersed in the machine 

field c l ose to the plasma. The absence of correlation between the signal t o 

this detector and the He I light intensity as the gas pressure was varied 

indicated that the light signal was due to excitation by electrons rather 

than by hot ions. 

The fast neutral energy spectrum for the 15 keV component is shown i n 

Figure 10 in comparison with predicted spectra [16] for two ratios of slowing 

These values of down time T t o charge exchange time T 
s ex of 60 and 80. 

T /T 
s ex 

were consistent with the measured values of and N. 

By using the measured e l ectron density, H2 and He pressures and the 

neutral beam power the electron temperature could be predicted from the 

equilibrium equations for hot ion density, cold ion dens i ty, T and T. [6]. 
e i 

Comparison of predicted and measured Te is shown in Figure 11, where the 

agreement is seen to be reasonable. The rate of density decay was reduced 

by the beam heating through addit i ona l ionization by the hot ions and by the 

electrons. The predicted ionization however was less by a factor of 10 than 

that required to explain the results but this quantity is sensitive to the 
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exac t value of Te and to the ionization rate coefficient in t his low 

temperature regime. Under the present conditions the short charge exchange 

t ime prevent s sufficient power transfer to occur for build-up of the plasma 

density. 

7. BEAM INDUCED PLASMA CURRENT 

The possible existence of a beam induced plasma cur rent was first suggested 

by Okhawa [ l]. The eff ect on the current of neo- c l assical corrections was 

cons i dered by Connor and Cordey [1 7 ] and the correct i on to the Ohm's law by 

Callen et al. [18]. Evidence for this current was obtained here by modulat i ng 

the beam at 120 Hz and detecting the modu l ated plasma current thr ough the 

voltage induced in the cage circuit, wh i ch l oops the plasma i n the poloidal 

direction. The beam current can be defi ned as IBEAM = 1
0 

(1 + cos wt ) and t he 

net plasma current in the poloidal directi on is then given by 

z . 
fast ion 

'[ (0) 
s 

2
eff 

. [ 1 + 

cos(wt - tan- l (urrL)) 

J ( 1 + 
2 2) 2 w TL 

(4) 

I (n a + N a . ) £ is the intensity of the trapped ion current, o e ex gi 
wher e 
B 
_£_cos 
B 

~ is a geometr i cal factor !~ allow for the angle of injection and 
1 

fie l d pitch angl e, TL = (~- + 
Tex 

'[ 
c 
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is the time for a fast ion 

...!...) 
Ts 

i s the momentum l oss time for fast ions, 

to pass around the minor azimuth so 
TL 

that 



is the amplification factor due to circulation. E is the fast ion energy . 

The correction factor 

[1 z T (0) 1 J fast ions s 

Zeff T (E/T ) (1 + f) 
s e 

allows for the back electron current which tends to cancel the current due to 

fast ion motion. Here a correction is made to T8 since ve ~ vfast ion and 

for 5 keV ions under the present conditions T (O)/T (E/T ) ~ 0.8. The neo-
s s e 

cl assical factor, (1 + f) is about 1 . 1 when al l owance is made for the effective 

Ae so that the back electron current is expected to cance l the hot ion 

contribution by 70 percent. The last factor in equation (4) is the time 

dependence of the plasma current due to the modulation of the beam. The volt­

age i nduced on the cage is given by 

V CAGE = 

In the present case WTL << 1 and the overall phase shift expected was close 

to 90°. The predicted V cage 
-6 

~ 10 volt. To reduce the effect of noise the 

signal was passed through a narrow band filter and then averaged in blocks 

of approximately 5 cycles in synchronism with the beam modulation by means of 

a multi-channel analyser. Figure 12 shows the signal amplitude with and without 

the plasma as a function of the number 
12 

10 

., 
O" 

" '-' 

8 

4 

Fig.12 

• 

4 6 8 10 12 

Pulse number 

of records. Both the amplitude and 

phase of the observed signal s were 

close to those expected. Measurements 

are continuing s o as to establish the 

scaling of this signal with plasma 

density, gas pressure, beam current 

and parallel velocity of the ions . 

8. CONCLUSIONS 

Fluctuations were observed in a 

current driven discharge with low 

values of u/v (~ 0.1). The fre­
e 

quency, location and scaling with shear 

and current strongly indicated that 

these were due to the current driven Integrated cage signal due to modulated plasllla 
current .and background noise as a fuuction of d • f · b · l · 
the number of pulses re co riled. ri t inst a i i ty • At the higher 

driving currents the plasma loss rate appeared to be dominated by these 

fluctuations and this may be relevant to other machines which use plasma 

currents to produce the confining field. 

135 



In the afterglow the measurements indicated the presence of the collisional 

drift instability. The scaling of decay rate with shear was consistent with the 

loss rate being determined by the fluctuations. 

Heating of the plasma in the afterglow by means of neutral injection was 

in agreement with classical predictions. 

By modulating the neutral beam preliminary evidence was obtained for a 

plasma current driven by the fast ions. 
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BELT PINCH EXPERIMENTS 

F. Hofmann, L. Bighel and J.M. Peiry 

Ecole Polytechnique Federale de Lausanne, Switzerland 

Centre de Recherches en Physique des Plasmas 

Abstract: Th i s paper consists of two parts: In the first part, a brief 

survey is given of the major belt pinch facilities around the world, 

whereas in the second part, the Lausanne Belt Pinch experiment is discus­

sed and the resul ts of recent measurements are presented. 

1. Introduction 

As is well known, the basic idea of the belt pinch [1] is to extend the 

s tability domain of toroidal confinement devices to higher beta values 

by increasing the mino r circumference of the plasma, without increasing 

its major radius. This can be done by elongating the minor cross section 

in the direction of the major axis of the torus. The belt pinch configu­

r 

r at i on is shown schematically in Fig. 1. 

It may be regarded as a toroidal screw pinch 

with non-circular cross section or, equi­

valently, as a straight hard-core screw 

pinch with closed ends. The pinch is pro­

duced by helical currents flowing on the 

inner and outer cylindrical surfaces of the 

torus, as indicated by the little arrows 

(Fig. 1). The induced currents in the plasma 

Fig. 1: Belt Pinch Geometry 

are also helical; they can be considered as 

a superposition of two closed current loops: 

a toroidal and a poloidal one. The poloidal 

plasma current usually decays more rapidly 

than the toroidal current because its L/R 
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time is smaller. When the poloidal current disappears, the diamagnetic dip 

in the toroidal fie ld is filled in, and the pinch switches from the high­

beta to the low-beta phase. In the low-beta phase, the configuration is 

identical with that of the Doublet or the elongated Tokamak. 

Here, we are mainly interested in the high-beta phase and its stability. 

Obviously, the high-beta phase can only be studied when the plasma is 

relatively hot, such that resistive diffusion does not destroy the confi­

guration. 

2. Survey of World Effort in Bel t Pinch Research 

Table 1 is a list of the major belt pinch devices, whose results have been 

published in the literature. 

Table 1 

Device Major Axial Toroidal n T Hi gh-Beta 
Plasma Height Plasma 

e e 
Confinement max max 

Radius Current Time 

(cm) (cm) (kA) 0015 cm -3) (eV) (]..ls) 

1. NRL Pharos 3.5 180 1200 18 40 5 

2. Jiilich TESI 6 34 30 13 20 8 

3. Jiilich TENQ 46 108 200 3 30 60 

4. Garching ISAR IV 24 100 200 10 20 10 

5. Garching lMJ 57 250 200 1. 5 40 50 

6. Lausanne 16 70 200 10 55 30 

2.1. The NRL device [2], on top of the list, is ac tually a hard-core theta 

pinch, rather than a belt pinch . When it is operated with a reverse bias 

field, however, it produces a magnetic field configuration which is prac­

tically identical with that of the belt pinch. The experiment was first 

operated about 7 years ago, and the results were rather discouraging: 



Confinement was lost after 5 µs. This was associated with an instability 

originating at the outer plasma boundary where the Suydam criterion is 

vio lated. The instability was first thought [2] to consist of rotating 

flutes, but it was later identified [3] as a spiral structure, moving 

along with the axial contraction of the plasma. 

2.2. In the TES! device [4,5] at Julich, plasmas with re l atively modest 

elonga tion were studied. The high- beta phase originally l asted for about 

2 µs only. It was later increased to 8 µs by increasing the voltage, i.e., . 
the B at time t=O . It was found that, when the fill ing pres sure was lowered 

below about 50 mTorr, the high-beta confinement time and the temperature 

were reduced, rather than increased as one would normally expect. This 

behaviour was attributed to the presence of impurities in the plasma. 

2.3. The TENQ machine [6,7] is a much larger version of the same basic 

design. It uses a toroidal bias fie ld to reduce beta, and thus improve the 

stability. Beta is about 0.3 and lasts for over 60 µs. The elongation of the 

minor cross section can be controlled within certain limits, the max imum 

elongation being about 4. At high filling densities, the plasma contracts 

axially until it reaches an equilibrium length. At low filling densities, 

however, the ends of the plasma seem to become unstable, and the confinement 

is lost after a few µs. 

2.4. In the Garching ISAR IV belt pinch [1, 8,9] stable confinement of up to 

100 µs has been observed. However, for most of this time, the plasma was 

in the low-beta state, and the temperature was between 3 and 5 eV [9]. The 

high-beta phase lasted for about 10 µs. In some cases, helical flutes were 

observed on the outer plasma boundary, but these were not serious, i.e., 

they did not destroy the confinement. The flutes usually di sappeared during 

the axial contraction. Experiments were performed at various q-values, and 

the pinch was f ound to become grossly unstable bel ow about q=2.4. 

2.5. The Garching lMJ device [10,11] is by far the largest of all belt 

pinches. The high-beta phase was seen to last for about 50 µs and the maxi­

mum electron temperature was 40 eV [11]. This experiment has recently been 

modified, and i s now being run at higher voltage [12]. 
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2.6. The Lausanne Belt Pinch [13], the last i tem in Table 1, will be dis­

cussed in detail in section 3 of t he present paper. 

In addition to the six experiments mentioned above, there are several new 

belt pinches, presently under construction or just starting operation. Two 

of these machines have recently produced initial results: The TERP expe­

riment at the University of Maryland [14] and the High Vo l tage Belt Pinch 

Fig. 2 : Schematic of the Lausanne 
Belt Pinch: 1) inner helical coil, 
2) outer helical coil, 3) conduc­
ting shell, 4) vacuum vessel, 5) 
connecting pieces, 6) feed cables, 
7) slit for streak photography, 
8) pumping ports. 

at Garching [15] • The latter is being 

used to study the fast implosion in 

belt geometry. 

In summary, we note that the results 

obtained to date in belt pinches are 

very encouraging, but in general, 

temperatures are still quite low, and 

one does not know whether the high­

beta phase is stable at higher tempe­

rature. To produce a high temperature 

belt pinch is difficult, mainly because 

of t echnological problems associated 

with high-voltage insultation and 

reduction of impurities. 

3. The Lausanne Belt Pinch 

3. 1 . Experimental Apparatus 

The main components of the experiment 

are (1) a fast capacitor bank with 

120 kJ stored energy, (2) a metal-to-

metal crowbar switch and (3) a helical­

ly wound, toroidal compression co il (Fig. 2). It should be noted that the 

coil is fed on both ends, in order to reduce its inductance, and thus in­

crease B. Important experimental parameters are listed in Table 2. The 

toroidal discharge tube consists of a single piece of Pyrex. Pre- i onization 



of the deuterium gas is achieved by a high-frequency (4-MHz) electrostatic 

excitation, followed by a fast (1.2 µs FWHM) current pulse through the main 

coil. The pre-ionization discharge is damped by non-linear resistors. The 

main bank is triggered 1 µs after the end of the pre-ionization current, 

and the crowbar switch is normally fired at zero voltage (maximum current). 

The device is surrounded by a conducting shell (see Fig. 2) whose diameter 

can be changed in order to control the radial equilibrium. Extreme care 

has been taken to reduce the impurity content in the plasma to an absolute 

minimum. A turbomolecular pump is used and the entire vacuum system is 

made exclusively of metal and glass. 

Table 2: Experimental parameters of the 
Lausanne Belt Pinch 

Diameter of inner helical coil (2r 
c 

) 20.4 cm 

Diameter of outer helical coil (2r ) 43.4 cm w 

Height of coil (H) 80.0 cm 

Main bank capacitance 150.0 µF 

Maximum charging voltage 40.0 kV 

Coil inductance, without plasma 40.3 nH 

Quarter period (T/4), without plasma 5.2 µs 

L/R time of crowbarred current 400 µs 

Maximum coil curr ent 1.8 HA 

Maximum toroidal field (at r=r 
c 

) 17.0 kG 

Maximum B at t=O 5.1 x 109 

Maximum E-f i eld on plasma surface, at t=O 250 V/cm 

3.2. Streak Photography 

G/s 

Fig. 3 shows typical streak pictures, taken at 30 mTorr D2 filling pressure 

and 30 kV charging voltage on the main bank. 

141 



142 

The picture at the top was taken end-on, through a radial slit in the coil. 

It shows the radial motion of the plasma be tween the inner and outer walls 

of the torus. Four different phases can be distinguished: (1) a fast implo­

sion which takes about 0.7 µs, (2) a s l ow radial oscillation of the plasma 
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Fig. 3: Streak photographs and 
plasma current at 30 mTorr D2 . 

40 

as a whole, around its equilibrium 

position, (3) a stable equilibrium 

phase, and (4) a disintegration 

phase, characterized by the ap­

pearance of light at the inner and 

out er walls of the glass torus • 

The disintegration is probably due 

to a deformation of the plasma 

minor cross section, fol l owed by 

plasma-wall contact and rapid 

cooling. In the middle (Fig. 3), 

there is the corresponding streak 

picture taken side-on. It shows 

that there is practically no axial 

contraction. During the disinte­

gration phase, however, one notices 

a certain asymmetry : Additional 

light appears first on one side 

(z < 0). Finally, the curve at 

the bottom of Fig. 3 is the t oroidal 

plasma curr ent as a function of 

time. The current rises rapidly and reaches its maximum value of about 200 

kA at 5 µs. It then stays rough l y constant for some time and finally drops 

off abruptly. The decay of the toroidal plasma current is obviously cor­

related to the disintegration of the pinch, as seen on the streak pictures. 

Fig . 4 shows the effect of lowering the filling pressure: At 20 mTorr , the 

confinement time is somewhat reduced and the toroidal current starts drop­

ping about 10 µs earlier than it did at 30 mTorr. Note that, here again, 

we see no axial contraction. 



From streak pictures such as the ones shown in Figs. 3 and 4, we can mea­

sure the major radius of the plasma in its equilibrium position. The plas­

ma radius depends on the radius of the conducting shell, as is shown in 
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Fig. 5. The three circles are 

measurements, and the solid curve 

is a theoretical result, where the 

parameter Se has been adjusted to 

produce the best fit with the mea-

surements. Se, in our terminology, 

is the toroidal beta. a is the 

radial width of the plasma as mea­

sured on streak photographs. There 

is good agreement between theory 

and experiment (Fig. 5), and, in 

addition, the s
8
-value that was 

used in the theoretical model 

agrees, to within experimental er­

ror, with the one that is obtained 

from direct measurements of density 

and temperature. Fr om this we con­

clude that the theoretical model 

is probably valid. The model as­

sumes constant-pitch, force-free 

fields between the plasma and the 

glass walls . Such fields are commonly observed in screw pinches. 

3.3. Magnetic Fields and Currents 

The magnetic field configuration, at the time of maximum compression (5 µs) 

is shown in Fig. 6 . Be and B
2 

are the toroidal and poloidal field compo­

nents, respectively . The curves (Fig. 6) were constructed in the following 

way: The fields outside the coil were measured with probes. Between the coil 

and the glass walls, vacuum field distributions were assumed. In the pres­

sureless plasma,the fields were calculated according to the constant pitch 

force-free field model.This model is known to be accurate f rom radial equili-
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brium measurements (Fig. 5). Finally, in the dense plasma the fields were 

drawn such that the t otal beta corresponds to the experi mental value which 

i s obtained from density and temperature measurements, Thus, we believe 
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Fi g. 5: Plasma radius 
vs. shell radius 

that the curves shown in Fi g. 6 are 

fairly accurate representations of 

the actual fields in t he pinch . These 

will , of course, have to be verified 

with magnetic probe measurements in 

the plasma. 

A close inspection of Fig. 6 reveals 

that the force- free currents are 

parallel to the magnetic field lines 

on the outside, but anti-parallel on 

the inside of t he belt shaped plasma. 

This behaviour has al ready been seen 

in compute r simulations [16] . It 

implies t hat , near the ends of the 
-r -+ 

belt, t here must be a trans i t ion region, where the angle between J and B 

changes from zero to 
-t -+ • 

n, In that region we expect J x B fo r ces having 

azimuthal components. These forces tend t o rotate the "pressureless" plasma. 

Another consequence of the phenomenon mentioned above is that the fo rce­

free currents have a l arge influence on the radial equilibrium. It i s in­

teresting to note, for example, that the poloidal fie l d at the outer wall 

i s actually smaller than it is at the inner wall. Thi s i s just t he oppos ite 

of the usua l s itua tion in Tokamaks, where the pl asma is surrounded by vacu­

um fields. 

Clearly, the r adial equilibr i um configuration shown here (Fig. 6) is only 

valid during the ear ly stages of the pinch, because , in a true two-dimen­

s i onal equilibrium, there is a separatr i x somewhere between the plasma and 

the oute r wall, and outs ide the separatrix, there must be vacuum fields. 

However, the transition from the one-dimens i onal radial equilibr ium to the 

two-dimensional toroidal equilibrium i s still somewhat of a mys tery. 



Fig. 7 shows the coil current and the toroidal plasma current as functions 

of time. The coil current decays exponentially with a time constant of 
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Fig. 6: Radial magnetic field 
profiles 

about 400 µs. The plasma current 

reaches 200 kA in 5 µs, as was 

already seen in Figs. 3 and 4, then 

it stays flat for some time, and 

finally, it switches itself off 

rather abruptly. The duration of 

the plasma current depends mainly 

on two parameters: First, it in­

creases with the fil ling pressure, 

and second, it depends quite cri­

tically on the crowbar firing time: 

The earlier the crowbar fires, the 

longer the current stays up , The 

first of these two effects seems 

rather obvious : At higher pres­

sure, the mass of the plasma is 

greater and consequently, any 

unstable motion is slowed down. 

The second effect might be explained as follows: When the crowbar fires 

early, the adiabatic compression phase is cut short, and t he plasma remains 

rel atively thick. Consequently, the pinch may be closer to its f inal equi­

librium where, according to theory, the plasma must be thick. 

Inspite of a number of efforts to clear up this loss-of-current phenomenon, 

the actual cause has not been found as yet. In order to find out whether 

the plasma might be unstable in the axial direction, we have measur ed the 

toroidal current in the conducting shell. The result is shown in Fig. 8. 

Here, we have plotted the current density, in kA per cm of axial length, 

as a function of the axial distance, z, and as a function of time. We note 

that the current remains symmetric with respect to the midplane, z = 0, 

and that its axial distribution does not change appreciably until about 

t = 20 µs, This seems to indicate that there is very little axial plasma 
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motion, because if the plasma were moving axially, it would induce image 

currents in the shell, and the axial current distribution would change 

drastically. After 20 µs, however, the current in the shell starts to 

increase, first at the right 

COIL CURRENT and then at the left. The 

0.8 

resulting current asymmetry 

correlates with the asym­

metric appearance of l ight, 

at the wall as seen on the 

0.6 

0.4 

0.2 side-on streak photographs 

(Figs. 3 and 4). The asynnnetry 

is probably caused by radial 

and/or axial displacements of 

the ends of the plasma. 

0 
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3.4. Thomson Scattering Mea-
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Fig. 7: Coil and plasma currents A Thomson scattering system 

has been built for this experiment in order to measure electron densities 

and temperatures. The system uses a 7 Joule ruby laser and a 9 channel 

polychromator, both mounted on a movable plat-form. The laser beam traverses 

the plasma parallel to the major axis of the torus and the scattered light 
0 

is observed at 90 , on the midplane of the torus . Radial scanning i s 

achieved by displacing the entire system horizontally. 

Fig. 9 is a typical radial profile of temperature and density, taken in the 

midplane of the torus, at 5 µ:;. The maximum temperature is 55 eV and the 

temperature distribution is quite flat. Note that the plasma is very narrow, 

about 7 mm FWHM. This seems to contradict a theoretical result [17] which 

says that there can be no equilibrium when the radial width of the pl asma 

is less than half the width of the chamber. It has been pointed out recently 

[ls], however, that this condition does not apply to plasmas surrounded by 

force-free currents. Temperatures and densities were also measured at later 

times and the corresponding beta values were calculated, assuming T.= T • 
i e 
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The result is shown in Fig. 10. Note that the beta decays rather slowly, 

which indicates that radiation losses are small. 

Fig. 8: Toroidal current per unit 
length of conducting shell. 

j( kA/cm) 

2 

From these results we can 

compute a number of interesting 

parameters. s-poloidal turns 

out to be 8, i.e., roughly 

equal to the initial aspect 

ratio of the pinch. The safety 

factors q is about 4, and the 

energy confinement time, de­

fined as the total energy in 

the plasma divided by the 

ohmic power input, is equal 

to 180 µs. This is conside­

rably longer than the plasma 

confinement time. 

3.5. Conclusions 

Measurements in the Lausanne 

belt pinch have shown that: 

(1) High beta equilibria with highly elongated plasma cross-section can 

be established. (2) These equilibria appear to be grossly stable for a 

certain time and then decay abruptly. The duration of stabl e conf inement 

is proportional to the filling pressure and varies between 20 and 40 µs. 

(3) The plasma major r adius can be conveniently controlled by varying the 

radius of a conducting shell placed around the outside of the torus. (4) 

Force-free currents circulate in the pressureless plasma surrounding the 

pinch. These currents are parallel to the magnetic field lines on t he 

outside, and antiparallel on the inside of the belt-shaped plasma. (5) 

No axial contraction of the plasma has been observed. This is probably 

a consequence of image currents in the conducting shell as well as force­

free currents in the pressureless plasma. (6) As a result of a high value 

of B at t=O and extreme care to reduce the amount of impurities in the 
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pinch, a relatively high temperature has been reached. The temperature is 

seen to remain almost constant as long as the plasma is stably confined. 

Consequently, it will be possible to study the stability properties of the 

high-beta phase in the Lausanne Belt Pinch. 
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RECENT HI GH-13 STELLARATOR EXPERIMENTS AT GARCHI NG 

E. fUnfer, M. Kaufmann, J . Neuhauser, G. Schramm 

Max- Planck-lnstitut fur Plasmaphysik, Garching, Germany, EURA TOM Association . 

Abstract: After a short description of the basic ideas of the High-13 Stel larator (HBS), 

we summarize the resul ts of the toroidal HBS experiment I SAR Tl-A /1/ and present 

new results from the modified version I SAR-Tl-B with large t= l plasma distortion 

( 61 ~3;h~lically shaped quartz tube and magnetic field coi I) . In spi te of the large 

helical distortion, the equilibrium was obtained without strong helical oscil lations . 

Furthermore, no 13 it &1 restriction was found in contrast to sharp boundary theory, but 

in agreement with a recent unscaled calculation . The equil ibrium was unstable to the 

m = l, k ~ 0 mode (high compression ratio, i.e. no wall stabil ization). Only in the 

absence of gyrostabi lization (Wei 'Lii-£ l, r /r ~ 7) m = 2 instability was observed. 
0 p g 

Introduction: Confinement at high-13 is very .:ittract ive for a fusion reactor. At 

Garching, two different high-13 concepts are in work : The Belt Pinch and the High-13 

Stellarator (HBS). While the Belt Pinch can be regarded as high- '3 Tokamak with 

highly elongated cross section, the HBS is complete ly different from low-13 machines: 

it is a slender configuration with large aspect ratio, the toroidal equilibrium is 

achieved without a toroidal net current and without Pfirsch-Schluter cu rrents parallel 

to the field lines. As a consequence of these properties, transport mechan isms should 

be more classical than in low aspect rati o mach ines. 

The question of whether a possible H BS-reactor shou ld be a short -pulsed machine (as in 

the Los Alamos concept) or a quasi-stationary one without strong shock-heating, seems 

to be of minor importance at present . 

The main prob lem concerning the HBS is the question of stabili t y against the long wave­

length, low m- number MHD-modes. Sin ce complete MHD-stability may be impossible 

for a total 13 near l, it is important to consider also real plasma effects, such as the 

finite gyroradius. 
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At high-13, the f = l stellarator configuration is obviously superior to other f-stellarators 

with respect tom= 1 stability (wall stabilizati on) / 2-6/ and because of the possible 

selfstabi liza tion of high m- number modes by magnetic well-deepening which occurs 

only at high-13 / 7 I . Toroidal equi librium can be achieved by adding e = o and/or 

e= 2 fields with the same magnetic field period / 3/. These additional components 

must be kept small in order to retain the favourable f = l stability . Linear experil'T]ents 

with f= l symmetry started at Garching in 1969 using the 5.4 m coil of the ISAR-1 

Q-Pinch (ion temperature 50 eV ... 2 keV; bank energy o .5 ... 2 .6 MJ). After a 

toroidal sector experiment, the first complete toroidal experiment I SAR-Tl -A was put 

in operation at the end of 1972, using the same ISAR-1 condenser bank. The modified 

version I SAR-Tl-B has now been in operation since April, 1975. In the following, we 

summarize the results of I SAR-Tl-A / 1/ and present results of ISAR-Tl-B concerning 

toroidal equilibrium and stability for large t= l plasma distortion (6'1~ 3). Special 

attention is paid to them~ 2 stability in the collision- free as well as in the collision­

dominated regime . Finally, the results and their impact on the future HBS- develop­

ment are discussed. 

1 . Summary of ISAR-Tl - A Results . lsar Tl-Awas designedasaflexible,toroidal HBS 

with a fairly large e= l distortion (51£ l .5) and a moderate elliptical deformation 

( 82 £ O .25) . The r= l and t = 2 fields were generated by helical wires inside the 

toroidal Q-Pinch coi I and cou ld be varied independently . Part of the experiments were 

also carried out with a small, but fixed e= O component ( fo£ 0 .06). The main 

resu Its were: 

a) Toroidal HBS-equilibrium close to that predicted by theory / 3/ could be achieved . 

Initial dynamic effects were explained by a simple dynamic model. 

b) m = l instabilities with n ~ 6 were observed with growth-rates close to theorectical 

predictions / 4/ (instability of form exp[m Q - nfl; Qin azimuthal, cp in toroidal 

direction) . 

c) Indications form~ 2 instability were found in collision-dominated plasmas only 

(GOT .. ~ l;W =ion gyroradius,'L .. =ion-ion collision time). The open questions 
9 11 g II 

regarding the m = 2 mode required further investigations on the ISAR-Tl- B 

experiment . 

A detailed description and the results of ISAR- Tl-A as well as references to the pre­

ceding experiments can be found in / 1/. 



2 . The New Version I SAR- Tl - B 

~~-Q~~~~.!_o~-~l~~~l~~ 
Based on the experience with the flexible I SAR- Tl-A experiment, a new versiont 

ISAR-Tl-B,has been constructed, using a helically shaped coil and vacuum vessel. By 

this technique, the following main characteristics could be achieved: 

a) The helical e= l distortion could be doubled . 

b) The initial e= l osci I I at ions were nearly suppressed . 

c) The e= 2 and f= 0 sidebands could be made sufficie ntly small, thus preserving 

the t= l stellarator properties also in toroidal geometry . 

In the experiment, the toroidal field coil was shaped like a toroidal flux surface with a 

strong e= l stellarator field (screw- type deformation) and with small f= 2 (elliptical) 

and f= 0 (bumpy) sidebands . Reasonable flexibi lity was ensured by addit ional & = 2 

windings . The number of identical periods was reduced from N = 24 to 16, i.e. 

£= h . r (h = 2"it/,1,-" length of a period) became smaller . Because of lower average 
p 

coil inductance, the magnetic field rise- time was slightly decreased. The quartz tube 

was shaped like a toroidal cork- screw with a round local cross section, fitting the main 

e= l deformation of the coil only. The main data of both experiments are compared i n 

the following table l (bank energy 0 .5 MJ; values in brackets for 1.5 MJ): 

Large diameter 

Minor average coil diameter 

Inner tube diameter 

Number of periods 

Maximum magnetic field 

Rise time 

I SAR-Tl-A 

2.71 m 

21 

9.2 

24 

l .4 

cm 

cm 

T 

5 .5 ps 
0 ... 1.5 

0 .. . 0.3 

0 or 0 .06 

I SAR-Tl -B 

2 .71 

17 

m 

cm 

9.2 cm 

16 

l . 5 . . . (3. 3 T) 

4.7 ... (6.4ps) 
·:::... 
-'I/ 3 

0.05 ... 0 .15 

0. l 

Figure l shows a segment of the coil (cast aluminum) and the toroidal arrangement of 

segments together with the screw-type quartz vessel . The asymmetric corrugation of 

the inner coil surface is readily seen. In Fig. 2, a photograph of about two periods is 

shown. The front part of the coil is removed revealing the helical tube and the e= 2 

correction windings. 
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The same preionization by a toroidal z-Pinch and a preceeding HF-discharge was 

applied as in I SAR-Tl-A /1/. 

Fig. 2: Part of the I SAR-Tl-B torus. The front 

segments of the shaped coi I are re­

moved. 

Fig. 1 Top: Toroidal field coil segment with inner surface shaped like a magnetic sur­

face; the rotating ellipse is indicated. - Bottom: Toroidal arrangement of coil 

segments. The screw-type quartz vessel is also shown. 

~~2_Q~~~~~~-~~!l~~~~~~~~~~ 
The gross plasma behaviour (equilibrium, low m- number instabilities) was observed by 

stereoscopic image converter streak cameras and a rotating mirror camera which could 

be moved around the torus individually. Observation was concentrated on two opposite 

parts of the torus, each one two and a half periods long and covered by 10 observa­

tional slits. 

Discharges were made with a filling pressure between 10 and 60 mTorr deuterium. The 

electron temperature for p ;o. 20 m Torr was measured by laser scattering (ruby laser, 
0 

A= 6943 A). No special windows were used . A triple monochromator /8/ was used to 

suppress the high stray light level. In Fig. 3, the electron temperature is given for 

different filling pressures. The electron temperature during the magnetic field rise-time 

was also determined from the time dependence of the intensity of oxygen lines by 

solving the rate equation. Curves for 10,20 and 40 mTorr are a lso drawn in Fig. 3, 

showing reasonable agreement. For filling pressures p ;o.20 mTorr deuterium, the ion 
0 

temperature is approximately equal to the electron temperature because of rapid colli-

sional relaxation . At p
0 
~ 10 mTorr T;- should be higher than Te. 



Te Fig. 3: Electron temperature for dif-
Po =20 mTorr 

I ferent fi II i ng pressure p and 100eV 10 mTorr; 
I 

0 
I 

0 .5 MJ bank energy taken from I 
I 

I 
I I as er scattering ( fu II Ii nes) and 

I I so I I 
I I from oxygen impurity lines I I ,.. 

I I / 
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(dashed lines). 1/ 

0 
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The area density was measured side-on by an infrared laser interferometer ('(\ = 3 .4 1-J). 

Because of the distorted plasma cross -section, especially in case of m~2 instability, 

reliable Abel inversion was possible only in some cases. The density obtained in this 

way was used to calibrate the local density measured by laser scattering (integrated 

spectrum). 

Average dens ity values are included in Table 2 (see below). At 4 ps the 13 on a xis was 

about 0.65 _:!= 0.15 and the oxygen impurity content was ;:::_,0 .2 % for all filling pres-

sures. 

2 .3 Toroidal Enuilibrum and Ini tial Dvnomics 
----------'-=------------ --L----
Shock compression in the toroidal helical quartz tube (radius of local curvature~27 cm) 

yielded a wel I-compressed plasma column (r ~ 1 cm) with the same helical disploce-
p 

ment (r H~ 3 cm) as the quartz tube. The overage plasma helix radius did not change 

afterwards , as shown in Fig. 4, i.e. no helical osci 1 lation were excited in contrast 

to the preceeding experiment with a non-distorted vessel. Obviously, r H ,,:e:; 3 cm 

corresponded to the equilibrium plasma position as predicted by the sharp boundary re­

lation rH = rM / (1 - 13/2), though the latter was used far beyond the expected range of 

validity (radius of vacuum magnetic axis r M ~ 2 .25 cm, (B) :Eo .5 : r H £3 . 2 cm). The 

<rH> 
[cml 

4 

3 

2 

0 
0 2 

/ ISAR-Tl-B 

/ ISAR-Tl 

3 4 5 6 t [ µsl 

Fig. 4: Variation of the overage radius of the 

plasma helix (f= 1 distortion) in 

I SAR-Tl - Band the preceding I SAR· Tl -A 

experiment. The overage plasma radius 

isrp£1 cm, i.e.6 1 ~3inlSAR-T1-B 
(20 m Torr, 0. 5 MJ) . 
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(3 • &'(limit for a circular sharp bondary plasma /5/ was exceeded by a factor of three 

without visible effect ((3 . o 
1 
-C 2). On the other hand, the experimental results were 

in excellent agreement with a recent straight f = l, high-(3 equilibrium calculation 

/ 6/ with realistic pressure profile without small parameter expansion. The f = 0 and 

f= 2 plasma deformations should be about 62~ 60
':;;; 0.1 ((3 ~0 . 5). A detailed investi­

gation is underway . 

When the self- induced toroidal plasma current (see / 1/) of about 10 kA had been com­

pensated, the plasma sti II moved slowly in the drift direction. Driving a small current 

in the t = 2 correction windings proportional in time to the main field (2.7 kA at 

maximum, i.e. increasing 6
2 

by about 30 %) , excellent toroidal equilibrium was 

achieved. Above this value, the plasma moved towards the torus centre, i.e. the 

toroidal drift force was overcompensated. In Fig. 5, the motion of the plasma helix is 

drawn for different current If= 
2

. In the case of an optimum balance of the toro idal 

drift force, a displacement was found in the toro i'dal drift direction similar to that in 

ISAR-Tl-A, but with lower amplitude (Fig. 5) . Though 5
1 

is nearly constant in time, 

the osci II at ions connected with the formation of the f = 0 and e= 2 distortions can 

cause such a shift /1/. 

~R - 4 
[cm) t torus centre -2 

0 

2 

4 

0 2 3 

2.4 m = l lnstabilitv ____________ J 

4 5 6 7 

2.55 

2.25 

t [µsJ 

Fig. 5: Toroidal displacement 

of !he plasma helix for 

different current 1e= 
2 

in the f = 2 correction 

windings (20 mTorr, 

0 .5 MJ). 

An extensive m = l mode analysis has been made at I SAR-Tl -A, where unstable modes 

with n ~6 and growthrates close to those of sharp boundary calculations were found 

/ 2, 3/(d'm = l, f = 1 ~ hvAEO]fr3(2-f3) (4- 3f3)/8(8-f3)
1
). In ISAR-Tl-8, only a rough 

m = 1 growth rate was deduced from the average helix motion parallel to the main axis 

which should not be influenced by eventually non- perfect toroidal equilibrium. The 

sum of the displacements observed in two opposite parts of the torus (7 observational 

slits each) corresponds to the amplitude of m = 1 modes with even toroidal wave number 
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(n == 0,2,4), the difference represents the amplitude of odd modes (n = 1,3,5) . For 

both cases the same e- folding time of 1 .5 2: 0 .4 .,s was found for 20 mTorr, compared 

to an extrapolated theoretical value of 1.7 vs. Again, the simple sharp boundary theory 

obviously predicts the correct growth rate form== 1 modes also in toroidal geometry and 

for large 6
1 

• The stabilizing wall effect, predicted by the same theory for small wall 

distance, was completely negligi b le in both experiments because of the high compres­

sion ratio (wall radius/plasma rad ius~ 10). 

~:.5-~~2-~~~~.!}_!y 
Fast growing m ~2 instabilities are predicted by sharp boundary theory / 2/ with a 

growth rate much larger than for them == 1 mode. A diffuse pressure profile leads to 

slightly decreased growth rates /6, 12/ only. 

These instabilities have not been observed in hot pinch plasmas, and it was claimed 

that the finite gyroradius has a damping or even stabilizing effect /9, 10/. In 

I SAR-Tl-B, collisionless (co • T .. 17 1) as well as collision-dominated (w . T .. < 1) 
g II g 11 

plasmas could be produced by varying the fil ling pressure between 10 and 60 mTorr. 

The high ( 1, the smal I ~ (fm = /.I'm= 1 ~13/£ ~ 7 in sharp boundary theory) and the 

absence of 6"
1 

osci llations facilitated the m ~ 2 investigations. In Table 2 average 

plasma data are given for t ~ 4 ~s (n A== density on axis, r g = ion gyroradius). For a 

filling pressure p ~ 30 mTorr the gyration is strongly affected by collsions and, in 
0 

parallel, the ratio r /r g becomes smaller than required for gyrostab ilization / 10/ . 

p [mTorr] 
0 

nA [cm-
3

] rp[mmJ r /r 
p g 

w .T.. 
g II 

10 1016 6 4 16 

20 2.1016 7 5 6 

Tab le 2 30 2.5.10
16 

8 7 2.3 

40 2.5.10
16 

9 8 2 

60 4.1016 10 10 0.8 

In Fig. 6, selected stereoscopic smear pictures for 10, 20, 40, and 60 mTorr are shown 

taken at the same position (bulge region): At 10 and 20 mTorr only am= l instability 

is found, while a m = 2 mode develops for higher pressure and correspondingly lower 

temperature . Usually the mode structure is much more complex and one cannot de­

duce a single m-mode with a definite wavelength. In selected cases, a wavelength of 
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10 mTorr 

... 
0 2 4 6 8 10 

t [ µ s ] 

l 40 m Torr 

lll 

"" N 

20 mTorr 

.J - -1 ___.__ _L__ _J_ ~ 

0 2 4 6 8 10 
t [p s J 

60 mTorr 

Fig .6: Selected stereoscopic smear pictures at the same positon for 10,20,40 and 

60 mTorr (0.5 MJ) showing m = 1 and m = 2 instabilities, respectively. The ripp~~ for 

t > 5 ~s is caused by an electronic signal pick-up in the image converter. 

at least 4 helical periods has beeri deduced from simultaneous smear pictures at three 

different positions. 

For a typical case (30 mTorr), them = 2 distortion 5
2 
= (a-b)/2•b(a, b· major and 

minor axis of the ellipse) obtained from smear pictures, is drawn as a function of time 

(Fig . 7a). The curve can be interpreted as a superposition of a damped m = 2 osci 1-

lation and a growing m = 2 instability. The frequency and the damping coefficient of 

the oscillation are close to those of the short-wavelength, helical m = 2 oscillation 

of a diffuse plasma column/l, 11/The remaining unstable motion (Fig. 7b) yields a 
6 -1 , e 

growth rate of~ ~ l .2 . 10 ~ 0.3 s for j
2 

< 0.3 which decreases continuously 

to about 0 .5 . 10
6 

s -l . The initial growth rate is by a factor of two smaller than the 
boundary ./ 3 \ 6 -1 

sharp/value t
2 
~ hv A & 

1 
V f3 / (2-13) ~2 .5 . 10 s ) /2/, but would roughly agree 

with recent calculation with diffuse pressure profile and arbitrarydl /6/ and also with 

an unscal ed numerical calculation /12/. 
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Fig. 7: The time dependence of the ellip­

tical distortion ff;= (a-b)/2 b is 

shown ( fu 11 Ii ne ) . For the averaga::l 

growing motion (dashed lines) the 

logarithm is drawn also. 

Conclusions: The experiments, carried out on ISAR-Tl-A and ISAR-Tl-B, give clear 

results re garding the toroidal equilibrium and the behaviour of them= 1 mode . The 

toroidal drift was compensated with hel ical distortions (f = 1, 2, 0) of the plasma 

column close to theoretically predicted values. Even for extremely large f = 1 deforma­

tions (cf1 ~3), the known formulas keep their validity. The m = 1 long-wavelength 

modes were unstable in these highly compressed plasmas (K ~10) and the growth rates 

were in agreement with the sharp boundary model . These results have been confirmed 

by the results from the closed SCYLLAC torus, reported recently /13/. Following the 

same theory as above, it can be expected that the m = 1 mode becomes wall-stabi Ii zed 

in a possible new experiment with a low compression ratio of the plasma column. 

In contrast to the situation with the global m = 1 mode, modes with m ~ 2 were not 

observed under standard condii ions, although large growth rates t:1re predicted by the 

MHD-theory. In the experiment, m = 2 instabilities were detected only when the 

plasma was collision-dominated (w .T .. ~2). In that case, rough agreement with 
g1 II 

growth rates, calculated for diffuse profiles is found. In the collision-free regime, the 

finite gyroradius is believed to stabilize m ~2 modes . There remains, of course, the 

important question of. how a reactor-like plasma, with long ion mean free path but with 

a rather small gyroradius (e.g.:rp/rg~20), will behave . Apart from further experiments 

approaching that regime, advanced theoretical models are required to answer that 

question. 
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RECENT MIRROR MACHINE RESULTS AND THEIR 
,~ 

IMPLICATIONS FOR MIRROR SYSTEMS 

R. F. POST 

Lawrence Li vermore Laboratory, Livermore, California USA 

Abstract: Improved confinement recently achieved in the Li vermore 2XIIB 

experiment is interpreted in terms of warm plasma stabilization of the 

drift-cone mode.. The same theoretical model exp l ains present and earlier 

mirror observations and also predicts improved prospects for achieving 

classical plasma l oss rates in mirror fusion reactors. 

I . The Mirror Fusion Reactor - The goal of the Li vermore magnetic confine­

ment program is to prepare the way for the development of mirror fusion re­

actors. Over the years during which mirror physics and technology has been 

studi ed we have deve loped concepts for mirror fus i on reactors, as dri ven 

systems, i .e. ones in which t he plasma temperature and dens i ty i s main­

tained by external sources, power for which is provided by recircul ating a 

porti on of the energy generated in the reactor. 

An exampl e case of the 11 cl ass ic 11 OT mi rror reactor is illustrated in 

block di agram form in Fig. (l). Neutrons-------
The system operates steady-

state, at high i on tempera­

tures ( > l 00 keV). Plasma 

temperature and dens ity are 

mainta i ned by neutral beam 

injecti on. Fusion energy 

i s generated at a rate Q 
t i mes the inj ection power 

rate, Q being dependent on 

mirror ratio and ion temper­

ature . The neutron energy 

is further multipl i ed, by a 

1---3-7-5---·1 Blanket m = 1.8 i---67-6~ 

391 

Injector 
T} = 0.85 

460 

Charged 
particles ==={> 

485 

Direct 
converter 
T} = 0.70 

340 

Net electric power = 250 MW 
System efficiency = 0.32 

145 

Thermal 
converter 
r/ = 0.45 

FIG . l - MIRROR REACTOR POWER FLOW DIAGRAM 

factor m, by n,2n and capture reactions in the blanket surrounding t he 

plasma chamber . Ki netic energy carried by charged particles, both charged 

reaction products and plasma ions and electrons, is recovered by a di rect 

converter. High temperature heat derived both from the bl anket and from 

thermal losses in the di rect converter i s converted to electricity in a 

steam plant. A portion of the power i s recirculated to drive t he injec­

tors. We beli eve that the impl i ed technological goa l s ca n be met and that 
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our recent progress toward the scientific goal of stable confinement gives 

us renewed optimism concerning mirror reactors. 

II. Implications of the New Results - Results obtained with the 2XIIB 

mirror machine at Li vermore are described in the accompanying paper.[ l] 

Here we mention only key poi nts: 

Demonstration of means for the suppress ion of high frequency instabili­

t i es in hot mirror confined plasmas with an accompanying marked reducti on 

in anomalous losses. 
Experimental evidence, spanning the range from about 2 to 10 keV ion 

temperature, that upon stabilization nT increases with energy; T itself 

increased by an order of magnitude ( ~ 5 ms). 
Demonstration of a freely decaying stab ilized hot pl asma, exhib i t ing a 

binary decay l aw, i.e. l/n proportional to t. 

Being preli minary, the results are not conclusive. In particular we 

can not cl aim that loss rates agree with the Fokker-Planck class i cal result . 

However, taken together with our proposed theoretical explanati on one pre­

dicts that the reac t or regime, involving higher temperatures, higher mag­

neti c fi elds, and l arger plasma sizes should be a more favorabl e one for 

achieving class i ca l confinement than the present expe rimental situation. 

III. Theoretical Interpretation - lhe new data are too limited t o penwit 

an unambiguous interpretation. We here advance a tentative expl anation, 

representing an extension of earli er results, [2] results previously ci t ed 

to explain stabilization effects observed in PR-6.[3] 

The starting poi nt is the long-predicted exi stence of the so-ca lled 

drift cyc l otron loss cone mode [4] (abbreviated; the drift-cone mode). In 

theory this mode i s stable when t he mean density grad i ent, ai/Rp, is suffi­

cient ly small . However ai/Rp in presen t machines, such as 2XIIB and PR-7 , 

i s considerably too large for stab ili ty, even according to criteri a which 

include the stabilizing influence of f inite beta.[5] Fig. (2) illust rates 

the circumstance, theory vs 2X I IB parameters. Because its growth rate i s 

of order We i t he drift-cone mode would be expected to cause rapid plasma 

l oss, of order the ion bounce t ime. The quest ion has been how to expl ain 

the apparent absence of this supposedly virul ent mode , especia lly in those 

cases where near-classical confinement seems t o have been observed.[6] 

We believe a coherent expl anation for both the quiescent and non­

qui escent cases ca n be found through an extension of an old concept, warm 

plasma stabi li zati on.[?] The idea i s si mp le: in troduc ing a small percent-
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age of lower energy i ons exerts a large effect on loss cone i nstabi l ities, 

whose properties depend sensitively on this region of velocity space. 

The most pronounced ef­

fect that warm plasma has on 

t he dr i ft-co ne mode i s to 

force i t toward shorter az i ­

muthal wavelengths (large 

k.!. ai), i nhi biting growt h 

rates and reducing parti cle w~ i 1 __ ,.....,_ 

l osses. Depending on mi rror w2. n 

rat i o and beta (high va l ues P ' 

10-4 
of both of wh i ch are stabi l -

i zing) a few percent of warm 
pl asma ea~ suppress t he dr i f~ 

cone mode. These effects are 

E.=10 keV 
I 

R=2 

_.,- 2 X IIB 
plasma 

parameters 

{3. 
I 

0.05 

0.1 

0.2 

0.5 

illustrated in Fig. (3), which 10- 5 ..._~~~~~~ .............. .....___......__ 1.0 
shows t heo retical ly pred i ct ed 

[8] increases in k.!. ai and re­

ducti ons in growth rates caused 

by int roduci ng warm pl asma 

into 2X I IB. In these calcu­

lati ons additiona l stabi l iz­

i ng effects, such as wave 

10 

dispers i on, were omitted, 

t hus underest i mat ing t he 

stabili zation. Another 

1.0 

res ul t: the addit i on of 

10-1 

1 100 

FIG. 2 - DRI FT-CONE STABILITY DIAGRAM 
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enough warm pl asma t o stabi -

1 i ze t he drift-cone mode 

shoul d at t he same t i me sup­

press other loss cone modes, 

such as the Rosenbluth - Post 

hi gh f req uency convective 

mode [9 ] and negative-energy 

waves, [10] thereby appar­

ently expl ai ning the high 

10·2 L-~~~....!...Jl...::::=======:=J._J_~~~_J 

1 10 100 1000 

FIG. 3 - DRIFT-CONE wR AND wi 2XIIB PARAMETERS 

degree of pl asma quiescence observed in 2XIIB when stabilized by s t reaming 
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plasma. 

In corroboration of the above picture, warm pl asma stabil izati on has 

been proposed [ll] also to explain the relatively low rates of enhanced 

transport observed in 2XII and 2XIIB, even when no external source of warm 

plasma is present. Quasi- linear arguments, resembling those advanced by 

Ga l eev, [1 2] show that the transport in vel ocity-space caused by the insta­

bility i tsel f should generate a warm plasma component directly from the 

ma in plasma, in turn strongly limiting fluctuation ampl itudes to a l eve l 

comparabl e to Te, and thus limit the anomalous l osses. 

In summary, warm pl asma stabili zation appears to offer an expl anat ion 

both for t he marked suppression of l osses observed in 2XIIB using a source 

of streaming plasma, and for the "anomalously stabl e" behavior of previous 

mirror experiments. Note al so that warm plasma stabili zation would be even 

more effecti ve in reactor-size pl asmas, the impli cation being t hat l ess 

would be required to ac hi eve stabil i ty, with the expectation therefore t hat 

t he confinement would approach that calculated for class i cal confinement. 

IV. Summary of Results and Future Directions - Results from past experi­

ments and from 2XI IB imply the fo ll owing about mirror confinement at high 

plasma temperatures and densit i es: 
Mag neti c well mi rror fie l ds suppress hydromagnetic instability up to high 

va lues of beta. Experimenta l va lues of order 0.5 agree with theoretical 

predi ct i ons .[1 3] The same theory, extended to include neutra l beam in­

jection, predicts hydromagnet i cal l y stable plasmas at beta values of 

order 0.9. [ 14] 

In most past mirror experiments there have been anomal ous l osses associ ­

ated with high frequency instabi li t i es . We believe that t he dominant 

mode at hi gh densities i s the drift-cone.[15] 

In the presence of a l ow dens i ty external l y generated source of stream­

ing pl asma hi gh freque ncy activity is strongly suppressed, and the con­

f i nement ti me r i ses with increasing ion energy, al t hough absolute loss 

rates may exceed cl ass i cal in the present circumstances. 

Future Di rections - Ass uming that some form of warm pl asma stabili zation 

permits nea r -c l ass i cal confineme nt at reactor densities and temperatures, 

what are t he poss ibili ties for mirror f usion reactors? 

Note that plasma stabi l ization by low dens i ty warm plasma represents 

one end of a contin uum of systems the other end of wh i ch i s the "two-corn-



ponent mirror reactor" approach.[16] On the basis of our present theore­

tica l understanding we wou l d expect this entire continuum to be free from 

high frequency instability mtides, such as the drift-cone mode, given ade­

quate control over the plasma parameters. 

We can correspondingly define a spectrum of possible mirror reactor 

systems and thereby define the physics and technology issues. We have al­

ready discussed the class ic mirror reactor, but this case does not exhaus t 

the possibilities, although beyond this example matters become increasingly 
specu lative : 

A fusion-fission mirror system. With increased blanket energy mu lti pli­

cation comes lowered demands on confinement and system efficiencies, but 

also disadvantages. 

Two-component mirror reactors. These offer the possibi l ity of increased 

Q, are expected to be free from high frequency instabiliti es, and require 

shorter confinement times for the ions (milliseconds). There are however 

unresolved questions associated with sheath energy transport and prac­

tical problems of high power density and large length. 

Va riations on the mirror theme, inc l uding multiple mirror systems and 

mirror-torus hybrids. These might possess considerable advantages, but 

are as yet in an earl i er stage of thinking. 
As a class, the advantages of mirror systems as reactors are: 

Steady-state capability, high power density, and sma ll er size 

Relative insensi tivity to impurities 

Adaptability to high efficiency direct conversion 

Well defi ned technological problems, possibly simpler than those for 

other systems 

We intend to vigorously pursue the potentialities for mi rror systems 

as looking toward mod i fications of our present experiments (2XIIB and 

Baseball II) as well as toward a scaled-up mirror experiment capable of 

ach i eving reactor temperatures (100 keV) and densities. 
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RECEt!T EXPERH1ENTS on THE 2XI IB rn RROR MACHINE * 
F.H. Coensgen , vJ.F . Cummi ns , B.G . Logan, A.I~ . Mo l vik ~ \~.E . Nexsen, 
T.C . Simonen , B.W . Sta l la~d, W. C. Turner 

Lawrence Livermore Laboratory, Livermore, California , U.S.A . 

Abstract : Plasma confinement experiments with neutral beam i nject ion in 

t he 2XIIB Magneti c mirror facility are descr i bed . Ion heating to 13 keV 

and bui l d-up of hot ion densities to 4 x l013cm- 3 are measured when stream­

in g plasma is introduced to suppress microinstabil i ties. Inc reasi ng ion 

energy is found to i ncrease nT. 

I . In troduct ion . We report initial resul ts of pl asma confinemen t experi ­

ments wi th neutral beam inject ion i n the 2XIIB magneti c mi r ror facility. 

The magnet is s i mi l ar to tha t of 2XII which has been described previously 

[l ,2] (2XIIB centra l field 6. 7 kg, mirror ratio 2. 0, distance between 

mirrors 150 cm) . 2XIIB target pl asma densit i es, energies and li fe t ime s 

indicated on Tab le 1 are similar to those of 2XII. 

Table l 

_ o_pe_r_at_in_g_ mo_d_e _ _ _ _ +~ev+e(evcr~;1 n~(~-~~;~-~ 
Target 1 2-5 I 80 i . 2-.4 I HJ -·- -----·--------- - -----------4 r- ------, --- -- ··--+-- ----- -- ·-- - -- ·- - . 

1 I I ! 10 
Target + Beams -+~~00-300 ! . 2-~-~~-·-- ----·--

! 25 ~-Ll Ll I I 1 4 ! 2 8 in10 
Target+ Stream I-·- . 

1 

-- i · 1 -- · x ~ 
--- -- -·- - I I ------~ ·-

Target + Beams + Stream j 13 _L_ __ ~ _ _j·-~~---j_: 7_~-~~- ~-~~~---- _ 

The principle new feature of 2XIIB i s the neutra l beam injec t ion sys ­

tem which consists of twelve injectors [3] . Currents of up to 370 Amperes 

of deuterium atoms were inj ected in the present experiments. In j ec~ors 

operated in the range 15 to 19 keV wi th extraction currents divided approxi­

mate ly . 5, . 4 and . 1 between full, hal f, and one-third energy comnonents . 

The second new feature of 2XIIB i s a streaming plasma inj ector whi ch 

provides a flow of warm plasma al ong the magnetic fie l d lines . Thi s pl asma 

is produced by a deuterium l oaded titanium washer gun with a pu l se l i ne 

li ~ited to 1.1 msec durat i on in the present experiments . Thi s dura t i on 

has now been extended to permi t future experiments to be condu cted over 

longer t i me durations. 

II . Measurements. Table summarizes character i stics of plasmas formed 
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i n different operating condi tions, all with titanium getteri ng throu ghout 

the entire vacuum chamber preceding each shot. Beam inject i on increases 

the mean ion energy from several keV to 13 keV in a few hundred µs. Thomp­

son scattering electron temperature measurements i ndicate that t his ion 

heating results in electron heating. Without strea~ing plasma, neutral 

beam injection does not result in increased particle l i fetimes or density 

build-up. This behavior is attributed to an enhanced l evel of ion cyclo­

tron noise produced by beam injection. 

The level of i on cyclotron 

fluctuations is reduced with the 

introduction of streaming plasma . 

With the l ower fluctuation l evel s, 

the beam input is suffici ent to 

cause density build-up as shown in 

Fi g. l. This figure shows micro­

wave density, di amagnetic loop and 

neutron measurements as a function 

of time . The agreement between 

these measurements, together with 
beam attenuation and charge ex­

change measurements which are not 
described here, provides a consis­

tent picture, namely that the 

measured density build- up is of 
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13 keV average ion energy plasma rather than cold ion accu~u l ation f ror 

the streaming plasma . Fig. l shows a raoid density loss after the stream­

ing pl asma is terminated and the fluctuation intensi t y increases. 

Without beam injection, 

if the plasma stream is 

brought on early dur ing the 

magneti c compression, the 

plasma decay after compres­

sion is consistent with 

losses aris i ng from binary 

collisions as shown by the 

fact that a plot of l/n vs . 

time (shown in Fig . 2) is a 

straight line (i.e. nT is a 

(') 
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constant) for the duration of the plasma stream. Duri ng this shot t he 

mean i on energy remains nearly constant, in contrast to shots without pl as­

ma stream which show rapid hardening of the ion energy spectrum due to 

fluctuations . 

III. Interpretation of Data . The build-up of hot ion density nh is des­
cribed by a rate equation: 

l dn _ 
T n dt - _n_h_+_n_w [

dnh + dnw] = 
dt dt 

dnh 
-n-h _+_n_w ~ 

~1here we assume a constant warm pl asma component density n . The bui ld-up 
w 

time constant is a linear function of beam current. 

- a ( l ) 

where £ and V are the plasma diameter and vo l ume, ai and ax are ionization 

and charge exchange cross sections . Here a = n /(nh+n ) i s estimated from w w 
li ne density measurements with only the plasma stream to be ~0 .2. Equation 

(l) includes inputs due to ionization on both hot and warm components as 

wel l as charge exchange on the warm component. The facto r f describes 

density changes due to changes in angular distribution and is ta ken to be 

zero after a beam dominated equi li brium i s established. The loss time ' L 

includes all losses including coulomb scatterin9, electron drag, charge 

exchange on cold gas, scattering due to electric field fluctuations, etc. 

- 1 -1 -1 -1 -1 
TL = Tcoul + Tdrag + Tex + Twave + 

This lifetime also implicitly includes any residual particle input due to 

trapp in g of the streaming plasma by processes other than charge exchange 

with the neutral beam. One such possible process is trapping of streaming 

ions which gain energy perpendicular to the magnetic field from r.f. elec­

tric fields. However, the data shown i n Fig. l indicates that the magn i­

tude of such effects is small with respect to the (neutral beam) trappi ng 

rate. 

In Fi g. 3 we have plotted experimental T-l values, obtained from 

microwave interferometer measurements, as a function of injected neutral 

beam current. From equation (l) such plots provide two basic pieces of 

information: (a) the slope provides an esti~ate of the hot plasma volume 

(in this case 6 liters) and (b) the zero current intercept provides the 

lifetime TL (in this case 13 ms). The range of uncertainty of the inter-
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cept of the least squares straight line fit to the data points is shown 

by the standard deviation error bar which indicates a l ower limit of 5 ms 

for' · As statistical ly the ,-l intercept could even be positive the urper 

limit of 'L in this evaluation is indeterminate. 

In Fig . 4, this indeterminacy Fig. 3 

is indicated by an arrow on 

the upper end of the error 

bar. Values of nT obtained 

i n this manner at mean plasma 

energies of 13, 7 and 4 keV 

are shown as solid circular 

points in Fig . 4 where nT 

is shown as a function of 

Ei. A second measurement 

of 'L is obtained by switch­

i ng off the neutral beam 

-... 
I en 
E 

input and measuring the pl asma 

density decay rate . Such measure-

ments are shown as open circles in 

Fig. 4. For comparison a curve is 
shown, nT = 2 x l09E. 312. The 

1 

coefficient of this curve is about 

a third of that found in Fokker­

Planck calculations without the 

streaming plasma [4] . For a 

more accurate comparison the 

Fokker-Planck model is being 

modified to include the plasma 

stream. 

IV. Conclusions. These initial 
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experiments, though somewhat pre li minary, do demonstrate several signifi­

cant points: 
•Ion heating up to 13 keV by neutral beam injection 

•pl asma betas up to 0.4 

•Electron heating with neutral beam injection 

•Density build-up to 4 x l013cm- 3 by neutral beam injection 

•Reduct ion i n ion cyclotron noise with streaming plasma injection 

•Energy scaling, nT increasing with energy. 
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THE INVESTIGATIONS ON THE POWERFULL ELECTRON 
BEAM APPLICATION FOR THERMONUCLEAR FUSION 

INITIATION 

L.I.Rudakov, M.V.Babykin 

I.V.Kurchatov Institute of Atomic Energy 
Moscow, USSR 

ABSTRACT 

The problem of the designing of the pulse thermonuclear reac-

tor with triggering by the relativistic electron beam is discussed. 

It is necessary to produce an energy output~ro10 joules per one ex­

plosion in a reactor with neutron absorbing shell [r] which after 

evaporation plays also the role of the working gas. If the energy 

gain will be ...vIOO ~ IOOO one must have ?:;107 joules in electron 

beam with pulse duration 50+IOO nsec that may be achived with 

modern technology. Such beam generator may be built consisting of 

60 to IOO modules with 3x ro12 watt in one module. The elaboration 

of physical and technical problems may be carried out with one full­

size module in the coming 5 years in order to answer the quastion 

about the possibility of the construction of the test thermonuclear 

reactor. 
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I . INTRODUCTION 

In the last year s more and more attention is devoted to the 

realization of the pulsed thermonuclear reaction with triggering 

by the relativistic electron beam which has been suggested by 

E.K.Zavoisky (USSR) and by F.Winterberg (USA) in 1968. The applica­

tion of the shell for beam stopping, for the hydrodynamic plasma 

compression and for slowing of expansion (L.I. Rudakov, 1972 f 7 J ) 
allow to decrease the critical energy of the initiation and 

to prolonge the target irradiation time. In view ot the relatively 

large electron penetration ability one has to use the thick shells, 

au.eh as 0,1-0,3 mm of lead or copper for electron energy from 1 to 

3 MeV. The shell which compresses and heats the DT mixture must be 

accelerated to the velocity more than 150 lan/ae c for the reaction 

initiation. Therefore the shell radius must be about 1 cm to use 

the full energy of the beam with pulse duration near to 50 nsec for 

the acceleration of the shell. From these conditions one can esti­

mate the shell mass and the acceleration energy which must be from 

1 to 3 gramms and from 20 to JO Megajoules. The fusion energy from 

such target may be from 109 to 1010 joules. For the pointed target 

dimensions the irradiation time corresponds to the pulse time range 

of the modern sccelerators. The producing of the energy up to 

2 107 joules in the beam is also quite possible at the to-day level 

of technology• 

II. THE REQUIREMENTS TO THE PARAMETERS OF THE FUSION 
REACTOR WITH TRIGGERING BY AN ELECTRON BEAM 

In thermonuclear reactors with external neutron absorbers the 

fast damage of the vacuum chamber walls will take place if this 

walls is made from the materials known now. It demands often repla­

cements of the chamber. For example, in the Tokamak reactor the 
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chamber work period is estimated be equal to three years. It com­

plicates the reactor structure and makes it more expensive. 

In the conception of the pulsed fusion reactor which is develo­

ped by E.P.Velikhov, V.S.Golubev and V.V.Cb.ernUkha f 1] the massive 

screen shell for the neutron slowing down and absorbing is placed 

in the capsule structure. This screen ~fter evaporation serves ~s 

the working gas in the energy conversion cycle. It let to decrease 

significantly the radiation damage and the activation of the explosi­

on chamber walls and to prolonge the chamber work period up to 20-

30 years that corresponds to usual work period for the electric sta­

tions~ This blanket must indude the lithium in the sufficient quan­

tity for the tritium breeding• The thickness ot the screen must be 

20•30 cm or more for the absorption of the main part of the :neutron 

ene-rgy. 

At the sufficiently big energy of the explosion C;:::,1010 joules) 

the matter of such blanket may be heated up to 104 °K that let to 

use the effective thermodynamical cycles. It let to refuse from the 

turbine cycle with efficiency not more than 40% and to pass to mag­

netohydrodynamical methods which gives the power station efficiency 

up to 70-80%. 

The frequency of explosions in one chamber can not be very lar­

ge. It is limited by processes of preparing the chamber to the next 

explosion such ea the remoV$l the products of the previOU'8 explosion, 

the injection of the target, and the charging of the beam energy 

storage. It is expected that this time may be drive to 10 sec. 

~1he emrgy of explosion....,1010 joules can be confine in the 

chamber with diameter near to 20~30 m and weight near to (0,5+1)x103 

ton which may be create now. 
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If we assume that the energy gain will be equal to 102 or 103 

tben for initiation such explosion it is necessary to have?107 jo­

ules in the electron beam. 

III. THE PROBLEM OF THE CONSTRUCTION OF THE ELECTRON BEAM 

ACCELERATOR WITH ENERGY IN THE BEAM UP TO 101-108 

JOULES 

The electron beam accelerator with the total energy in the beam 

of about (2•J)x107 joules and power up to (2 ~ 3)x1014 watts can be 

imagined for instance as the assembly of several modules located 

around vacuum chamber, as it is shown on the fig.1, or as the double 

disk water line with diameter near to 20-30 m or more which genera­

tes beam converging to the center of the chamber. In the first case 

the application of the vacuum line with magnetic insulation for achie• 

ving the necessary current and power density is needed. The para­

meters of the single modulea:b! approximately the same as parameters 

of the existent accelerators and it is necessary to design the sin­

chronization system only. In time of elaboration of the module vari­

ant it is necessary to optimize the parameters of separate modules 

to recieve the maximum power at the fixed dimensions. The sinchro­

nization problem of the big number of commutation channels takes 

place in the case of the disk variant also as the commutation of the 

disk line must be multychannel on principle. At the present time 

there are not sufficiently big disk lines and therefore it is diffi­

cult to estimate the possibility and the difficulties of their 

construct ion. 

Let us consider the requirements to the diode of the such big 

accelerator assuming for example the use of the disk type lineo At 

output voltage equal to 3 MV the current must be from 70 to 100 Ma. 
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It is known that the diode current may not exceed some critical va-

lue L/ R. I~ 10 7 r. 
Here R is the radius of the cathode, c/ is the distance between ano­

de and cathode,~is the relativity factor. One can define the ratio 

!(j;/ or I( from this relation if the cl value is chosen. At cl~icm 
the current equal to 70 Ma can be obtained with radius R near to 1 Om 

that corresponds to explosion chamber radius needed for the necessa­

ry explosion power. 

It is evident that in the module variant in which the input be­

am splits will be located alonge the equator of the chamber the ne­

cessary chamber diameter must be approximately the same as for the 

disk line. If accelerator with power equal to Jx1012 watts is chosen 

as a module it is necessary from 60 to 100 such modules for the to­

tal power equal to (2~3)x101 4 wattso The power equal to Jx1012 watts 

may be obtained in the water line with the 3 ohm impedance at dia­

meter near to 1,5~2 m and with electric field between 100 and 150 

kv/cm. In order to use the volume more effectively these modules 

may be located in two or three storey parallel to the equtorial pla­

ne of the chamber. In this case the energy supply to the diodes which 

is located just in the equtorial plane may be realized by the vacu­

um lines with magnetic insulation. These lines play double role, 

firstly, they allow to increase the energy flow density. secondly, 

due to their small dimensions they allow to bring the energy of all 

modules to one plane where all sections of the high voltage diode 

is located. 

On the way to the creation of the powerful accelerators with 

107+108 joules in the beam and on the way of their application for 

the triggering of the pulsed thermonuclear reaction maey physical 

and technical problems must be solved. From technical problems he­

re must be mentioned the problems of the sinchronization of multy-
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channel commutation and the injection of the beam into explosion 

eb.alI11)er in particular the elaboration of the protection of the in• 

let window and the foil replacement or the elaboration so called' 

"without an anode" beam inlet trough the open hole with the approp­

riate differential pumping out of the diode. 

The main physical problems are the beam transportation to the 

center of the vacuum chamber through the iistance near to 5 or 1 O m 

and the problem of the effective homogeneous irradiation of the ther­

monuclear target. The problem of the beam transportation one can try 

to solve with the application of the magnetic guiding field and with 

the gas filliIJg of the chamb~ for the electric and magnetic neut­

ralization of the beam [2] • As a guiding field one can use the 

cusped magnetic field, the field of two coils with opposite direc­

tions of currents. During the explosion ar1 expansion of the target 

this field may be used for MHD cycle of the conversion of the explo­

sion energy to the electric energy. 

In the case of the module scheme of the accelerator one can 

elaborate all technical and some physical problems with one separate 

module in real scale, in particular it is possible to model the 

all-round irradiation of the target in the vacuum chamber inside 

of the ring high voltage diode (the scheme of such experiments is 

shown on fig.2). 

IV. EXPERIMENTAL INVESTIGATIONS. 

For the study of the problems of the creation of powerful beams 

the problems of~ beam transportation and irradiation of targets the 

Angara-1 accelerator (fig.3) was built at the Kurchatov Institute of 

Atomic Energy. The energy of electrons must be 2,5 MeV, the beam 

current will be near to 400 ka and pulse duration is equal to 60 nsec. 
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This accelerator has the single water line devided on three stages. 

The first stage of the line is charged from the separate Marx gene­

rator which works in the air and can generate the voltage up to 2MV 

with total energy in pulse up to 150 kilojoules. The first stage of 

the line has external diameter of 1 ,am, length of 1 ,2 m and impedan­

ce of 1 ,5 ohm. It plays a role of the intermediate energy storage 

which is charged up to 2 ,a-2 ,9 MV. After the selfbreakdown of the 

first gas switch the first stage forms the pulse with amplitude up 

to 1,3-114 MV and the front time near to 50-60 nsec. The second sta­

ge has the same impedance 1 9 5 ohm, the length equal to 1 m and the 

diameter equal to 1 11 m. Between the second stage and the third one 

the sharpening gas switch with the ring electrode is placed. The 

diameter of these electrodes is 0 1Jm 1 the gap between them is 6 cm 

and the gas pressure may approach to 10-15 atmosphere. In this 

switch several spa.rks have to develope [3] • 

The third stage is the transformer line. It is 3 m long and 

0 17 m in diameter. The impedance of this line changes from 1 ,5 ohm 

to 6 ohm (the transformation factor is equal to 2). The whole length 

of the accelerator is about 7 m. 

The installation Angara-1 began work from fe brue.ry 1 975. In 

the experiments at electrone energy equal to 1 MeV and the current 

equal to 150 ka with the graphite cathode of 80 mm in diameter the 

selffocueing of the beam in the diode down to 5 mm in diameter was 

observed. The photograph of the beam made in X-rays by the pin hole 

camera is shown on fig. 4. The pin hole camera was placed behind the 

thick (5mm) stainless steel anode. The spall with diameter of 7-8 

mm is observed on the back side ot the anode. 

The form of the voltage pulse ofter the multychannel sharpening 

switch is shown on fig. 5. The pulse has the form near to the rectan­

gular form. The front of the pulse is 30 naec 1 the plateau is 

40 nsec, and the fall down time is 30 nsec. 
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The producing of necessary power density demands increasing 

electrical strength of lines. Some hopes in this direction are con­

~cted with the magnetic insulation [4,5J • Experimental investiga­

tions of the magnetic insulation have been fUlfilled at MS accelera­

tor. The voltage pulse with amplitude up to 400kV was transmitted 

to the cathode of the diode through the piece of the vacuum coaxial 

line. It was shown that electric field in vacuum line overcomes break· 

down value if the magnetic field of diode current is higher than li­

miting levelo In this conditions the line input current is equal to 

the anode current and it is the evidence of the absence of break­

down. The electric field up to 2.5 MV/cm and power flow density about 

1010 watt/cm2 have been registered in the coaxial gap equal to 2 mm 

with pulseduration of 50 nsec. 

Regimes of the selffocuaing of high current beams in diodes were 

investigated on a ntmber of small scale devices with low impedance 

forming lines (--2,5 ohm). The cathodes that were used were either 

polyethylen cones (Triton device) or thin metallic needles (Ural de­

vice). In the first case the beam current density approached to 5 Ma/ 

cm2 due to preliminary injection of a plasma in the diode (total cur­

rent of 200 ka). The current density up to JO Ma/cm2 with total cur­

rent equal to 9J ka and power flow density of 5x1012 watt/cm2 (6] 

have been obtained on the Ural accelerator without preliminary injec­

tion of a plasma in the diode. The time measurements of X-rays which 

were fulfilled with a collimator and without it gave the possibility 

to define the moment of the focusing and i ta duration which is equal 

to 35 nsec. Besides, time variation of X-ray energy have been inves­

tigated by mine of absorbers located before X-ray scintillation de­

tectors with a time resolution~5 nsec. The results show that the 

effective electron energy corresponding to focusing time interval 
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differs not much from the accelerating voltage at that moment. 

V. CONCIIJSION 

In this paper the problem of the creation of the pulsed fusion 

reactor W$S considered from the point of view of the thermom.tclear 

reaction initiation feasibility. The realization of this task seems 

to be real now. However for this purpose it is necessary to solve 

a m.unber of complex physical and technical problemso Intensive the­

oretical and numerical calculations have to be performed to optimize 

the structure and parameters of the target, to elaborate the metho­

des of transformation of the thermal energy into electricity, to 

study problems of a fabrication DT target and the l·ithium absorbing 

shell for the tritium breeding and other problems. 

The module scheme of the accelerator for the irradiation of 

the thermonuclear target allow to fUlfill the elaboration of all tech• 

nical solutions and some physical tasks by one separate full-

size module. The elaboration of the structure of one module ond the 

modelling of the physical processes of a beam transportation and a 

target irradiation will allow to cane up to answer the question con­

cerning the feasibility of the fusion reactor with triggering by 

relativistic electron beam and to put up the question about building 

the demonstrative fusion reactor. 

In conclusion we express with plesure our gratitwle to 

E.P. Velikhov, A.MePaeechnikov, V.P.Smirnov, E. z.Tarumov, and 

v.v.aiernukha with which we work at I.V.Kurchatov Institute on 

investigation of the described problems. 
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FIGURE CAPTIONS 

Fig.1. The scheme of the pulsed fusion reactor with triggering by 

the electron beam. 

The modules of the electron beam generator are charged from 

pulsed voltage generators or from inductive storages. The beam are 

injected into the steel explosion chamber through the narrow splits 

along the equator of the chamber. For the prevention of the possible 

leakage of electrons and for the lightening of beam transportati-

on to the ~arget the magnetic field from 5 to 10 kilogauss is used 

generated by two coils with the currents flowing in opposite direc­

tions. This magnetic field may be used also as the element of the 

inductive MHD generators. The target in common with the blanket in­

cluded lithium are injected into the exploeion chamberby means of 

special device. The neutrons are slowing down and are absorbed in 

lithium, they reproduce the tritium and heat the working gas (lithium) 

up to temperatures equal to 104 °K. 

Fig.2. The scheme of the diode modelling the all-round irradiation 

of a target. 

Fig.3. The scheme of the Angara-1 accelerator. 

Fig.4. The photograph of the beam in X-rays, obtained by pin hole 

camera with the hole diameter equal to 1 mm. The diameter of the 

beam is 4~5 rmn. 

Fig.5. The voltage pulse, registered after the sharpening switch 

with ring electrode (pulse inputed into transformer line). The pulse 

front is JO nsec, the amplitude is 0,5 MV. 
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Figure 1 
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Figure 2 

Fi gure 3 
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Figure 4 

Figure 5 
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OVERVIEW OF ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION 

INERTIAL CONFINEMENT FUSION PROGRAM 

Glenn W. Kuswa 

Energy Research and Development: Administration 

Washington, D. C. U.S.A. 

Abstract: The basic aspects of the laser and parr:icle beam induced 

fusion program in the United Star:es are outlined . 

lnr:roducr:ion 

The goal of the inertial fusion program is to produce a thermonuclear 

burn in a small yield pellet: and apply this result to civilian energy 

needs and to research applications . Our research program includes r:wo 

main-line approaches to accomplishing inerr:ially confined fusion, and 

several unorr:hodox approaches are also being considered. All approaches 

seek to synuner:rically drive a spherical shell of material r:oward its 

center, thereby compressing, hear:ing, and conr:aining the fusile material 

within so that more energy is yielded than was expended. 

One means employed is to apply ~ laser pulse to the surface of a sphere 

in as uniform a manner as possible and with as short a wavelength as 

practicable. Neodymium glass syst~ 1s are most: commonly used for this 

class of experiments, and other possible superior lasers are under 

development. The second approach is to employ powerful electron beams 

to deposit their energy in the outer regions of r:arger:s to be imploded, 

and is attractive because of the great efficiency available from a beam 

device (""50%). The unorthodox approaches are various variations for 

using ion pulses to implode peller:s, 

and if adequate ion beam generators 

can be developed it is an exr:remely 

promising approach because of the 

favorable energy deposition proper­

ties of ions. 

Before we describe the basic technical 

features of our program it is instruc­

tive to examine the program funding 

broken down by the budget catagories 

which describe the program. 
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The program office in Washington is very small and gives the maximum 

possible freedom to the ERDA laboratories to manage their own programs . 

The over-all philosophy is expressed by the following table . 

A Balanced National Laser-Fusion Program Involves: 

Utilization of Unique ERDA Laboratory Expertise 

Over 20 years Experience with TN Bur n Large Computers 

Experimental Diagnostic Base Sophisticated Codes 

Management of Large Applied Science R&D Endeavors 

Utilization of Industrial and University Expertise 

Laser and Optical Development Industrial Research Capability 

More Ideas Stimulated and Incoporated 

Fabrication Technology for Hardware and Diagnostics 

Development of Capability that Extends Program 

Development Pool of Trained Experts 

Preparation by Partnership for Eventual Industrial Takeover 

The major projects supported by the ERDA program and their respective 

managers are listed in references 1- 6. In addition, some seventy smaller 

research contracts Pre planned or awarded in support of program goals . 

It is instructive to examine the fusion power decision t r ee below, which 

shows the schedule for making major decisions (diamonds) for starting 

activities or construction, and the estimated useful life of the facili­

ties. The more distant decisons are subject to change, and the entire 

program is under continuing review. 

NEUTRONS. 
X· RAYS 

X·RAYS 

1975 1980 1985 

INPUT FROM 
MAG NETIC CONFINEMENT 
PRO GRAM 

EXPERIMENTAL POWER 
REACTOR 

OPERATIONAL TEST SYSTEM 

1990 1995 2000 

CALENDAR YEAR 
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I. Nd: Glass Laser Research [7] 

There are problems which limit the uniform power density which can be 

placed on a target , which is the ultimate measure of a fusion laser's 

usefulness . Nevertheless, glass systems are the present work horses of 

the laser fusion effort. 

Oscillators are designed to produce a series of mode locked pulses, one 

of which is switched out by means of an electro-optical shutter which 

is triggered by the first sufficiently large pulse of the mode locked 

train. Mode locked pulses may be varied by changing dye concentration, 

cavity size, or etalons within the oscillator cavity . In addition, one 

pulse may be split into many beams and passed through a series of delay 

legs with various absorbing filters, and then recombined to form a tail­

ored pulse . Since the resulting series of pulses carries coherent phase 

information, adjacent pulses may interfere, resulting in a rather "rough" 

effective wavefront on target. The effect of this is not fully known . 

Alternatively a pulse may be smoothly tailored by passing it through a 

series of bleachable absorbers of varying thickness and concentration, 

or by using active optical elements. In general, oscillators are one of 

the more erratic components of a system and extreme care must be used to 

preserve any measure of reproducibility . 

The pulse from the oscillator is amplified in a series of increasingly 

large aperture amplifiers . Between stages either the natural beam diver­

gence or expanding telescopes are used to increase the beam diameter . This 

is necessary so the damage thresholds and limits imposed by non-linear 

optical effects are not exceeded . Soft apertures designed to optimally 

shape the beam spatial intensity profile and reduce the effect of high 

spatial frequency "hot spots" are used in some systems, while others rely 

on large interstage separation to accomplish similar results. Spatial 

filters are also used to maintain high beam quality. 



Saturable absorbers and/or additional electro-optic shutters are required 

to prevent prepulses from the oscillator and rod fluorescence from altering 

the target before the main pulse arrives. In addition Faraday rotators are 

used to prevent back-reflected light from re-entering the optical train and 

destroying the early stages after amplification in the final stages. 

Frequently discs are used in the final stages. The critical parameter is 

the B integral in the optical medium, where X = length, and I = intensity. 

B = cfid~ , C = .024 cm/GW for ED-2 glass 

When B>3-10, the beam will abruptly go unstable and be transformed into 

a few filaments of excessive energy density due to the beam induced non­

linear refractive index; this may destroy the optical components or cause 

the beam intensity on the target to drop at peak laser intensity. 

Improved optical materials are expected to permit a two fold increase 

in power density. The advantage of disc systems is that the glass can 

be more highly doped with neodymium than a rod and still be uniformly 

pumped. With higher gains, less glass can be used in the optical train 

and the beam will be more focusable. Lenses and windows must be also 

treated as non linear elements, and typically contribute about 30% to 

the B integral. 

To reduce the lossy effects of refraction of light incident non-radially 

on spherical targe ts, large aperture specialized mirror systems have been 

designed. As more beams become avai lable it will be possible to uniformly 

flood sphere~ with nearly normal light rays without using the special 

mirror systems, but fairly elaborate pointing and tracking apparatus will 

be required to keep all beams on target. The Shiva system under construc­

tion at LLL will yeild subnanosecond 10 kilojoule pulses with 20 beams. 

II. co2 Laser Program [8] 

Gas l asers offer advantages of faster repitition rates, adjustable laser 

medium parameters, and non-damagable laser media. In addition the co
2 

system and certain other gas systems are more efficient than Nd:glass 

systems. The penalty paid for these advantages is increased compl exity, 

and in the case of co2 , a wavelength which is harder to handle with optical 

components and possibly l ess desirable for producing implosions at a given 

light energy. 
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The co
1 

program at Los Alamos uses a broad area electron beam from a cold 

cathode to continually ionize the lasing medium during the pumping pulse. 

A thin foil separates the electron gun at high vacuum from the lasing 

medium at~l atm. A discharge is also passed through the medium, and 

potentials and pressures are adjusted to avoid avalanching into the arc 

mode. In this manner the medium is uniformly pumped over a large percent­

age of the active volume . 

0 
Since co

2 
lases on a number of discr:te lines spanning a 2000A region 

of the spectrum, and the cross relaxation times are of the order of one 

nanosecond under typical conditons, a multiline oscillator must be used 

to obtain efficient nanosecond energy extraction. Using a single-line 

oscillator only the energy partitioned in the oscillator line and its 

nearest neighbors is extracted. Multiline oscillators have been demon­

strated and work continues to improve their reliability. Another important 

task is to further develop saturable absorbers and inexpensive Faraday 

rotators for co2 wavelengths (10.6 microns). Both mixtures of bleachable 

gases with the laser medium and the incorporation of separate gas cells in 

the laser system are being studied. The co
2 

system planned for construction 

will yield 100 kilojoules in a one nanosecond pulse. 

III. Electron Beam Induced Fusion [9] 

The electron beam fusion program is the most recent, arising from the 

growing realization after 1970 that highly concentrated electron beams 

can be produced and directed onto a target. Since large e l ectron beam 

accelerators already existed for weapons effects simulation, progress 

has been quite rapid. 

Electron beam accelerators are based upon straightforeword principles. 

Energy is stored by charging capacitors in a Marx generator. This energy 

can be transferred intv.5)-lsec (by triggering switches which effectively 

connect these capicators in series) into an intermediate pulse forming 

line. This line is designed to discharge its energy into the diode in 

20-100 nanoseconds upon c l osure of a low inductance switch. Diodes 

consist of a field emission cathode (frequently graphite surfaces) and 

a nearby anode plane containing the target. During the past two years 

it has been demonstrated experimentally and modeled numerically to show 

that the pinching beam acts much as a hot electron gas would, and can 



deposit kilojoules of energy with a uniformity of +10% over a spherical 

target mounted to the anode plane on a stalk. Two-sided irradiation will 

considerably improve this uniformity. More detail is presented in a paper 

at this conference by M. Widner. Low jitter, low inductance switching 

technology required for simultaneously charging transmission lines and 

connecting them to the diode now exist as prototypes. The development 

of improved low inductance interfaces between the energy storage network 

and the diode electrodes is one of the most important and difficult problems. 

Limitations on power density flowing across insulators makes it necessary 

to design diodes of larger diameter to accomodate larger insulators. 

To maintain low inductance the cathode must be of large diameter. The 

pinch formation times for beams from large diameter cathodes is not pre­

sently known and experiments are currently underway to study this problem. 

It may be necessary to preintroduce plasma into the diode to speed formation 

of the pinch. 

The currently planned electron beam fusion accelerator at Sandia Labs will 

operate at powers of 4 x 1013 watts with beams incident on the target from 

both sides. Investigation of ion beam generation and focusing is part of 

the electron beam program. The space charge created by intense electron 

flows can give rise to very large electric fields which can accelerate ion 

currents comparable to the primary electron current. 

IV. Diagnostics for Electron Beam and Laser Fusion [7, 8, 9, 10] 

Electron beam devices operate attvl MeV into high -z targets and conse­

quently produce large x ray yields. Pin hole cameras and various x-ray 

detectors viewing the anode plane and target through collimators are used 

to estimate the uniformity of illumination on target and determine the 

beam pinching dynamics. To examine the collaspse phase of electron beam 

targets after the electron beam pulse is over a method has been devised 

to permit taking shadow x-ray pictures of the target. A relatively weak 

flash x-ray machine is pulsed at the desired time and a specially designed 

camera with a high on/off sensitivity ratio is simultaneously gated on to 

record the shadow image of the collapsing pellet at times when plasma and 
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vapor completely obscure the field of view from optical diagnositcs, 

Optical diagnostics have also been useful in the beam fusion program. A 

velocity interferometer used to monitor the rear suface of targets yields 

information on the arrival of shock waves and the breakup of target mate­

rial into small segments. The latter effect is important because wall 

breakup may contaminate the thermonuclear fuel and prevent burn in later 

experiments. Optical holography of plasma evolution in diodes has 

been instrumental in improving computer simulation . A new system 

takes a series of 3 ns "snaphots" spaced by N 10 ns and allows complete 

separation of each image thus obtained. 

The diagnostics used for laser fusion include the familiar Faraday cups, 

particle spectrometers, calorimeters and impulse measuring probes, which 

are all used to measure the pellet energy inventory. The fraction of laser 

energy which coupl es into fast ions is particularly important because ions 

in the supra-kilovolt and above region carry away large amounts of energy 

without imparting a sigificant share of momentum to the imploding shell. 

In addition fast ions may contribute to neutron counts and cause erroneous 

interpretation of experiments. Recently with the advent of neutron produc­

tion from pellets it has become possible to measure alpha particle energies 

from the T(d,n) He~ reaction, The measured energy spread reflects the 

fuel temperature and the thickness of the pellet wall during the time of the 

reaction. The temperature of the pellet changes the stopping power so 

that interpretation is complicated, Both KMS Fusion in cooperation with 

the group at Los Alamos, and the group at LLL are using alpha measurements 

to interpret their respective neutron results. 

Both light and x-ray streak cameras are essential diagnostic tools for 

implosion studies. Picosecond light cameras exist, but there are diffi­

culties in reliably producing stable photocathodes sensitive in the 1.06 

micron region. The time resolution of x-ray streak tubes has been limited 

to a great extent by the angular dispersion of photoelectrons from the 

cathode, It is expected that a specially designed image tube incorporating 

a means for reducing angular dispersion will yield <5 ns resolution for 

x ray pulses, 



An important additional diagnostic will be the improved grazing incidence 

x ray microscope. Using technqiues developed for solar x ray studies, 

these instruments will collect and focus 3 orders of magnitude more photon 

intensity than equivalently resolving pin holes. These units will be 

coupled to streak cameras, and projected resolutions extend below 5 pico­

seconds and 2 microns. 

v. Systems Studies [7, 8, 9) 

Systems studies have been undertaken to examine the critical factors in 

utilizing laser fusion for power production. Parameters such as pellet 

gain, laser efficiency, laser energy, repitition rate, required wall life, 

pellet costs, radiation damage, and many others are included in such 

studies. The result of one such study is the figure shown below which 

shows how laser efficiency governs the economics of a power plant incor­

porating various fission energy multiplicaton options and different 

percentages of recirculating power. The trajectory on the graph shows 

the expected evolution of the laser fusion concept using inefficient 

lasers and high fission multiplication to an eventual pure fusion device 

employing so far unidentified lasers. 

10 20 30 40 50 100 

BLANKET ENERGY MULTIPLICATION 
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Pellet Fabrication [I, 8] 

The present generation of fusion pellets is designed to study imp~osion 

physics and may not bear much similarity to the pellets which we hope 

someday to use in power plants. Presently most pellets are selected from 

miniature glass spheres manufactured in carload lots as plastic filler 

material. The selection is accomplished by screening, flotation and 

application of "crushing" pressure to select the proper outside diameter, 

wall thickness, and uniformity, respectively . Wall uniformity is measured 

by light interface methods or by x- radiography. Filling is accomplished 

by diffusion of D and T through the walls at temperatures just below the 

glass softening point. Upon cooling the pellets remain filled for weeks. 

Measuring the fill can be done by destructive testing or by measuring the 

x-rays produced by tritium beta particles interacting with the pellet walls . 

Ultimately liquid or frozen drops are expected to be used for fuel. 

They can be generated by forcing the liquid fuel through a nozzle which 

is vibrated, and can be accurately accelerated and aimed by electrostatic 

means . Present generation electron beam targets are simple gold shells 

slightly thicker than an electron range. 

New Lasers [9 , 8, 7] 

The search for fusion laser systems is directed toward identifying a 

medium which is approximately 10% efficient, emits in the visible 

region, and can be scaled to yield hundreds of kilojoules in the nano­

second regime at a repitition rate of 100 hertz. Certainly there will 

be less ambitious developments on the learning path, and interaction 

experiments for the next few years will be performed with glass and 

co
2 

systems. Some systems under investigation are outlined in terms 

of main features. 

Iodine (1.3 microns) is excited by flash photolysis and has been demon­

strated at the 1 ns 300 joule level by the Garching group with efficiency 

of .3-.5%. The present U.S. effort seeks to improve flash lamp efficiency 

in a prototype expected to operate at theNlOO joule~1% efficient level, 

and a 1 kilojoule facility is being considered. 



HF lasers are being investigated in a collaborative Sandia-Los Alamos 

effort . Five kilojoule 26 nanosecond pulses of apparently high beam 

quality 3 micron light have been produced by initiating a mixture of 

F
2

, o
2

, H
2

, and SF
6 

in a solenoidal magnetic field. The field was used 

to guide an intitiating 2 MeV 50 kamp electron beam into the gas. In 

terms of chemical energy this system was 3% efficient. 

Other lasers such as the rare gas excimer systems are under investigation. 
These system have the potential for fusion applications, but are not 

presently well enough understood to consider scaling. 

Interaction Studies [7, 8, 9, 10) 

Interaction experiments are being pursued at a fundamental level to study 

plasma physics, diagnostics, heat conduction, effect of prepulse, and other 

parameters. Of greater note in the news, there have been a number of 

reports of neutron production in compressed pellets, which we hope but 

are not presently certain will prove to be of truly thermonuclear origin. 

Since these experiments are certain to be covered in other papers at this 

meeting we conclude with a comment that enough basic physics remains to 

be learned that small efforts are as important to progress as are the 

large interaction programs. ERDA policy reflects this view in its support 

of many university and industrial research and development efforts. 
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HYDRODYNAMICS AND COMPRESSION OF A LASER 
IRRADIATED TARGET 

J.L. BOBIN - J.M. REISSE 

C. E. L. - B. P. N° 2 7 - 9419 0 Villeneuve-St-Georges 
(France) 

ABSTRACT 

In order to match fusion energy balance requirements, the target 

should be compressed isentropically. The efficiency of the process is 

investigated. In order to deal with limited energy lasers , similarity laws 

are emphasized and the energetics for .3mall targets are evaluated . 

!/-SCOPE 

The principle of pellet compression by a high power laser in order to 

achieve a significant thermonuclear burn is now t heoretically firmly esta­

blished. No doubt that provided sufficiently energetic lasers with suitably 

tailored pulse shapes are built, breakeven conditions will be eventually 

achieved. It looks very likely a long and costly endeavour. Accordingly , it 

is of interest to investigate how smaller scale experiments might yield 

intermediate milestones. A first attempt has been made mainly by KMS Fusion 

irradiating DT filled glass microballon with a Nd laser in the 100 joules 

range. However, the final density of the thermonuclear fuel is of the order of 

solid state although the compression ratio is high LL/ . 

It is the purpose of the present paper to show ho~ starting from analy­

tical theories, similarity laws may help the design of experiments in whic'.1 

the laser energy and power are limited and the target is initialy in the sol.id 

state. 



-
2/- ISENTROPIC COMPRESSION 

Following KIDDER L1:...J we use a lagrangian formulation to 

investigate the dynamics of a homogeneous isentropic compression 

process : every fluid element has the same time history. Let then h(t) 

be a dimension-less function of time only. In a one dimensional situation 

the coordinate is 

(2-1) 

and the particle velocity is : 

(2-2) 

Let V = 1, 2 or 3 be the exponent characteristic of the plane, cylindrical 

or spherical geometry respectively. The gas dynamical equations then 

read with obvious notations. 

~-' ~-· Mri. -e ~ r Glr.:: et : f 
0

ro ~re =~o 

~ r - r \}_\ ( ~ ) 
tU- ~ 

-~ -Y-
~(f'o,~) ·f (r-0 ,t) '::' ..r0 {ro,O) fo (ro,o). 

(2-3) 

By combining these equations one gets 

• (2-4) 

Since r and t are independant lagrangian variables, both sides should 
0 

be equal to one and the same constant whose dimension is t he reciprocal 

of a time squared : - l / t
0 

2 ·say. The temporal part is the.n integrated oncE 

with the boundary condition h(o) = 1, hence the first order differential 

equation : 
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= - clt 
(2-5) 

\) 
where r = 2 (~ -1) 

(2-6) 

In the case q = 2, the solution does not depend on ~ and reads 
\ -

.ti c (' - ~ ~ ) "'-"'"'. IB t:o 

Hence the applied pressure at the external boundary (r = R) 
- '1:!:. 

(2-7) 
( 

µtt ~ ) .... +, 
-\'l(R,\-)r ~(R,o) \ - ~ to 

v = 3 
\)o 6~ 

with for - (sphere) - ; - , 
µ+r ll>-1 

- v = 2 (cylinder) ~~ - 2. - - , p. ... , 

\) = 1 (plane) vo 20 - - • ... 
'«so\- ' µ.9'-1 

The b.st value can also be obtained using Stanyukovich's analysis of 

converging characteristics L1J . 

If one has q "I 2 , an analytical solution can be obtained only 

for special values of ~ 

(2-8) 

n being any integer or zero, a general result according to the theory 

of isentropic flows LY . The simplest case corresponds to t'- = 1, n = O 

which for spherical geometry implies ~ = 5/3. The solution if further:;iore 

q = O (fluid initially at rest) reads LY : 



(2-9) 

and the applied pressure is 

(2-10) 

Numerical simulations confirm that bcth (2-7) and (2-10) lead to 

isentropic compression of nuclear' fuel pellets. 

However, since the entropy is not significantly decreased by having 

p smaller than half a megabar Ll._/ the high value of p thus induces a 
0 0 

shock ahead of the isentropic compression. The medium is then set 

into motion which means q may equal 2 and (2 - 7) is the more suitable 

solution. By looking at the way the impinging laser light creates an 

ablative flow LV the incident power should be i:L.J . 

(2-ll) 'PI- " ?o (-1 - t ) S 

where tf = ~ ~c /{µ~') and S f'J 2 according to numerical simulations. These 

results apply to homogeneous media whether they are in the form of bulk 

spheres or shells. It can be also shown that the spatial part of eq (2-4) 

is fulfilled in either case. 

A surrounding heavier material might help the isentropic process 

t hanks to its greater inertia L§__/ • Such effects will not be considered here. 

3/- EFFICIENCY OF THE ISENTROPIC PROCESS 

Actually, the aim of laser compression of spherical pellets is the 

achievement of a high value of the parameter 

'R 

(3-1) l r: 1 f d\"' 
0 

which is simply related to the fractional burn up of the thermonuclear fuel 

LJJ . Given a self similar density profile which satisfies the temporal 

part of equation (2-4) and the pressure law (2 -7) it turns out that since 
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(3-2) 

(3- 3) 

'2. 

( .l...!L I ) »-)I R r: t<C> _.._ l; l; .. 

4 
r: 1o ( '1- ~/~~ )-,~ 

Now , the mechanical power applied at any time on the spher-e 

with external radius R is 

Hence 

(3-5) 

In the special case ~ = 5/3 (Fermi degenerate gas) one finds 

(3 - 6) 
) ~ . 

I 

such a dependance was also found by KIDDER f1__/ using (2-10} 

instead of (2-7) . It basically depends on the value of ~ and not 

on the details of the is entropic compression process. 

On the other hand, in order to drive such a process the time 

behaviour of the laser pulse should be of the form (2-11) and numerical 

simulations show that the critical density where most of the incorr:ir1g 

radiation is absorbed stands at an almost constant radius R from t:'."le 
c 

center. Since for '( = 5 /3 one has S N 2 and ~ -; ~l = -2, one fin::s 

(3 - 7) N constant • 

The same conclusion holds for the energies : 

(3-8) =- :- ---- = constant. 



Thus, if, during one and the same implosion process according to 

(2-7) , the whole mechanical energy is converted into internal energy 

of the compressed material (which is a very good approximation close 

to the time of focalisation), the compression efficiency does not depend 

on the final state. Furthermore one has between the maximum laser power 

and the sought value of J p dr the same relationship as (3-6) i. e. 

(3-9) 

2 The large value of I { N 3 g/cm LJ_J ) necessary for a thermonuclear 

burn, requires a high value of P
1 

. However due the square root 

dependance a significant I might be obtained with a reasonable laser 

power i.e. compatible with present day state of the art. 

Now using (3-4) and (2-11), 

(3-10) 

and the absorbed flux at time zero is 

(3-11) 

where Re is the radius of the critical layer. Since one has 

\ 11, 
l~ ~ 'Ro <f>o (3-12) 

(3-13) 

it comes out that 

(3-14) 
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and finally : 

(3-15) 

R
0

r( initial radius of the part of the pellet eventually compressed depends 

on the available laser energy through the well known similarity law : 

-W-pt. = cte. On the contrary Re depends on the initial size of the pellet 

on the laser frequency and on the way energy is transfered from the criti­

cal density to the ablation front by electron thermal conductivity • 

Roughly the higher the frequency, the smaller is R and the higher the 
c 

ratio R /R • Also, shells in which R initial radius of the eventually on C Ot\ 

compressed part is large , look more attractive than bulk spheres from 

this view point. Any way the efficiency "'JI remains comparatively low : 

about 5 %. 

4/- SIMILARITY LAWS 

The original 1 or 2 dimensional calculations of implosion and 

thermonuclear burn of DT spheres L:iJ , LLJ , deal with comparatively 

large systems and involve a laser energy ( N 60 KJ) far beyond the capa­

bilities of present and predictable laser technology. Here we are more 

interested in what can be done with smaller inputs. Hence the proble!11 

of adjusting the parameters of either the pressure law (2-7) or the laser 

power law (2-11). Before optimizing one has to start from some guess 

educated by similarity laws . 

In order to get a high compression, the characteristic time tf 

should be nearly equal to the focusing time t of the initial shock induced 
s 

by application of the laser power P
0 

onto the surface. Notice that
1
given 

properties of the laser induced flow, some preparation (prepulse) is 

necessary in order that the initially solid spheres sorrounded by a plasma 

corona which absorbs the radiation. Afterwards only, P 
0 

is applied. The 

corresponding shock velocity is proportional to P l/3 . Hence : 
0 

- •13 
( 4-1) t " °"' 'R 0 p 0 • 



Taking as a reference parameter instead of the laser power, the pressure 

actually applied to the eventually compressed sphere, the result is : 

(4-2) 

Now if the initial radius is changed by a factor J\. , tf is modified t::-:e 

same way, pressure and density being conserved. Therfore setting 

R' =..AR , p' = p , the mean thermodynamical path (a line in the 
0 0 0 0 

diagram lM T1 ~ f) remains the same. On the contrary, if p' =A p 

J\..-1/2 0 0 
with R'

0 
= R

0 
, p' =J\p , t'f = tf and the density does not 

change . Thus one gets parallel lines in the same diagram as before. -:::'hese 

similarity laws are rigourous. 

This is not the case of those obtained starting from the laser 

power. Indeed t he critical radius changes with time . So the influence 

of the target size can be evaluated in two ways. First let the applieC. 

flux density be constant : R' = ./\. R , 0' = 0 . Hence, since one :i.as 
2 0 0 0 0 

R C>L R , P' = )\_ P . This is again a case of constant pressure, c 0 0 0 

density and temperature are conserved, t' f = J\. tf , but the required 

energy : 

(4-3) 

The alternative possibility consists in keeping a constant P 
~I Sil o 

r/J ': /\.,_if; I ...p ' c /\. ~ , t ·~ = I\. t J J EI~ A Sil E 
-4/3 

for an unchanged density T' = T /\. . 

. Then 

which yields 

By the same token, given the initial target radius, the influer:::;e 

of the initial power P' = A. P leads to if;/ =A</>, p' = _A213 p, 
1/ 3 ° 2/3 ° t' f = J\: tf , E' = ../\.- E and consequently for an unchanged 

density , T' = .J\.2/ 3 T. In this case an alternative approximate simil:tary 

law can be also useful. Assume that in order to achieve a given jp c.: , 
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the required energy does not vary that much. Hence starting from (4-3) in 

a slightly different form : 

(4-4) E c 

and assuming a fair constancy of the bracket [ J 

(4-5) 
C Ls t 
'~~J t\lC.. 

The previous derivation would have given : 

(4-6) 

But the motion of the critical radius is over looked . According to every 

special case either one of the relationships (4-5) or (4-6) can prove more 

accurate according to computer runs. 

An example of the results obtained by a one dimensional lagrangian 

code for the ca:::e of a 1 t.t~ DT pellet irradiated by a laser pulse of the 

form (2-11) and using the similitary law (9-6) to chose the parameters in 

order to compare with Nuckoll's results L2.J , is given on fig,!, The 

maximum value of I = J f dr in our case is O. 79 g/cm
2

, provided a large 

( ) 5 0 %) amount of energy is delivered in the last few picoseconds. 

5/- ENERGETICS 

The energy cycle of a fusion process involving a laser is shown 

on fig. 2 . Obviously one-wishes that the gain G overcomes the losses 

represented by t he efficiencies so that the multiplication factor 

(S-1) 

In the present state of the art one may expect the laser efficiency "} $ to be 

about 1% (Nd glass) or 10% (Co2).~ A- is about 80%. "}
1 

as seen in section 3 

is around 5 % • Hence the necessary values for G given by table l for two 

cases : z = l (breakeven) 
/ 

Z = 10 (reactor). Now, starting from a fu e l in 
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which the mean energy per particle is 3 , 5 keV the yield per reaction is 

17 M.eV so that the maximum expected gain is : 

(5-2) 

, 
:: -1.2 10. 

Comparing this value with those of table 1 would lead to definitely 

pessimistic conclusions. However central hot spot ignition provides a 

clue to overcome this . Provided enough energy is fed into the innermc st 

part of the imploved shell at thermonucle ar temperatures, the ignition 

propagates around. The phenomenon obeys a scaling law of the type 

(5-3) 

LlQ/ which is the same as the scaling law fora given fractional burn t:.? 

LlV: 

where M is the interested mass, '\'\.$the solid state density. Fortunatel y 

one has K)) K
0 

• 

Now, different systems, whether they are centrally ignited or not 

compare through (S-4). The energy necessary to isentropically compress 

the pellet is readily calculated : 

jv ( f d~ 
(s-s) -W c. c M ~ dV = M ) 1l f ~ ' 

~~ f s 
V being the specific volume ( V = 1/ ~ ) . Taking into account 

(S;-6) 

and (S-4) one finds 

(S-7) 
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This function of M has a maximum for MN O. 3 K/~ ~ and for small 

M varies as M
2
/

3 
both laws being valid for ~ = 5/3 (Fermi degenerate 

gas). When the isentropic process follows a shock wave , the results 

are similar. However, the maximum value corresponds to t he shock 

conditions. 

Now, one is interested in getting the highest fractional burn up 

with the smallest energy investment. Since a central ignition is thus 

required, the energy invested is composed of two parts : the one neces­

sary to compress most of the fuel, the other to also heat the innermost 

part up to ignition propagation conditions. The latter is proportional 

to the mass of the central hot spot. By the same token, one would also 

find an energy proportional to the mass of the whole sphere was to be 

at the ignition temperature. The corresponding calculations yield the 

results shown in fig. 3 . The required energy for ignition is then either 

proportional to the mass according to line I for the case of total ignition, 

or is the sum of energies resulting from curves II (central hot spot) or 

III (isentropic compression). The most favourable conditions are obtai­

ned with fairly large masses isentropically compressed while t he 

energy necessary for heating the central hot spot remains comparatively 

low L.11/ . Taking into account the results of section 3 it can be infered 

that the results obtained on fig. 3 also apply to the laser energy, 

changing the ordinate scale by a factor 1/ 4
1

. 

6/- CONCLUSIONS 

According to the above results, small scale experiments can be 

of significance for the laser fusion problems : equation (3-9) shows that 

interesting values of I = J ~ dr can be re.ached with comparatively low 

laser· powers and energies. Furthermor<! the preceding section evidences 

favorable energetics. However the pulse durations should be in the 

picosecond range for target masses in the microgram range unless one 

uses tricks in target design, The problem of implosion stability have 

been completely overlooked here. Thus our results are valid as far 

as instabilities do not actually limit the maximum expected density. 
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DENSITY DIAGNOSTICS OF SUPERCOMPRESSED 

LASER-THERMONUCLEAR TARGETS 

F.A. Nikolaev, V.D. Rozanov 

Lebedev Physical Institute, Moscow, U.S.S.R. 

The problem of the laser thermonuclear fusion is strongly connected with 

both the progress in construction as well as the investigation of gas 

dynamic and heating processes in the laser pel let. These experiments 

require the development of new methods of plasma diagnostics specifical­

ly suited to the extreme conditions of temperature, density, size and 

time resolution typical of laser fusion problems. The main object of this 

report is to review the techniques developped in our laboratory for mea­

suring the density of imploding pellets . 

The pinhole X-ray camera has been used by Dr . B.R. Guscott et al to demons­

trate compression in experiments reported elsewhere [vol 1, p. 66]. It is 

this technique which has been used to demonstrate a compression of 20 in 

diameter of the pellet. Thi s diagnostic does not provide a time resol ved 

measurement of the density. We discuss here spectroscopic and various 

other methods . 

1. SPECTROSCOPIC METHODS 

These well-known methods are very attractive because of their long history, 

both the experimental techniques and the methods of analyzing the results 

are well developped . The examination of possible spectroscopic methods has 

been done by Dr. I.I. Gobelman and collaborators [1]. 
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From the condition for small bremsstrahlung absorption, 

-t ~ ~ o.i6x10
4
\ (~) (~f (~-et<f't ~~~ N~e <: ~ (1) 

it is easily seen that, for pellet densities 10
21

-;- 10
25 

cm-3 (pellet 
-2 diameter 10 cm and less), the useful diagnostic wave length interval is 

A= l~ 10 R. This is the range of hydrogenlike and heliumlike transitions 

for ions with Z ""' 10 7 30. 

For plasma having the expected parameters there exists some physical effects 

that are directly related to the plasma density. They are : 

a) Line broadening 

b) Relative line intensities 

c) Plasma satellites 

d) Raman scattering of external X-ray radiation 

We shall discuss each effect in more detail. 

a) Line Broadening 

In the paper [1] it has been shown that for hydrogen like ions with Z ~20 

and for a temperature T~ 2 KeV, line broadening due to the density is 

larger than the Doppler broadening. This effect is well described by 

Ho 1 tsmark theory [2 , 4] 

i 
n 
i 

( 
3 )

21 
Q N· 

0 t 

(Ry = 13.6 eV, a= Bohr radius). The density range in which this method 
0 

can be used is shown in Fig. 1. The region of N between curves 1 and 2 

(2) 

corresponds to the quasistatic ion broadening. In the region above the 

curve 3, ~ ion density broadening is greater than Doppler broadening. Below 

the curves 4 and 5, the effects of Coulomb repulsion of perturbing ions 



5 /0 15 20 25 

Figure 1 

and Debye shielding are not important. The broadening of nonhydrogenlike 

ion lines can also be used for plasmas with N'jt: 10 22~ 10
26 

cm-
3

, but the 

widths of these lines are small. This implies that instruments with extre­

mely good resolution have to be used. As an example the Fe XXIV (A= 11 R) 
and Fe XXV (A= 1. 87 R) lines have a width of about L'.l A ~ 10-2 R. 

b) Relative Line Intensities 

This method has been used in many cases [s,6] for plasmas with N< 10
23 

-3 . . 1023 -3 . . . cm . In the density region N 7"' cm , some complications arise because 

threebody recombination becomes important. Calculation accuracy of these 

processes is low and prevent using this method for plasmas with N? 10
23 

cm-
3 

c) Plasma Satellites 
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d . . 1024 . 1026 - 3 b . f 1 11' . For ensities N ~ -: cm o servation o p asma sate ites is 

possible. These satellites are due to the interaction of radiation with 

the neighboring ions. The shift in wave length of the satellite is re-

lated to the Langmuir frequency J 2 I W1 : W ~ W 
0 

+ 2 C.V1 (0.\ =2 lT e N/m), and 
24 -3 

for N ?'10 cm the satellite becomes visible. Ratio of the intensity 

of the satellite line to that of the resonance line for N ?'10
24 cm-3 is 

about 10 %. That means that the position of the satellite and the cor­

responding density can be determined with a good accuracy. 

d) Raman Scattering 

. 23 . 26 -3 This method can be applicable for densities as high as N :;:.- 10 ~10 cm 

In the forward scattering spectrum of an external X-ray beam it is possible 

to observe the peak corresponding to the excitation of plasma oscillations 

(W'~ll) ± W
1
). The highest density region of the plasma is responsible for 

this peak. Therefore its position provides information only on the maximum 

plasma density. The intensity of the external X-ray source needed is very 

high. Sufficient intensities may be obtained with laser produced plasmas, 

the parameters of which are specially adjusted for thi s purpose [7-9]. 

As a conclusion to this short review of spectroscopic methods, we make two 

remarks. Methods a, b and c are useful for plasmas with Te > 200 ~300 eV; 
23 -3 

method d is effective in the low temperature region and for N ? 10 cm . 

All these methods, except d, have one deficiency, that is you must keep 

a percentage (about 2 %) of heavy elements in the pellet (A~ 20-60) . 

2. NEUTRON YIELD AND SPECTRUM 

a) Relative yield and D-T-neutrons spectrum . . , 
It is well known that in the neutron spectrum from a laser heated pellet, 

there exi sts neutrons with energy 2.5 MeV coming from D(D, He4)n reactions 



[10]. In paper [11] it was proposed to use this effect to determine the 

pellet density. Fast D-T-neutrons (velocity v ~ 8·10
8 

cm/sec) are pro­
o 

duced not only in the low density "corona", but also in compressed core 

of the pellet. Calculations [n]have shown, that starting from a tempera-

~ 0 1 0 3 d d . . ,..., 1025 - 3 1 . . ld ture Te~ . - . KeV an ensities N,..,, cm , the re ative yie 

of D-T-neutrons QDT/QDD increases with the temperature and in the Te Z 1~3 

KeV region it reaches 10 % (Fig. 2). From Fig. 2 we can see that relative 

neutrons yield can give information about the density and temperature of 

the compressed pellet core. If the core is "cold" D-D processes occur only 

in the corona and the relative yield from the core remains of the order of 

lo-5. 

Information about the temperature of compressed core can be obtained from 

the spectrum of D-T-neutrons. In Fig. 3, the calculated spectrum of D-T 

neutrons for "cold" and "hot" core pellet is shown. The horizontal part of 

.10-5'--~~~~~~-'-~~~~~~_._~~~~~~__..-

10-z ro-1 I ID 

Figure 2 
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z 

Figure 3 

the "hot" spectrum is connected with the effect that occurs when a tritium 

nucleus leaves the core. The width of horizontal part 1S given by 

--t3 

) /1v 'l mT (vo - 4.~b)V10 N 4 r0 (3) = m ~ m T. ?t A 
T p e. 

The main part of the D-T- neutron yield takes place at the moment of 

maximum compression . For this reason yield and spectrum measurements of 

neutrons from laser imploding pellets can give information about tempera­

ture and density only on the last moment of the compression process. 

b) D-D-neutron scattering on pellet substance. 

Fusion neutrons can be scattered before leaving target. Monte-Carlo numeral 



calculations ~2] for (C n2)n pellet show that some percentage of D-D­

neutrons lose energy by scattering . Fig. 4 shows the results of these 

calculations for uniformly distributed sources (dense line), point source 
3 3 

(dotted line) and for various densities 1 g/cm (1), 10 g/cm (2), 100 
3 3 

g/cm (3), 1000 g/cm (4). The scale on the right side is for unscattered 

neutrons. 

~ N r-----.----.----.----.--i,....~==- 1.0 
CA En 

21 

3\ 
-- 0.95 

---- ·-.,. ~ ·~ ... ,.. ..,..,_ 0.90 

0.85 

- 0. 75 

0.70 

i0-70~-~--~-~--~-~ 
0.5 1.0 f.5 2.0 En M ~ l\ 

Figure 4 

From the calculated spectrum the effect of the first scattering on 

deuterium (E ~ 0.25 MeV) and carbon (E ~ 1.75 MeV) are clearly seen. 

These calc~lations are not sensitive to the form of the neutron source. 

Results of the numeral calculation for a density distribution close to 

that of the real pellet is shown in Fig . 5 . 
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Figure 5 

As for the D-T-spectrum, the D-D-spectrum only gives i nf ormation about 

average pellet density at the moment of maximum compress i on. Accuracy 

and effectiveness of neutron spectroscopy methods increas e wi t h the 
10 

number of neutrons produced in one shot . For 10 neutrons per shot the 

accuracy could reach about 10 %. 

3. POSITRON ANNIHILATION [13] 

The decay time of stopped positrons before annihilation is given by the 

expression 

_..., -~O I ) 
1:

0 
=- ( CY v N) = 'l . 3 x '10 ( A ~ ~ 

where cJ= 'TT r 2 c/v. vis the relative e l ectron- position speed, r is t h e 
0 0 

classical electron radius and ~, A and Z the densi t y, atomic weigth and 

charge number respectively of the nuclear pellet substance. From (4) it 

follows that decay time measurements can give in a very s imple way t h e 

(4) 



density of the pellet. If the pellet is located in the positrons flux, 

the main part of the positrons that enter the pellet volume would be 

thermalized and the positron's concentration would soon reach equilibr ium. 

If the compression time t < 't' , the number of annihilations would increase 
0 

with increasing density . These annihilations are very easily recorded by 

Cerenkov or scintillation counters. 

Estimations show that, for compress ion~ 10
2

, pellet diameter""' 200.)L and 
18 - 2 -1 s tatis tical accuracy IV 10 % the positron flux must be N ~ 10 cm sec . 

+ 

Construction problems of a positron source with such intensity are compli­

cated. Fluxes of this order may be genera ted by impulse betatron type ac­

celerator [4] with conver tor from heavy elements . We now have done some 

analysis on the possibility of construction of a high current accelerator 

particulary suited for use as a density diagnostic [1sJ. The advant age of 

this met hod, apart from the simplicity of interpretation of the experi­

mental resu l ts l ies in the possibility of investigating t he histor y of 

the compress i on. 

CONCLUSION 

In conclusion this short review of di agnosti cs methods suitabl e f or the 

s tudy of compressed p elle t s, we can say that, at the present time, there 
26 -3 exists enough diff eren t ways of measuring dens i t i es up to 10 cm 
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Abstract: H.F. waves launching using a phased array of waveguides (the 
Grill) in the Lower Hybrid Resonance f r equency domain appears to be a 
promising method to heat l arge toroidal plasmas . The theory of such a 
launching structure is reviewed, and an applicat ion i s presented in view 
of heating a large t okamak. 

- INTRODUCTION . - Among the possible h . f. methods for large 

c onfined plasmas, the Lower Hybrid Resonance heating occupies 

nn interesting position. Indeed, at the required frequency (bet ­

ween 0,5 and 1GHz) waveguide launching is easily compatible with 

the access available on larg e toroidal devices, so that coils or 

antennas permanently built within the plasma chamber can be 

evoided . 

It i s we ll know n how~vsr that the L.H.R. region is accessible 

f rom outside the pla sma only for waves who s e wave number along 

the confining magnetic field satisfies the condition (1) 
v_i 1 i 
1'-1 C:-Jooi. ~ A + ( ~m~J Re.s . To comply with this condi-

tion , a s well as to fully exploit the large ac ~ess area availa­

ble on the large devices , a multiwaveguide launching structure , 

nicknamed " the Grill" has been proposed (2). I t consists of an 

array of wavegu i des, mounted with their small side parallel to 

the equatorial plane of the plasma chamber, each excited in the 

TE 01 rnode with adjustable phase , so as to stimulate a retarded 

vJave structure. 

Be caus e of the mutual coupl~ng between the guides, and of the 

excitation of higher evanescent modes at the guide openings on 

the plasma chamb er, the behaviour of the Grill as a launching 

structure is not completely obvious (3). To i mprove the under-

s tandin g of this behaviour, and to have a basis for the practi­

cal design of the Grill, a theory of this struct ure in a simpli­

fied plane geometry was developed (4) . This theory is summarizerl 



in the next section. In section 3 we present the application of 

this theory to the design of the Grill a ppropriate to a large 

Tokamak. Finally, in sectio n 4 t he results are reformulated i n 

terms of e lementary mi cr owave theory,and applied to the solu­

tion of the matching problem. 

It will be shown that the reflection coefficient (or equivalent ­

ly the standing wave ratio) can be made acceptably low, and is 

not critically dependent on the plasma parameters. Thus for 

exam ple the power required to bring a " f eas i b i lity test" tokarnak 

to ignition, estimated to be a few tens of MW, could be launched 

with electric field not exceeding a few kV/cm. 

It is worth me ntion i ng that the present theory has received 

a satis factory confirmation from th e results of a low power 

c oupling ex periment made at Princeton on the linear device 

H-1.(5) 

Since in the L.H.R . freq uency range h.f. sources capable of de­

livery up to 1 MW for several sees. with 50 -60% efficiency are 

well within present day ' s technology, the satisfactory s olu t i on 

of the launching probler:i makes L.H.R . heating a serious candida­

te to satisfy the power require ments of large plasma s of thermo­

nucle ar interest. 

2 - TH E THEORY OF THE GRILL. - We simplify the geometry as 

sketched in fig . 1 . Each guide extends indefinet l y in the verti­

cal direct i on ; the chamber occup i es the X~O halfspace, with the 

plasr:ia edge at ':( = ~~ ~ O. 

The method of solution is as follows. We first expre ss the field 

in the waveguide in terms of the incid ent amplitudes C<.~ , P"" ~. 2, . .. }t. 

the unknown reflected amplitudes foo~ and the unknown coeffi­

cients fo~? characterizing th e excitation of higher eva nescent 

mod e s at t h e "l:. :: o d .:j.. ~{ on t in u i t Y .. ~ oo ~"' :x.. 1i ( ) } 
El,,,_ ±@ (2'. ){o(f Q,'- f &op Q.-i.. o:X: + ~ ~l'f\. f '2.. Co!. "n. :-"Z'.1p (1} 

p.: t p ,- n.. 1 
a nd similar p,xpressions for Ex and By (the other components va-

L ( ~ i ~~ \4.f!L 
ni sh by symmetry). Here '1lo= (A);f ) '["(\; = '\'\. \\ /Y3' - ~o) , b 
being the \"1idth of the waveguides ; ©~ (Z. ) is unity in frorit of 

the p-th guide ,z\'-~:e~~r.+ b and zero anywhere else. 

The electromagnetic field for X~ 0 is then written as a 

Fourier integral over k4 : for example 
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J 
· ... IR~ 

t:r. = d.~! 6'( .\y) [ e. .1. -+ 
~ '~ ~~ where ~ l. :::.. ~0- 'Rf , a n d t h e in t e g r a t ion p a t h 

) 9. t. 
runs above the "R r 

,f ""~o 
branch point and is symmetric with respec t to ~=o YC~) 
describes the wave reflected back from the plasma it is main-

ly determined by the cut-off at the surface where the local 

electron plasma frequency equals the applied frequency. To a 
t. L.) ~ 

very good approximation, waves with ~c. CJJ < 1. are 11: i t 
totally reflected there. On the other hand waves with ~.#C/lJ >....\' 
once tunneled to the cut-off layer, propagate forming the 

"resonance cone" and suffer no further reflection. Note that 

we do not need to specify the absorption mechanism to evaluate 

Ylltq) Its expression assuming a linear density profi l e near 

the plasma edge can be found in ref.4 
~ -+ 

I mposing the continuity of E and H at the waveguide throats, 

and the vanishing of E on the metallic wall, one el i minates 

6" l~J) and obtains a linear system for the unknown coeffi-

cients . This system, truncated to include up to 10 

waveguide eigenmodes, has been solved n ~ merically . 

According to the theory sketched above, the coupling efficie nc y 

of the Grill depends mainly on two parameters, namely the dis -

tance .::X:.'? between the wal l and the plasma, =rnd the density 

gradient length, Ln. = \'\Re.~ ( d:v\l/d~ )~.: :tp near the plasma 

edge. When Xp is not small compared to the vacuum waveleng t h 

the coupling becomes rapidly poor, because of the evanescense 

in vacuum of the waves which satisfy the acc essibility condi­

tion. However, it is expected that a tenuous plasma will exist 

between the wall and the limiter. It is therefore appropriate 

to assume X?: O., and \..."'-' much larger than th e actual distanc e 

from the wall to the resonance. (The existence of steeper den­

sity gradients beyond the limiter does not affect the results, 

as long as was WKB solution will be valid there). The energy 

reflection coefficient R always shows a broad minimum for large 

but not unreasonable values of L~. It corresponds to the best 

compromise between the mismatching due to the fast variation 

of the refractive index and polarization for steep gradients , 

and the increasing importance of the evanescence layer W~c(W 

for too gentle grad ien ts . It is important to note that the 

exact value of L is by no means critical. This fact, together 
n 
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with the insensitivity of the results to other parameters, 

(magnetic field, temperature, etc.) makes expensive dynamical 

tracking of the load impedence unnecessary. 

3 - APPLICATI ON TO A LARGE TOKAMAK. - We proceed now to present 

some quantitative result s obtained using the theory outlined in 

the previous section. The frequency chosen is 1 GHz, and 

<UP~/.Q~ =.0,4 was assumed. 

Thesimplest Grill is constituted by two waveguides only. As 

shown in fig. 2 and 4, the minimum value of the energy reflec-

tion coefficient is obtained for b=12 cm, and a phase difference 

between the guides. Under these con ditions the ~ spectrum 

peaks at ~ = 1,25. The results of f ig. 4 are for L = 10
4

• On 

fig.3, 

=180° . 

R is plotted as a function of Lnfor b=11 .4 cm and A<\'.> 

It is seen 
magnitude without 

In large devices, 

that LI\ can vary by more than three orders of 
R exceeding 15 3. 
the width of a port in the toroidal direction 

wi ll be appreciably larger than the width of the 2-waveguides 

Grill of the previous example. Fig. 5 shows R as a function of 

t...'C\:> for GTills with 4,6 and 8 guides, fitting in a port of 

46 cm ( b=11. 4, 7. 5 and 5. cm respectively). In all cases, best 

coupling is obtained for the same valye of the average~ as 

above. Howev er, the minimum va lue of R for 6 and 8 guides is 

about twice as high than for 4 (and 2) guides. Fig.3 also gives 

R versus L for 4 guides, 
n 

A(p =180° (curve b) and 8 guides, 

Li-4> =90° (curve c) showing similar features. In the next sec-

tion we will give additional and stronger arguments to rule out 

Grill's realizations with more than 4 guides. 

4 - I MPEDE NCE MA TCHI NG . - For our present purpose, it is useful 

to introduce the scattering matrix ~. whose e lement W~ 9 is the 

complex amplitude of the wave reflected in the p-th guide, 

when the q-th guide is excited alone with unit amplitude. This 

definition allows W to be computed using the theory described 
~ 

above, or to be measured in an experiment. Then if 0(:. («4 .... Cl<?) 

is the set of incident amplitudes, the r eflected amplitudes will 

be fo= !l ~ 
As a first application, we can min i mize the reflection coeffi-

cient by choosing the excited amplitudes so that ~ ~::. ~~ (~) 

180° 

225 



226 

wher e ~ is the e i genvalue of W with smal l est modulus, and R ,,. 
"Ka\~\ . By symm et ry, it i s c lear that fo t the 2-guide s version 

of th e Grill t h i s will be a c hie ve d wi t h O<.i..::. t ol ~ , which 

is not new . For the 4 - guides Grill , on the other hand , while the 

symmetry requires D(3 .. - 0(.2, ,, ex'+= - <X~ , the ratio 

r::1.. 'J. /cl..~ rem a ins fr e e for opt i mi z a t ion . \Vi t h t he a b o v e pa ram e t e :::- s 

R i s f ound to be 2. 74 3, app r e c iably less than for the equal 

modu li, /:::, ep =1 80° excitat i on . Unfortunately, to divide the 

h .f. powe r in an adjustable manner between the guides is so 

diffi cult that t his optimization is of little pratica l value . 

Now suppose that a matching section is i~troduced, characteriz­

ed ~ by a set o f r e f lection a nd t ransmissi on coef f icient s R a nd 

T. If losses c a n be neglected , it can be e asily pro ved t hat R 

and T are related by _ 1 * - -1 
T=·l, (~ R - (4-) 

whe r e I is the id e ntity matrix . 

The s e t o f amplitudes ref lected back towar d s the genera t or is 

then given 

~' 
by -:)- -\ ~ 
=-~tl.. +-r . ~.\1-'E-.~) J: .o< (5) 

Match i ng is achieved if 
~ 

cident amplitu des , ()(. 

~/=O ind epe ndentl y on the se t of in ­

Us i ng Eq . (4) , it is easily shown tha t 

t h i s happens if an d o nly if 

R = "\JJ~ LG) 

An important consequence of thi s result is that matching is im ­

poss i ble using i ndepend e nt quadrupoles i n each waveguide , for 

in this case R would be diagona l, which i s incompatible with 

Eq . ( 6 ) . The num ber o f quadru pol es requi r e d t o achieve th e mat ­

ching is equa l to the nu~ber o f indepe ndent components of~ · 

Fortunately , this number i s considerable reduced by t he symme· 

tr i es of this matrix . In addition to r ec iprocity , W. k =Wk . 
i , i, 

the right-left symmetry of the array ensures that: 

W·,.,._ W . · . For even N, this l eaves (N/2). 
"- N-+-.-L_,N+-i-K 

(N/2+ 1 ) independent components . Thus two quadrupol es (o r one 

hexapole) are sufficient for N=2, six quadrupoles are requir ed 

for N=4 , 20 quadrupoles for N=B, and so on. It is clear that 

beyond N=4 the compl ex ity and cost increase prohibitive ly. 



~inally , the previous r esult s can be use d to evaluate the 

~lectric field r equired to transmit a given power to the plasma , 

taking into account the stand i ng wave r at i o in the matched se c­

tion. Assuming a total area of 5.103 cm3 , covered either by two 

i ndependent (on different ports) 2 - waveguide Grills , or by a 

s ingle 4 - wavegu i de Grill , it is found that in the exam ple above 

the electric field required to transmit 10 MW to the plasma is 

2 ,5 kV/cm in the first case , and J . 05 kV/cm in t he second case. 
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Figure Captions 

Fig. 1 - The idealized model of the Grill 

Fig. 2 - R versus b; 2 waveguides, ~ cP = 1T' L 10
4 

n ' 2 2 
~ = 0 v = 1. Ghz, w I ri, ) = 1. 

p ' pe ce Res 
Fig .. 3 R versus L n' b = 11.4 cm, other parameters as in fig. 

Fig . 4 R versus ~~, a) L = 10
4 

other parameters as in fig. 
n ' 

b) without plasma 

Fig. 5 - R versus ~~for 4, 6 and 8 guides, total width 46 cm. 

other parame ters as in fig . 2 

2. 

3 
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1. I NTRODUCTION 

It is presently generally accepted that ohmic heating will not 

be sufficient to bring plasma to ignition temperatures in large 

toroidal devices and reactors. It is therefore imperative to in­

vestigate the potentialities of auxilliary heating methods. The 

present review aims at describing experimental and theoretical 

results concerning radio frequency heating, one of the major 

alternative to supplement ohmic heating in toroidal devices. 

Engineering and economics considerations readily limit the 

discussion to frequencies around and below the lower hybrid 
frequency of large devices, since relatively cheap sufficient 

radio frequency power is presently not available and will 

likely not be available for a long time to come at higher 

frequencies. We shall therefore not discuss heating by elec-

tron cyclotron waves and oscillations near the electron plasma 

frequency and the upper hybrid frequency; rather we shall merely 

concentrate on the lower hybrid and ion-cyclotron frequency 

ranges. We need further to distinguish between linear and non­

linear absorption processes. Direct absorption of ion cyclotron 

waves /1/ and linear mode conversion at the lower hybrid frequen­

cy /2/,/3/ belong to the first category; the various parametric 

instabilities that we shall here discuss belong to the second. 

The heart of the problem of parametric instabilities is to 

transfer the energy of a long wavelength, usually electromagnetic, 

oscillation (the pump wave) into short wavelength electrostatic 

waves which are more readily Landau damped in the plasma thereby 
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producing anomalous absorption and heating. The questions to 

be answered are twofold : (i) What is the instability mechanism 

and what are the various electrostatic modes excited? (ii) What 

is the saturation level of the electrostatic turbulence, the 

anomalous absorption rate of radio frequency energy and the 

corresponding plasma heating rate? In the following, we shall 

analyse these questions successively. 

II . IDENTIFICATION OF PARAMETRIC INSTABILITIES 

The parametric instabilities, known today, can be classified 

in three categories : 

1) the three-wave resonant decay instability /4/ whereby two 

slightly damped electrostatic plasma modes of frequencies 

w~ and satisfying the resonance relation 

[ UJ 
0 

is the pump frequency, and we assume I ~ 01« I~ I (di po le 
approximation)] are driven unstable by the pump wave. The 

process is really one of nonlinear energy transfer from 

long wavelength to short wavelength oscillations until an 

equilibrium is reached between the three waves (obviously 

such an equilibrium can be attained only for a sufficient 

pumping level, which besides increases with increasing 

linear damping of the electrostatic modes). 

2) the nonresonant decay instability /5/,/6/ whereby a single 

electrostatic mode is excited, the energy difference 

w-w =k .v 
0 ~ - -

being taken up by a particle. This parametric process is 

akin to the phenomenon of (inverse) nonlinear Landau dam­

ping well-known in wave kinetic theory. It can be noted 

that "quasi-modes", which have no counterpart in equili­

brium plasmas (i .e. in the absence of the rf field) appear 

at the beat frequencies w
0 

-wk; 
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3) the oscillating two-stream instability /4/ in which case 

one of the two excited modes has zero frequency (purely 

growing mode). It seems that this instability will not 

play an important role in heating experiments; it will 

not be further discussed here. 

Each of the categories listed above can be subdivided according 

to the nature of the pump wave and the type of excited electro­

static waves. Table I summarizes some of the instabilities 

which have been considered either theoretically or experimen­

tal l y (the list is clearly not exhaustive). The first column 

gives the frequency range and the nature of the pump wave 

(WH. is the lower hybrid frequency, w ci is the ion cyclotron 

frequency); the second indicates the nature of the excited 

electrostatic waves, and reference is given in the third and 

fourth columns to the theoretical and experimental works, 

respectively. 

Frequency range w0~w lh. 

We should first like to note that a damped ion acoustic wave can 

be viewed as a special case of the ion "quasi mode" in the limit 

where the beat frequencyw
0 

- (wk)lh approaches the real part of 

the frequency of the ion sound wave [ (Wk)lh is the frequency of 

the excited lower hybrid wave.] In this limit Ree[!, w
0 

-

(Wk)lh ] = o and the growth rate of the instability usually reaches 
a iaximum as will be evident from the considerations of Sec. III . 

Clearly the nonresonant instability can excite a much broader 

spectrum of waves than the resonant instability. 

Some of the important experimental results in this frequency range 

are: 

a) Strong heating of the ions has been observed in the direction 

orthogona l to the magnetic field, whereas the electrons were 

heated in the parallel direction / 17/. 

b) The energy in the decay spectrum was observed to be up to 

twice the energy in the pump wave /9/. 

c) Optimum heating is obtained when the pump frequency is in 

the range Wlh~Wo~ 2 Wlh /14/. 

233 



234 

These observations will be compared with the results of an 

analytical nonlinear theory / 12/,/13/ and of two and one-half 

simulation /8/-in Sec. III. 

Important experimental results in this frequency range are 

a) Heating takes place mainly in the ionic component; 

b) The plasma lifetime was approximately doubled in the experi­

ment of Ref. /20/; this is interpreted as due to the 

stabilization of long wavelength drift oscil lations, which 

are deleterious to plasma confinement, by the magneto-

acous tic wave. 

One should emphasize that the theoretical works generally do 

not take the effect of gradients and shear properly into 

account, nor do they address themselves to the important 

question of turbulence saturation levels and anomalous ab­

sorption rates. These problems were, however, respectively 

treated in Ref. /25/ and / 12/,/ 13/. The nonlinear theory of 
parametric instability in the lower hybrid frequency range 

will be reviewed in the next Section. 

I I I. THEORY OF PARA.METRIC HEATING I N THE LOWER HYBRID FREQUENCY 

RANGE 

Our purpose now is to briefly review a recent theory /12, 13 / , 

which discusses-the nonlinear fate of lower hybrid microtur­

bulence driven parametrically by a whistler pump wave. 

Assuming that the increments are small compared to the wave 

frequencies, the starting point of the calculation is to split 

the distribution functions in three parts 



-

where the space and time averages are taken over distances and 

intervals of time long compared to the Debye wavelength (wh ich 

is the typical length s~al e of the turbulence; we work in the 

dipole approximation so that A. 0 = Zn/k 0 >)AD""'Zn/k) and the 

periods of the waves (Zn/w 0 ~ Zn/wk), respectively. Vlasov's 

equations for the background distribution functions F3 , the rf 

pump field distributions £3 and the electrostatic turbulent 

fluctuations Bf3 are coupled through nonlinear terms. The 

pump wave is essentially described by the cold plasma relations 

and one easily derives the propagation equation 

\I, l. l. 'lJ A ""\C' 1V C' 
=-Ci. _o ~ '\ii + ci. (Q_ - ~1.) _-I Q_ B.,_ Q__ • < ~ 011e\ 

Q){~ ox.~ axJ..'I. cl, lJ ce oc a~J.. a~.I. 
( 1) 

where ~ is the electrostatic potential of the pump wave 

(~ = -V '¥ - 'V x ~ with V·'&= o) , S lJ.1 is the potential of the e lec­
t ros ta tic fluctuations, and the subscripts 1- and II refer to 

/\ 

the direction B of the background (homogeneous) magne tic field. 

Excep t for the last term , which describes the interaction with 

the turbulence, this equation is the well known whistler disper­

sion relation. 

Taking advantage of the fact that (wk) lh << Wc.e, the Fourier 
transform of the electron fluctuation distribution function 

6 f k can be written in the form e ,_ 

'bfe , ~ = b~e ,~ el'.p (-i:Z.!5in( f -6~)} J0 CZ.~~ 

+~e 6 'lY ~ 1. ofe {'1 - exp[-iz.i.sL1tCi-e~~) J 0 C 2 ~) } 
l'tte - v1 ovl. - - -

(2) 

,.. 
in the frame moving with the time dependant ve l ocity Ue~ c. e i<. .B/J) 
induced by the pump field. Here ~r = - tan -l (vx/vy) is - the -velo­

ci ty space angle around the direct ion of the magnetic field and 
- 1 r ek = -tan (kx/ky); zt = k1v/wce_and a bar denotes \.. -indepen-

dant quantities or "f averages. o~e.,!! satisfies a nonlinear 
Vlasov equation from which the magnetic field has disappeared: 
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( Q_ t ,i_ ~1· ~ ei+ .L k II Vu ) bae R J o'l. ( z h) = ~ 8 \I~ i. k lid Fe J OJ. ( ~ ~) 
Bt c , - - 'me a v

11 

-~ L~:~. i k'" ~ 611! ,. sg..~. ~:r~ .. ~· 1. ( Z.~I 
(3) 

where k"=k-k'. The ion fluctuation bf. k essentially satisfies 
1,_ 

the linear equation 

( d · L ) ~ ( () : 'S: Ill · t, Cl f. 
- + l 51'f.1 Oj I h = + 0 I I I 1'l.l· -

1 

at , - m1 · 3 - a'v'. 
I -l. 

(4) 

(k
11 
« k .L) ; 8 f k and 8 f . k are of course coupled through Poisson' s e, 1,_ 

equation. -

Equations (1-4) where derived without the usual assumption 
1/2 u ( ·c . = (KT./m.) • Assuming now e 1 1 1 

~e\""f < 1 and correspondingly 
t ~ 

(5) 

and expanding in powers of ff , Eqs. (2 ,4) lead to a wave kinetic 

equation, whereas (1) yields the expression for the anomalous 
absorption rate of rf energy. The wave kinetic eq uati on is 

(6) 

(Nk: plasmon density per mode) . ok is the linear Landau damping 

of the lower hybrid waves . rk ii the parametric growth rate _,p 
and describes the interaction of lower hybrid modes with the 

pump; in the limit kl_ce/wce < 1, which marginally applies for 
Tokamaks, one finds: 

- 1 (k "' ,.. ~ tv _ [dl (~ 1 W) 1 _·Qe~ l~e (Wh -(.Jo ,~ ) I lrn 'Jr. (16.J 1-lcJ 1h, ) + P .( 7) 
Ii. b a ~ I I( 0 

) - e L 
- 1r UJ i<-Jl!_I kWo IE. ( (Jk - W

0 
J ~) I -

(ji (e): ion (electron) susceptibility;~ : dielectric function.). 
It is worth noting here that the parametric growth rate would 

usually reach its maximum value should Re c (Llk-lJ0 ,~) vanish 

(the frequency difference c.Jo-wk approaching, e.g. the (real 

part) of the ion sound frequency in a plasma with T ~ T .• e 1 

rk t describes the nonlinear interaction of lower hybrid modes _, 
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among themselves : 

(k"=!-15_'. Ik=k- 2 [dc:(15_,w)/awr 1 Nk). The similarity of structure 

between r k, ~ and r k ,p as one lets k'-+ 0 and wk _.,(.Jo is parti­
cularly striking since c2 (iz•!x15_')IIk 1 /B 2 can De identified 

with C!-~k,) 2 • 
The saturation level of the turbulence is estimated from 

(9) 

Note that from the right-hand-side of (8) only the second term 

contributes to the above integral and corresponds to damping; 

the first term integrates out and thus corresponds to pure 

energy transfer through 15_-space. 

Finally the anomalous absorption rate of rf power is given by 

IJr e ( w ~ - w. ,~)I" l'nl "Ni ( c.J ~ - l.J
0 

,_R) + P ( e ~ l. ) 
\E: ( uJ,4 - WO ,1) I,, ( 10) 

E~~1!1!~.! (1) We note that 11 ,p will be l argest when IW0 \-IWlil 

'.::::'. lk .. I ce ~ k1ci. Since ( lk 11 1ce u' k 1ci )« lu.\1, this implies 
the existence of an optimum pumping frequency: W

0
::;!W lh(1+Ti /Te) l/ 2 . 

This result agrees well with experimental conclusions /14/ 

(2) At saturation and for a pump f reque ncy chosen according to 

(1) the ratio of the electrostatic energy density of turbulence 

estimated from Eq.(9) to the energy density of the pump is of 

the order W
0

/6.w where /;;,,w is a measure of the frequency width 

of the excited modes. This ratio is estimated to be of order 

3-4. This result should be compared with the experimental fin­

ding of Hooke and Bernabei /9/ that "By careful adjustment 

of the plasma parameters, however, the inte grated energy in the 
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decay in some cases was observed to exceed that in the pump 

wave by a factor 2". Simulation in 2 1/2 D also leads to the 

same conclusion. Note that the right-hand-side of Eq. ( 8) 

vanishes in one dimension; this explains why 1 D simulation 

/7/ yields unrealistic results. 

(3) The particle kinetic equation shows that heating is essen-
/\ 

tially parallel to B for the electrons and perpendicular for 

the ions. This result is also borne out by numerical simulation 

/8/ and by experiments /17/. 

In order to illustrate the results obtained in this work, we 

have computed in table II, for reactor parameters, the absorp­

tion rate of electromagnetic energy v~, the plasma heating rate 

vh, the parameter ~e/ci in the plasma core, where the energy 

must be deposited and the corresponding electric field at the 

plasma vacuum interface ! ~ I v, as a function of the central 

density N assuming that the absorpt ion length la, i.e. the 

thickness of the heated layer, is of the order of the plasma 

radius. It should here be noted that 

ta.= dcJo / dRol~ CA 
1) 0. 'Vo. 

(cA = Alfv~n speed in plasma core), is inversely proportional 

to the turbulence level and thus to the pump energy density. 

For the calculation we assumed Te 

(Jo = 2 112 wth. has been cho·s en_. 

= T. and the optimum frequency 
1 
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Ivanov and Parail /19/ Vdovin et al. /20,21/ 

Ion Bernstein waves Martinov a. Samain /5/ 
+ quasi modes Harms et al. /6/ 

A pair of Ion 

Bernstein waves 

A pair of Ion 

cyclotron waves 

Harms et al. 

Kitsenko and 
Stepanov 

/6,22/ 

/23/ 

Sperling a. Perkins 

/24,25/ 

Remarks 

nonresonant 
interaction 

The instabilities 

considered in /22/ 

and /23/ are driven 
by the relative drift 

between two ion spe ­
cies . 

The instability is 

driven by the relati~ 

drift between two ion 

species. 



TABLE II 

B = 100 kG, T = 5 keV, a = 200 cm, 1 = a a/s 

-3 N(cm ) 1.1014 2.1014 3. 1014 

-1 W
0

(sec ) 1. 2 1010 1 . 7 1010 2.0 1010 

-v -1 a(sec ) 1. 5 107 1. 1 107 0.9 107 

- 1 
-VH(sec ) 22 4.4 1. 8 

2 
ue 

1 . 5 10- 3 0.85 10- 3 0.6 10- 3 
--z c. 

1 

xtp (cm) 1. 3 4. 7 6.6 

ev(V /cm) SOO 1150 4000 
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INTERACTION OF I NTENSE ELECTROMAGNETIC 

RADIATI ON WITH PLASMA 

N.L. Tsintsadze 

Institute of Physics, Academy of Sciences of the 

Georgian SSR, Tbilissi, USSR 

I.R. Gekker 

Lebedev Physical Institute, Academy of Sc i ences of 

the USSR Moscow, USSR 

The progress in l aser and high frequency engineering led to such conditions 

when nonlinear processes of various types appear in the interaction of the 

incident electromagnetic radiation with plasma. They manifest themselves in 

anomalously strong absorption of wave energy in the collisionless plasma, 

electron and ion heating, self- effect of the wave on plasma, creation of 

plasma turbulence, etc. A considerable number of theoretical and experimen­

tal works is devoted t o the above problems including a series of review 

papers and monographs /l-7/ . The obtained information is of essential 

interest for understanding many physical phenomena occurring in plasma when 

intense electromagnetic wave falls on it. It is noteworthy that the success 

in the development of the theory and numerical experiment i n this l ittle 

studied field of science and in experiments in the UHF wave range and re­

cently in HF and laser r anges is essential. The physical unity of the 

studied phenomena allows to study the interaction processes of electroma­

gnetic waves with plasma in the wide range of wavelengths, thus obtaining 

data which supplement each other. 

Representations of the linear electrodynamics, in the framework of which 

many inves tiga tions have been accomplished (for instance /5/), become non­

acceptable at large values of the strength of the electric field E when 
0 



-

the plasma pressure is comparable to that of the wave n<:T ~ E2/s TI or 
0 , , 

for the case w ~ w , when the thermal velocity of the electron v = ~ pe T V ----=._ 
e m 

becomes comparabl e with that of the electron oscillating in the wave elec-
eE 

tri c fie ld VE= ~-0 
mw 

i.e. when VT S:: VE. Note that under certain conditions , 
e 

say near the plasma re sonance, the nonlinear effects are observed due to the 

cons iderable fie ld amplification at VE «VT • Condition VE ~ VT is eas ily 
e e 10 -1 

fulfilled in UHF range (for hydrogen plasma at A = 10 cm, w = 2 x 10 sec , 

nc 1011 cm-3 and Te= 1 eV we have VE ~ VTe at E
0

= 300 V/cm) and noteably 

hard in the optical range (for hydrogen pl asma and neodim l aser at A= 1 . 06 

microns, w = w 2 x 1015 sec- l n = 1021 cm-3 and T = 1 KeV we have 
pe ' c e 

E = 109 V/cm or P 2 x 1015 W/cm2). 
0 

Recent years are characterized by an increase in the number of papers on the 

interaction of electr omagnetic waves with plasma. We shall note the most 

important r esults ( in our opinion) . 

Theory: 

1) Study of the effect of inhomogeneity of the spatial distribution of 

plasma particles on the thresholds of the parametric instability development. 

2) Investigation on nonlinear theory of plasma oscillations (saturation, 

stabilization, etc.). 

3) Study of mechanisms of particle acceleration in plasma. 

4) Development of research in linear a nd nonlinea r wave trans formation in 

plasma. 

5) Increase of the computer experiments. 

6) Tende ncy towards comparison of the theore tical and experimental results . 

Experiment: 

1) Observation and connection with the parametric instability of nonlinear 

phenomena in the interaction of intense laser radiat ion with the plasma 

created by it (absorption, generation, harmonics, oscillations, intense 

light reflection). 
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2) Creation of stat iona r y p l asma in large volumes and measurements in the 

range of plasma resonance (cavitons, particle acceleration, wave accele­

ration, e tc. ) . 

3) Obtention of experiment al plots of the effective particle collision 

frequency versus UHF field strength as predicted by the theory. 

There a r e parametric instabil ities of the following types [s]: 
1) Aperiodicwhen quasi decay of the transverse wave t into a Langmuir 

wave t takes place. 

2) Periodic (potential, parametric, decay) when the de cay of t + t + s 

type takes place, wher e s is the ion-sound wave (range of existence 

w ~ w ) . 
pe 

3) Decay into t wo plasmons (electron Langmuir osci llations) t + t + t 

( r ange w ~ i w) . 
pe 

4) Stimulated Mandels tarn- Brillouin (SSMB) scattering into ion-soul;l_d os­
M VT 

cillations with the decay of t + t'+ s type (range w ~ w > ~ ~ w ). 
pe 2m 2 

c 
5) Stimulated combined scattering 

lations wi th the decay of t + t'+ 

(SCS) into electron Langm~ir oscil­
VT 

£type (range w > w >-=.e.. w). 
pe c2 

6) Decay of the plasma wave t + t + s (range w ~ w). 
pe 

Apart from the above mentioned i nstabilities a grea t attent i on is given to 

the re l ativistic effects in plasma. The point is that by developing t he 

laser t echnique it is possible to obtain strong radiation fields for which 

the ordered vel ocities of the e l ectr ons may become compar able with the light 

veloc ity. Taking into account t he re l a tivis tic character of the electron 

motion in the external alternating field l eads to the fact that the parame t e r 

of the medi um-el ec tron mass undergoes an oscillation with the freq uency of 

the external fie ld. In its t urn the oscillation of the e l ec tron mass leads 

to a sufficient change in the disper s i ve properties on plasma and to the 

excitation of the po t ential and nonpotential plasma oscillati ons [9-15]. 



The given review presents some new papers on the nonlinear interaction of 

the electromagnetic fields with plasma, and the importance of the ob t ained 

results is discussed. 

S.V. Bul anov and L.M. Kovrizihnikh /16/ have considered the stimulated 

Langmuir oscillations of the inhomogeneous plasma in the two-fluid approxi­

mation. In addition to the linear mechanisms connected with collisions and 

transformation of waves, the nonlinear phenomena of the type of self-cros­

sing of the electron trajectories are studied which arise due to plasma 

inhomogeneity or to relativistic effects and may lead to the limitation 

of the e l ectromagnetic field amplitude in the range of plasma resonance. 

For cold plasma, maximum values of the field increase towards the resonance . 

In the general case the ratio of the external fields E amplitude to its 
0 

maximum value at the resonance E is finite and equal to: 
m 

E 
0 

E 
m 

s 
\) 

s = \) w 
= ( rpe) 2/3 5

T L ' 
s = 

H 

w is the external field frequency, 

, . ~1KT of the plasma inhomogeneity, r = -~2 pe mwp 
e 

amplitude of electron oscil l ation s in 

The size of the field localisation in the resonance region is of the order 

of t>.x '°' sL, the establishing time of the maximum value of the field is 
1 For the 2 

10 -1 T = 3 eV, A 10 2 1010 T 'V - - case w = x 10 sec , = cm, n = x 
SW 

10-8 , 
e 

10-2 cm-3 E 1 kV/cm, we have s = s = 4 x 10-3 , s = 2 x and s = 
' 0 \) T H p 

2 x 10-2. Hence in this case the most important are nonlinear effects in 

comparison with the collisions and spatial dispersion. For the laser plasma 
15 -1 -2 7 

w = 2 x 10 sec , T = 1 KeV, L = 10 cm , E = 3 x 10 V/cm we have S 
e o v 

10- 6 , s = 6 10-3 s 10-3 s 9 10-3 s d s b T x , H= , p= x , i. e. T an p turn to e 

comparabl e. Further , they [17} have studied the effect of the localised 

high frequency fie ld on the distribution function of electrons in a weakly 

collisional plasma. Nonadiabaticity of the particle interaction with the 
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field in the resonance (due to rare collisions) at VE »V leads to the 
Te 

appearance of the group of accelerated electrons with velocities up to 

~ 2 VE. In the first case of the high frequency interaction when S = 2 x 10-2 

we obtain the particle energy of the order of 100 - 400 eV at the density 

of 
8 -3 

2 x 10 cm , in the second case (laser) at s 6 x 10-3 
we have ~ 60 keV 

and 5 x 
12 -3 

10 cm respectively. 

In the case when maximum field amplitude is determined by the value SH, the 

electron oscillation amplitude in the resonance region is of the order of 

the width of the resonance region and hence the electron motion becomes 

nonadiabatic also in the absence oL the collisions . This nonadiabaticity 

is also the cause of the appearance of fast electrons with the energy of the 

order of eE L. 
0 

The density of the accelerated particles is ~ n. 

V.I. Barinov, I.R. Gekker, V.A. Ivanov, D.M. Karfidov /18-20/ have studied 

the interaction of a pulsed UHF radiation in the 10 cm range with t he flow 

of a collisionless plasma in a waveguide, for initial conditions both 

favourable and unfavourable for the manifestation of the linear transforma-

tion of the waves. It is shown that in the wide range of UHF output change 

interval corresponding to VE/VT= 10-
5
-10 the absorption coefficient lnl 2 

under the conditions of linear transformation (: ~ 1, ! n II E) is 

approxima~ely constant. The absorption comes instagtaneously (t < 0 . 01 µsec), 

is accompanied by the fast decay of plasma and generation of the accelerated 

electrons. For initial conditions unfavourable for the linear transformation 
-+ 
(~ n _l_E), the anomal ous strong absorption arises with a 

µsec) when the wave pressure exceeds the plasma pressure 

notab l e absorption is preceded by the deformation of the 

timt delay (1 - 3 

( E8°1T ~ nKTe) . The 

front plasma in-

crease at the dominating increase of the concentr ation in the central part 

of the flow. The mentioned peculiarities of the "anomalous" absorption and 

a series of other specificites allow to connect it with the so-cal led "slow" 

nonlinear phenomena, caused by the variation of plasma parameters under the 

effects of the incident wave pressure. They lead in the end to the rise of 

the favourable condi tions for the linear transformation. 



The possibility of UHF energy absorption in plasma beyond the range of 

linear transformation (w < wHe) was experimentally studied in the paper 

of S.I. Nanobashvili, G.I. Rostomashvili , N.L. Tsintsadze /21/. The ex­

periment s were done with a stationary plasma 0btained in a UHF discharge 

(f = 2400 MHz, p = 150 W ), located in a longitudinal homogeneous magnetic 

field of 0 ~ 1400 Gauss. Argon was used as the operating gas at the pres-
-5 -2 

sure of 10 -10 Torr. Eff ective absorp tion of waves up to 1.6 times 

exceeding the cyclotron magnetic field was found. The connection of this 

phenomena with nonlinear processes was established. The authors /24/ have 

studied the nonl inear ef fect s in the interaction of UHF waves with plasma 

in the range of linear transformation (w >w ). It turned out that for a 
He 

fi e ld strength of the pumping wave E ~ 30 V/cm the satellite near the 
0 

Langmuir frequency arises and the ion sound appears, i.e. the decay of 

the external electr omagnetic wave into the pl asma wave and ion sound 

(t + £ + s) takes place. 

In / 23/ the interac tion of modulated UHF oscillations with the magnetoactive 

plasma was studied experimentally. It was shown, that when the modulation 

frequency is near the i on-cyclo tron frequency, the effective absorpt ion of 

the modulation frequency by plasma takes place. This fact, obviously, gives 

the pos sibility to heat simul t aneously the electron and ion components of 

plasma. 

In the work of L.L. Pasechnik, V.V. Pustoval ov, V.F. Semenyuk, V.P . Sil in, 

V.T. Tikhonchuk /24/ a detail comparison of the theoretical and experimental 

results on the parametric turbul ence caused by the decay excitation of fast 

magnetosonic wave and the oscillations at the frequency of t he l ower hybrid 

resonance in the magnetoactive plasma was performed. The investigations were 

carried out on a p l asma created with a capacitive HF discharge (f = 20 - 40 

MHz) located in a l ongitudinal homogeneous magnetic field of 300 - 2000 
-3 

Gauss . Helium was the oper ating gas a t the pressure of (l-7)x 10 Torr, 
9 -3 

the electron concentration was (0.2-2)x 10 cm and T = 3-7 eV. It was 
e 

shown that a ll the phenomena fo und i n t he experiment- i nstability threshold, 

characteris tic wave numbers of the excited oscillations, instabil ity increment 
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and its time variation , the number and energe tic distribution of the 

generated fast electrons and the stationary amplitude of low f requency 

oscillations- may be explained on the basis of the parametr i c resonance 

theory in plasma taking into account the finite pumping wave l ength and 

the quas ilinear theory of parametr i c turbulence. It was also shown that 

the parametric instability i s stabil i zed due to the quasilinear effect 

of particle r edis tribution of pla sma over the velocities , leading t o the 

gener a tion of fas t electr ons. The theoretical and experimental r esults 

are in good qualitative and quantitative agreement. 

A.A. Gal eev , R.Z. Sagdeev , Yu. S . Sigov, V.D. Shapiro, V.I. Shevchenko /25/ 

considered the nonlinear theory of plasma oscillations. In the absence of 

the pumping wave the self-consistent solutions of the nonlinear equation 

describing the evolution of plasma waves have been found. On the basis 

o f the obtained solutions the possibility of wave "Collapse" in the two­

and three-dimens ional cases discussed depending upon the symmetrc r ate of 

the initial conditions. In the presence of the pumping wave the effect of 

phase mixing on the interaction of plasma turbul ence with the pumping wave 

was considered. Assuming that the main process of conversion to shorter 

wavelength is the Langmuir wave co llapse, the turbul ence spectrum was 

obtained on the basis of Kolmogorov's hypothesis . 

O.N. Krokhin, Yu.A. Mikhailov, V. V. Pustoval ov, A.A. Rupasov, V.P. Silin, 

G. V. Skl i zkov, A. S . Shikanov /26/ studied the direction of the reflected 

light and X-ray r adiat i on in l aser plasmas. The experiments wer e done a t 

the focus ing of the linearly polar i zed laser beam _(A = 1 .06 µ) onto the 

s urface of so lid targe t for a f lux density of 1014 W/cm2 and a pulse dura­

tion~ 3 ns. It was found that a portion of light of some percent remai ned 

unsaturated by l aser plasma i s reflected by i t in mirror at normal and 

obl ique incidence o f laser beam on t he surface of a llumi nium and polyethylene 

targets; at normal incidence a considerabl e part of the ref l ec t e d light fell 

into the body angl e of the focusing system. The s tudy of the time variati on 

of the second harmonics radiation (A = 0.53 µ) showed tha t, differing f rom 

the r eflect ed r adiation on the main f r equency, the intensity of the second 

harmonics does not oscil l a t e in time. In the energy range of 2 - 4 KeV an 



anisotropy in the X-rays emission was found (of the order of 200 - 300 %) 

in the direction perpendicular and parallel to the laser beam polarization 

vector. The obtained experimental result is interpreted on the basis of the 

representations of the theoretic parametric effect of radiation of great 

power on plasma. 

N.L. Tsintsadze, D.D. Tskhakaya /27/ considered the effect of the relati­

vistic character of electron motion on the propagation of nonlinear waves 

in plasma. A conclusion of the bounded system of hydrodynamical equations 

of plasma is given not limiting the amplitude value of the external HF wave 

(electron velocity in the external field v < c). If the external field is 

polarized circularly, the system of equations discribing the interrelating 

slow and fast transverse plasma motions has a form of 

-+ 

an. 
i 

Clt 

-+ \ 
+ div n. v = 0 

.... i i : 

3
P i + a -+ 2 a 

at+ v. -:;.p .= - m c -+ 
i ar i e ar 

,.. 2 + 
+ 1 a p rot rot p + - --

c2 a t2 
+ 

2 
m c 

e 

2• 
c 

+ ar 

0 

in n. 
i 

(1) 

These equations are correct under the conditions that the sizes of plasma 

inhomogeneities are much greater than the distances traveled by an electron 

in a period of the external HF wave . The amplitude of the fast transverse 

pulse oJ electrons is related to that of the HF wave by the ratio 
-+ .., 

+ e E
0 p = 

w 
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In conclusion, one may say that the nonlinear phenomena found in the inter­

action of intense electromagnetic waves with collisionless plasma have a 

general character . The theoretical investigations and the experimental re­

sults obtained in HF, UHF and laser ranges of wavelengths compel to think 

that anomalous absorption of radiation and plasma heating are connected 

with nonlinear wave transformation, plasma parametric instability. The 

nonlinear character of the observed phenomena is expressed in the availa­

bility of threshold values for the field strength, appearance of accele­

rated particles, increase of the effectice collision frequency, perturba­

tion of the oscil l ations of different types, etc . Further investigations 

should be directed towards broadening the experimental conditions, in­

creasing the measurement precision and removing the possible influence 

of the by-pass processes , making the theoretical models closer to the ex­

perimental schemes. Direct measurements of plasma oscillations, radiations 

spectra, perturbation increments, charged particle spectra and their 

development in the time and space are of essential importance. 

It is obvious that the study of the phenomenon of anomalous wave dissipa­

tion in plasma is useful to perform in different frequency ranges, using 

the conditions facilita ting the measurements of any parameter and the 

comparison of the ob t ained results. The computer experiments are also of 

great importance despite some limitation. 

The obtained information got a t present on the specifities of the nonlinear 

effect of waves on plasma may promote not only a better und~rstanding of 

the physical processes occurring at the interaction of the intense electro­

magnetic radiation with plasma, but also open definite hopeful perspectives 

in the realization of laser nuclear fusion with moderate radiation sources 

and broadening the possibilities of UHF and HF plasma heating in the magne­

tic traps of thermonuclear reactors. 



-
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COLLECTIVE ION ACCELERATION WITH RELATIVISTIC ELECTRON RINGS 

C. Andelfinger 

Max-Planck-Institut flir Plasmaphysik 

D-8046 Garching/Fed.Rep. of Germany 

The principle of collective ion acceleration involves the use of an electron 
cluster as a carrier for transporting and accelerating i ons . This ensemble is an 
incompletely neutralized plasma with a relativistic electron component. This is 
the motivation for research on it in an institute of plasma physics . The 
experimental and theoretical know- how largely has its origin in fusion research. 

What are the main differences and possible advantages compared with a traditional 
accelerator ? 

In a tradi tional system the particles are accelerated in an external electric 
field. The acceleration is proportional to this field and the ratio of ion 
charge to ion mass: 

eZ 

bt = • E M. 
i 

In this case of a collective ion accelerator the acceleration J_s given by 

eN 
e 

b coll . 
= E for ZN . << N 

N.M.+N my i e 
i i e 

where ZN./N is of the order of 10- 3 to 10-2 • 
i e· • 

Her e N , N. are the particle numbers, M. is the ion mass and my is the mass of 
. e . i . . i 

relativistic electrons, and Z is the ion charge. 

The acceleration of ions in equal ext ernal fields is then more efficient than in 
an tradit i onal system by the ratio 

fNi my}-l 
-+-
N M. 

e i 

For practical cases this ratio will be of the order of 30 to 60 . 

This is true on the assumption that the electric self-field of the electron 
cluster is high enough to trap the ions . First experiments in this direction 
were conducted by Alfven and Wernholm 1 more than twenty years ago, but without 
positive results . At the CERN meeting on high energy accelerators in 1956 tw~ 
papers opened the way to stabl e self-focused electron clusters . G.I . Budker , 
as well as W. H. Benett in 1934, showed that the repulsive space charge force in 
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an electron cluster is reduced by a factor l/y 2 , using relativistic el ectrons , 
and, furthermore, that the resi~ual force can be compensated by a small fraction 
of positive ions when ZN . >N /y • It was V.I. Veksler 3 , who suggested using this 
self-focusing property of ;;efativistic electron beams for collective ion 
acceleration. His concept was a relativistic el ectron ring which can be 
accelerated perpendicularly to the ring plane. 

The force which binds the ions on the electrons, the so- called "holding power", 
is given by the electrostatic field of the electron ring 

aN 
e 

27r2E: R(a+b) 
0 

Here R is the ring radius and a and b are the semi-axi s of the minor cross­
section. The factor n depends on the spec ial distribution of the electrons and 
. 4 . 8 ions . It is 0 . 2 to 0 .• 

Hitherto holdi ng powers of the order of 10 MV/m have been achieved in 
unaccelerated electron rings. According to the present theoretical underst andi ng 
a holding power of 50 ./. 100 MV/m seems possible. We have to compare these 
numbers with maximum values of 5 WV/m in traditional systems, mostly working 
with 1 ./. 2 MV/m. 

Fig.l shows in a very simple manner the principle of the electr on ring 
accelerator (ERA). In a weak magnetic mirror field a relativistic electron beam 
with an energy of a few MeV and a current of a few 100 A is inflected and bound 
to an elecLron ring . The external magnetic field is weakly :t'ocusing as in a 
betatron . The fi eld index n = RdB /BdR i s O<n<0 . 5. At this ear ly time no ions 

. . z . . are i n the ring, so that the above-mentioned self- focusing effect does not work. 
The ring is now adiabatically compressed by the fast increasing magnetic field. 
The field rises from a few 100 Gauss to about 20 kilogauss. This increases the 
electron density and the holding power by a factor of about 30 . At the end of 
compression , when the electron flux density becomes large (1022 cm-2s- 1 ), ions 
wi ll be trapped by impact ionization of the residual gas. This is a second 
advantage of the electron ring accelerator: no additional ion source is necessary. 
The ionization time for light ions is of the order of microseconds, while for 
heavy ions wi th the required charge to mass r at i o of about 1/5 it i s of the 
order of 10 ms. 
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axially 
accelerated ring 

electron ring 
before compression 

~--after compression 

Fig.l : Principle of 
el ectron ring 
accelerator 

Now the collective ensemble can be accelerated perpendicularly to the ring 
current either by an electric field or , in a s i mpler manner, by Lorentz forces 
v cp • l3r in a s l.ightly divergent magnetic field which i s needec'l in any case as a 
guidi ng field for the electron ring . Par t of the azimuthal electron energy will 
be transmitted in the axial dir ection and energy gains of many hundred MeV for 
protons or a few times ten MeV/nucl eon for heavy ions should be possible. 

The admissible acceleration force is limited by the holding power . The relation 
i s obtained from the equation of motion of the total ring and from that of the 
i ons in the electron ring. It i s 

v •B < E · Z 
cp r - h tNi ym} -+-

N M. 
e 1 

In practical cases B will be of the order of 5 to 10 Gauss, this being comparabl e 
with guiding fields 6f 20 kilogauss. 

There are , of course , effects which limit the efficiency of such an accelerator . 

1. In the early phase, before ion loading, tbe residual r epulsive force of the 
space charge must be smaller than the focusing force of the external magnetic 
field . Therefore , the maximum electron number can be about 3.1013 . 

2 . During ring compression several betatron resonances ar e crossed . They can 
increase the minor cross- section of the elctron r ing . Especially in the 
extremely fast compression of the Garching ERA experiment each resonance is 
crossed during few electron revolutions and no r ing "blow up" can be observed . 
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3. There are collective instabilities resulting from interactions between the 
particles themselves or between the particles and t heir surroundings. These 
are problems which are restrictive also for intense circular accelerators and 
storage rings. 

One of these collective instabilities results from the "ion-electron resonance" 
when 

kw + lw . = mw e i o 

where w is the electron betatron frequency, w. the ion frequency and w the 
. e . i o 

gyrat ion frequency ; k, 1 and mare integers. 

This resonance depends on the ion loading and can be suppressed by a favourable 
ion to electron ratio and, furthermore , by sufficient Landau damping . 

The most severe effect is the "negative mass instability" 5. The reason lies in 
the fact that in a focusing magnetic field, with a field index O<n<l , the 
revolution frequency of the electrons decreases with increasing energy . Fig . 2 
illustrates this phenomenon. 

R ~ 

Fig.2 : Illustration of "negative 
mass instability" 

A relativistic electron in front of a small increase in line density gains 
energy from the repul sive forc e and shifts to larger radius , the revolution 
frequency is reduced and the line density in the bunch will be increased . An 
el ectron behind the bunch goes the opposite way. There exists a limit in the 
electron number fo r this instability . 

yR(liE/E) 2 

Ne < 2r /z /mZ I 
o m o 

A large energy spread liE/E is favourable but impairs the radial ring extent and 
therefore reduces the holding power . Z is the coupling impedance of mode number m 
and Z is the coupling impedance of th~ electron ring in the free space. The 
ratio

0 z /mZ is practically limited to larger values than 0 . 2 . r is the classical 
m o . o electron radius . 
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It is mainly the "negative mass igstability" which limits the theoretical possible 
holding power to 50 . /. 100 "MV/m • 

What is the present state of ar t and what are the prospects of an electron ring 
accelerator ? 

The running Garching ERA experiment 7 was built to study fast r ing compression 
and the init i al acceleration of rings loaded with light ions. This device combines 
in a single- turn coil, very simi lar to a thetapinch coil, t he ring compressor with 
the accelerat ion par t, existing in a slightly divergent magnetic field . Fig.3 gives 
a schematic view of the experimental set- up. Owing to the fast field rise there is 
constant f lux along the axis. Therefore , the field distribution is controlled by 
the cross- section of the coil. Within a section about 10 cm long in t he axial 
direction, the B - val ue is small enough for smooth acceleration. 

r 

I 

squ/rre1 cage 

~ ----- ------..:.:.:"'~aln Co/I cellulose nitrate foll 

-------------------- - ---------

Fig . 3 : Schematic of the 
magnetic field coil with 
squirrel cage and diagnostic 
probes 

The el ectron inj ector, consisting of a commercial high-voltage Marx generator and 
a specially developed field emission tube , produces electron beams of 1000 A with 
an energy of 2 MeV and pulse length of 100 ns. About 300 A was inflected i n t he 
ring compressor in an acceptance of 0 .13 cmrad . 

n 

0.6 

O.L. 

Q2 

n(t) 

maximum 

col•~~ 

R[cm) 

15 

10 

5 

0 "'---~....,-=-/ -=-c=-:.:-:..:-:..:-::..:-:;-:..:-::..:-::..:-:..:-::..:-::..:-::..:-::..:-::..:-"'--:;..-_-_-T---------_._--

0 5 () t [,us] 

Fig . 4 : Time dependence of ring 
radius R and magnetic field 
index n 
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Fig . 4 shows the t ime dependenc e of the ring radius during compression and the 
very fast change in the magnetic field index . All betatron resonances are 
crossed within less than 100 ns. 

At the end of ring compression the ring data are : R = 2.3 cm 
a = b = 0.3 cm 
N = (5 .±. 2) · 10

12 
e 

Ehold. = 15 MV/m 

This holding power would be large enough for a very attractive accelerator. 

Towards the end of compression and during the so- called roll-out phase, when 
the loaded ring is shifted in the acceleration part, the magnetic field index 
becomes very small. This entails two problems : 

1. Strong collective radial oscillations are observed with a frequency of 
S = w (1- ), where v is the ratio of the radial betatron frequency to the 
gyro-~reque~cy. This o§cillation corresponds to a precession motion and its 
occurrence and growth depends strongly on the amount of ion loading and on 
the magnitude of field distortion. The loading dependence can be explained 
as electron- ion dipole instability, first studied by Koshkarev and Zenkevich 
and, for the relevant parameters in this application, by Dommaschk 9 . 
Fig . 5 shows for four different times and three different gas pressures the 
coupling coefficients Qi and Q

1 
of the ions and electrons. 

0.4 a1~'fNi 0.4 

0.3 0.3 

02 02 
t :05}.JS t = 2j.IS 

0.1 0.1 

ai~ffle Q ~VN:: 
0 

I e 
Coupling 0 10-3 10-1 10-3 10-1 Fig . 5: 

coefficients Q. , 
Q

1
in the stabiiity 

diagram of t he 
electron ion 

0.5 Q(vfNi 0.5 01~1'Ni dipole instability, 
pl otted for 

0.4 • 3·1ff5 
0.4 different times and 
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03 .. 6·1ff7 0.3 

02 
t = 10}.JS 

G.2 
t =40j.!S 

0.1 0.1 
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0 

10-3 10-2 (J-1 10-3 10-l 
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The hatched areas are the unstable regions, with Landau damping taken 
approximatel y into account . In accordance with the theory the instability starts 
when the instability area crosses the Qi , Q1- values of the loaded electron ring , 
and, furthermore, t he col l ective r adial frequency decreases with h i gher ion 
loading . This instabil i ty can be reduced by small ion loading and by large 
Landau damping coefficients 10 EdS/SdE . The latt e r depends among other quantities 
on the radial variation of the field index dn/dR. This parameter can be varied by 
passive, well conducting structures , so- called "n- spoilers" , on the axis of the 
configuration . Fig . 6 represents a collection of the ring behaviour with 
different field shaping structures and gas pressur e . 

E as 
S 'aE 

4 
3 

2 

1 

0 
t s] 

-1 

-2 

-3 profile I 
le -4 ~~~~--1~--1~--1~--1~~~[mmHg] 

::= 4. 10-7 without structue 
___ J__±~~~~~~P-~~::= 3·10-5 

-;r 10~ profile I 

• ::= 3 · u5 
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-=--- -+----+-- -+-----+-------+--+--; 3. l)-b -profilenl 
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::= 3. x:rs 
- -~ 3· 10:o 
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2 3 4 5 6 7 8 9 10 t Lusl 

Fig.6 : Occurrence of 
r adial collect ive 
oscillations for 
different f ield shaping 
profiles together wi th 
the Landau dampi ng 
coefficients 

261 



The upper figure shows the Landau damping coefficients for the different 
n- spoilers . The width of the streaks drawn in the lower figure represents the 
time behaviour of the amplitudes of these collective oscillations . The main 
result is that these oscillations can be suppressed and the growth rates will 
be r educed when the Landau damping coeffi cient becomes larger than about unity 
or when the gas pressure of the residual gas , wh ich determines the ion loading , 
is smaller than a few lo- 7 t orr, corresponding to an i on fraction of about 
lo- 3. 

2 . Such small ion fractions are unsuff icient for the above ment i oned self­
focusing of the electron ring. On the other hand , during the acceleration in 
the divergent magnetic field there is no axial focusing by external magnetic 
fields . The missing space charge compensation i nside the electron ring can be 
replaced by image char ges on walls close to the el ectron ring when image 
currents , producing a defocusing effect , are avoided. 

The so- called "squirr el cage" inside the ring (see Fig . 3) accomplishes this 
condition owing to the anisotropic conductivity , and with it we were able to 
acceler ate even pur e electron rings as an intactly coherent entity 

T~e ac:eleration was ~etermined by magnetic probes, which measure the Bz of the . 
ring field when the r ing passes by. There a r e several probes along the acceleration 
direction, and at the end a Faraday cup determines the number of the accelerated 
electrons. Fig . 7 presents an example for the signals . From the evaluated velocity 
and the width of the Faraday cup signal one gets the axial extent of the ring ; 
it is smaller than l cm. 

Sns 

Fig . 7 : Addition of a B - signal and a Faraday 
z 

t cup signal 

~-probe Fartiday cup 

. - 7 - 5 . Increasing the gas pressure in the range of 10 to 10 torr , the ion- electron 
ratio becomes 10- 3 to several 10- 2 The influence of the ion loading can 
immediately be seen in Fi g.8 . The signals become smoother and the time difference 
between the two signals becomes larger with hydrogen loading . 
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s, t 1 1 utli ::~~t 
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~ 
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signal 

with H2 
loading 

Fig . 8: Magnetic probe signal wi thout and 
with i on l oading 

The measured pressure dependence , in Fig.9 corresponds to the expected curve 
(solid line) and is proportional to (l+M. N./myN )-

1
. 

i i e 

Fig . 9: Ring acceleration as a function of the 
~5 hynrogen pressure 
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Fig.10: The axial dependence of 
the ring acceleration without 
and with hydrogen loading 
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In Fig . 10 the accelerat i on of the r ing with and without hydr ogen l oading is 
plotted over the axi al distance f r om the compress i on plane. 

As t he acceler ating force inc reases monoton i cally along the axis , the ions will 
be lost at a critical value of d2z /dt2 . Toget her with t he known Br distribut ion 
one gets the holding power o f the a ccel er ated electr on ring . In these experi ment s 
it was 3 - 4 MV/mll. 

The collective acceleration of He- ions is fur ther confirmed by nuclear track 
r ecor ding with thin foi l s of cellulose nitrat e . These t r acks become v is ible 
after an etchi ng process when the He- ion ener gy is larger than 200 keV , and , 
furthermor e , the fo i ls are insens i tive t o electrons and X- rays . 

Fig . 11 shows an electron scanning microscope photograph of an irr adiated and 
a covered area. 

Fig. 11 : Electron scanning micros cope 
photograph of a foi l 

In the running experiment the ion energy is limited to a few hundred keV gained 
over an acceleration length of 5 - 10 cm. 

In a new experiment we will extend the acceler at i on st r ucture to about 1 . 5 m. 
We then expect energies of about 5 MeV/nucleon for light ions and about 2 MeV/ 
nuc l eon for Xenon . If thi s experiment is also successfull the way will be open 
for even l arger energies . The diagram in Fig . 12 shows the potential of an 
electron ring accel erator on the assumpt ion of realistic ring data , i . e . a 
holding power of 10 MV/m and an el ectron number of 5 · 1012 , with y = 30 . 

0 
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Fig .12: Ion energy and ion number as funct i ons of the acceleration length z and 
magnetic field decay u 

One obtai ns b = B (z)/B (z = 0) and g = N.M . /N my. With a handy length of about 
. z . z i i e . 

30 m, it may be possible to have proton acceler ation to about 200 MeV and heavy 
ions to about 50 MeV/nucleon . With an accelerator length comparable to the 
11Unilac 11 of the GSI , Darmstadt , energies of more than 100 MeV/nucleon seem 
possible i nst ead of 10 MeV/nucleon in that machine. The particle number result s 
from the quantity g . Ion numbers of 1010 protons and , for example, 1011 Xe- ions 
per pulse a r e to be expected . The pulse duration is of the order of 10-lO s, so 
t hat the instantaneous ion flux i s of t he order o f 1020 to 1021 ions per second . 

For cancer therapy only a few pulses would be necessar y. A wide field of 
appl icat i on can be expected in the f iel d of ion impl antat ion for affecting 
mater i al properties . In nuclear physics new research with heavy i ons, e . q. the 
excitation of shock waves , needs ener gi es of about 100 MeV/nucleon. We bel ieve 
that an elect ron ring accelerator could fil l a gap in demand for particle 
accelerators . 
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11!E IONS 1H T. P.R. n t ROUGH ANA LYSIS or F'AST NEUTRALS AND 

NEUTRON EHlSSIOU. 

T.f.R. Group presented by K. Cha t clicr 

1''1()(111'/0\ UltllfHl · fl I''" I 111 'IO\ 
IJ••1lf1rl1•111,.n1 •lr /'li1 •111m du l'lu•m•• ,., rl• ' " / ,,,,.,,, ( ,.11,,.,/, ... 

{1•1Hro• 11'!11111•• \ ml1·u 1T•'• 

lloil,. l'o•l•il" 11 ''. '12:!f111 I 0 \ 11 \ I) · 11 \ · UO'I ' ( I U 1 \ { J ) 

• Ion t emperature profi l e : 

J n pcsrt I of our pi!iper ""e described the measurements of the ion 

e r ature profi l e by detection of' fas t n eutra l& emitted m.ostly in the me­

plane be tween 2 main ma.gnctic fie l d coils . 'We have now repe"ted this 

uremcnt, the electrostatic analyser making an angle of 8 ° vi th the magne­

axis, in order t o dec rease the influence of localiz.ed particles in the 

neutra l s s ignal . In the same dis charge conditions as in figure 2 ( Pa rt 1) 

ion t emperature profile near l y becomes SylnJl'le tric ( fig 1) vith the same 

.,um t empe rature . This pr ofil e i s very sitnihr t o the decreasing tempe ... 

re part o f thf!: profi le reported p rev i ous ly, So the a~y .. '11etry c an correct­

e attributed to loco. li t.ed particles . Ou r r esult u in agreement with the 

lts f i r s t ob tained by Petrov ( l ) . 

, General Scaling of the centra l i on temperature 

All the experiaental resu lts obtai ned in Deuterium plasma con-

1 the domi nance o r an i on conduct i o n l oss follov1ng a "pla teau" depen­

:e. The te11perature closely follov s the reh tion (1) : 

t 1 
• J ,,, .111 

T;"" ne·~'f . 'f ' A ·A , (rig2} 

. expl"'rill\ents hovl"' been done , keep i ng l'fconstan t bu t varying B<f at cons­

, filling pressur e in vhich case the product tic Bf stays nearl y constan t . 

ion temperature also stays constant . 

~r experiments have been 1t1ade keeping l<f and fie constet.nt but vary i ng B<f 
the ion temperature closel y fol l o..,s a e113 

r elation . 

le analytical calculat i ons sho.., that the profile can also be explained by 

.atcau conduct i on lou . I n any case t he simulat ion calculat i o ns (2) rcpro­

! the experimental measu r ements 1Jith this lav. 

~ver experill'.ental r esults s how s ome d ispersion around t he relation ( 1) and 

re do not introduce: an increase of' the i on-ion coll is ion frequency due t o 

1rity the plasma s hould be i n SOWie cases in the " banana" regime. That i s 

we calculated the re l ation ( 1) in the presence of impurity ,.ore carefully . 

a deuteriUJ11. plas•a \JC found (3) : ~/l> 
) - • ] -111 - ~ 13 T' "' [ "• . e.'f . r 'f . R • A' • l n. I"· ) 

i.s the deuteron densit r vh i eh can be d i fferent froni the e l ectron densi ­

ie . The sa.11e calcu lations done for a hydrogen pla.saa shov a less i•por ­

: influence or the i11purity on the heating of hydrogen ions . So t he 

:repency from t he relation ( l) for hydrogen ( fig 2} coul d be due to this 

: . But so11e o t her explanations canno t be exc luded as the influence of 

:-ge- exchangc losses or the f onnation of a. iaore \l:istable plasnaa in hydro­

than in deuterium. In any cas e ( 0 1 o r tt 1 p l a s11a) the calculation of 

ion energy confirtement time requ i res the i rttroduction of impurity . 
9 .. 

;imistically if ve s uppos e th<>.t the observed Zeff i8 only due to 0 

Find that the ion ertergy confinement is or the same order as the ili£:. 

1 energy confinement time ( 10 - 20 ms} . 

M.P . Petrov. Plasma physics a.nd controlled nuclear Fusion research 

4 . Yo l l , Tokyo 1974 
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!/itlAMIC5 OE' HIGH Eh::RG'! RUHAWAY EIECTRONS n1 oru.wt 

H. i'Jloepfel , D . .r:. . Spong; and s . J . Zweben• 

Cak Ridge Jintional Labore.tor/, Oak Ridge , Tennesaee , U. S . A. 

~: [he production e.nJ control of strong runa .... ay discharges in OFMAK 

is Uscus~ed . 

Tokamak diGcbar &c:;; , in •.ihich the u:.ajority of the current ...-a& carried by 

runaway electrons , were innJverten tly pr oduced dur i ng the initial cperat.ion of 

OPJ.IAK (1) . Since t.hen there has been .::;o::.e interest in using .r.uch beams (or 

those produced by exter nal i njecti on\ f Oi' supplerncmtnry heating and/o r conf'ine­

n:.cnt of nor:nal tokiuna.k plasma s (21 . :..:e r epor t here n prcli1nina.ry exper i mental 

inve~tigat.icn cf the p r oduction and confinement. of runo.w11y·dominated ORMAK 

discharges . 

~ 
The ?·tmaway discharges were pr oduced by introducing a si13nificttnt amount 

of ar&rn impurity i>lC ·i of the number of hydrogen a.toms present) !..!! a fast gas 

va.lvc 100 ms before the =hot . Attempt~ to p r oduce such discharges by la.,;ering 

the hydrogen filling pr essure and/or eliminating the preionhation .... ere unsucccssf\ll. 

Characteristic:: 

The volt86,e char acteristic was generally similar t.o nonaal CRHAY. chots, but 

the length wa! limited to s:ii 25 ms to avoi d pos~ible damage to the mach ine liner. 

The ma.xi.m.m current vari ed f r om 50.SO kA anong the set of about 20 shots attempted; 

in o.ll cases the re were negative curren t steps (i::i 1 kA) 1 positive voltage spikes, 

and ha.rd X· ray bursts ob~crved sin.lltaneously du r ing the current decay (3] . A 

lartie, fast cu rrent dump ~up to 30 t.A/2 os) u!:u ally terminated t he discharge . 'The 

t·UlD pick\Jp loops s howed an absenc~ of poloi dal mode r o t ati on ; the line ave r aged 

electron den :;tty wa.s :::::i . 5 - l x 1013 i ni t i ally . [{o t emperatu r e oea.aurement wa s 

available due to t he ltt.r ge x·ray backgr ound, howeve r , a. radiomete r probe shO'l.'ed 

a. sh arp decr ea.Ge in power flow out of t he discharge a!'ter t he volt98e ended . 

Reoenrch spon sored by t h e !::ne rgy Research and Developrr.cnt. Admini stru.t i on under 
contrtlct with t.he Union Car bide Corporation. 

~Cn leave from Le.bora.torio ;-,;as Ioniz zati (Suratom· CUEN), Frascati, Italy. 

*ORAU Par ticipant f rom the Uni ve r sity of Mich igan, Ann Arbor, Mich igan. 

"ORAU Pa1·ticipant. froa Cornell Uni ve!"s ity , Ith aca , flew York . 

Confinement 

An attempt to control tl1e equilibr ium of these bea.m· like plasoa:> was made 

by prosramaina the applied vertical field . It ... as observed t h t1.t an increasi ne; 

vertical field lengtbJ?ned the Uf'eti.me of t he current (up to 50 ms pai:t t.he 

volt&81!! @nd) and tended to reduce the f i nal du111P oagnitudc . A larger f ield than 

usual "JaS expected to better confine the high l ongitudinal .:>acntwo beam cora· 

ponent; calculated ~1 - values incr eased sla.#ly over t he discharge up to a maxi ­

mum of"' 4 n~ar the end . Wi thout increasi ng the vertical field the plasu shift 

signal showed a strong outward covement ; wi t h a progran:1ed increase 1n field t he 

:1hift was stabili zed or driven imrard . The slowest cu rrent decay occurred for 

.;bots ..,.hi eh :;hewed a gradual im .. a.rd plasm.a shift , such as would be expect ed to 

confine an outward - shi fting runaway component . 

The hard X· ray d i f18nostic was u sed to sh ow that the maxinllm electr on ene r gy 

in t hese discharges was ~ 5· 7 MeV (:::::i 30·501' less than that expected f r om f r ee 

fall from t = 0) • The observed energy components above 3 Mel/ contri but ed on t h e 

orJer of 10 kA to the tor o i dal cu rren t . No i nf o r mation could be obtaineJ on l owe r 

energy components . 

A distinctive :'eatur e of these shots was t he appearance of the fo.ir ly regular, 

fast dump.:; or hard :r.-rays (r ise tin:e < 100 µs· j ll":OSt Of these Could be identifi ed 

wit.h current-step, voltage spiJi::e s i gnals . These dumps "'ere not acconipanied by any 

observable plasir.a shi ft , and in reost cases constituted ::o 20 .. 4~ of the tota l x · ray 

intensity pr oduced by the r1.ma-11ays . It is not yet clear whether all of the current. 

step ca.n be attributed to runa.,..ay loss , nor i s t he physical mccha.nism of this process 

understood . 'Ihese dwap:: pe rsist even in th~ best-con.f1ned shots, and therefore 

contri bute signifi cantly to the run !lway loss r ate . 

~ 
In Fi& · 3 of cur paper , t he runa'ol'a.y density vs . re vas plotted using the "OR:·tAK 

Type- B'' intersection condition, instead or the "or bit.expansion'' condition . '!'he lat ter 

result is very near ly given by sit1ply sub t r acting l cm fror. the g i ven values of r c 

M<i keeping the curve as drawn . 
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1- Simplif i ed study of the stat ionary s t ate v i th t he trllnseort la.vs used in 

the simula t i on 

tion 

Transpor t equation~ are 5J<2uced co the elec t ronic t emperature equd­

l ~ r ~ !!! .. ~ _T __ + Y S•O 
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The l::oundary conditions are : 

g(o) • ~ • tl>~nL g ' (a) • o g(o) • o 

the e l ectron heat conductivi ty X:t! i s assum.~d t o have the following func tio -

nal fona 

t c • t 0 V (f') T: (1 • u) qk) 

1"he density ne (f ), heat sources o r sinks and t he prof ill! Zeet ( f ) a r!! sup­

posed to be given. The non linear d iff'erentia l equa t ion so obtained i s 

investigated analyt ically and mm.erically.'rl (P) includes the e f'fects of 

both the density and Zerr· The cocttident Ke used in the simula t ion of a 

normal rcgi111e ( no skin effect a.nd q,.. 1) corre sponds to : 

\I • n! 0( • - ~ W • l. 6 k • 2 

'Jc t ake "e • exp (- ' e2
> 

The influence of the density profile is ve ry characteristic i n this case . 

le t us characte rh.e the peak i ng of the temperature and curren t profiles by 

the quantity O • qedg/qaxis" The f igure 2 repres en t s 0 vers us ~ for dif-

fe rent values of 8 • - - 1
--. Only the dashed ~gion can give q . ':;7 1 , r 1. 6 q~dgl! ax i s 

and t h i s i•plic s t°'V -4 . It i s re..arquablc that stationary ducharges with 

qaxls ? 1 obioerved i n Tli"R rorrf"c;pont1 t n 

~ ~ 4 Q • 10 13 ~ 0 .01 

a nd this poin t coincides 'Wi t h the diagram 2. 

The o t her discharges have density profiles corresponding to ~-;: 2 . So the 

steady state vith this t ype of transport coeffic i ent l eads to qaxis L l. In 

such case s an insubility is d evelopping and an ave rage t ur bulent state is 

establis hed, characterized by the t r ansport coefficient ( 4) 

W •{A;, 0( • - ~ k • - ~ l.4)~00 vith X
0
W finit e. 

11- The results of the simula t ion of the discharge TFR (Deuterium, 400 r amps , 

60 kG) ....-ithout and vi th neutral heating ( injected paver~ 170 IW
1

37 keV) 

a rc repres e nt ed on the figure 3. The a greement bet1o1een computations a.nd ex­

periments i s quite SAtisfact o r y . 
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G~ENOBLE CEV!'X (F.\ru1cel 

The plasma current in PETULA has bocn increased to 80 kAmprs. 

(qlimite r • 3. I) wi t h t he p lasma centercd by ve r tica l and radial DC ma gne tic 

field1 . fig . I to 3 shov typical resu l t s for 73 k.Amps . discharges, as well 

as a numerical simulation of the discharge usi ng the Mercier Soub baraacyer 

code. The best fit is ob t ained when neglecting charge exchange ( radial den­

s ity profils has of course to be entered into the data) and when incrcaaing 

electron losses on axis as soon as q "" I at 20 ms . The largest d i screpancy 

i s on l oop vol t age which i s fo und experimenta lly to v.ary from 3 to 5 volts 

as the t ime of maxi.mum current depending on wall conditions. Plasm.:1 res i s ­

tivity t ends to increa1e with sho t number. Energy continent time i1 in the 

nnge 1.4 to 2 .ms and poloida l B is.25 while the r atio o f pla1naa resit tivi­

t y to Spitzer' s for mula is 4.5 . 

Ion temperature on axis (F i g . 4) as measured by ne utra l charge 

exchange (s o lid line) o r by Dopp ler broadening of OVII line (b roken line) 

a r e i n good agreement with Artsimovitch law (poin ts) . 

Fig. I 
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Fig. 5 shows intentity of 1623 A OVll line in arbitrary units as 

a func tion of time for three plasma currents. Due to the faster i ncrease in 

electron temperature, the line appears sooner the hi gher the plasma c urrent . 

The maximum intensi ty remains constant which indicates a constant amount of 

oxyge n impur ity. 
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ifINEMENT Ol·"' HIGH PLASMA IN 1'PE-l ( REVERSED FIELD PHICH ) 

K. Ogawa, T. Shl.lltdda, S. KiyamoJ, 'L . Hirano, 

Y. Maejir.ta and I. Hirota 

Electrotcchnicdl Laoorutory, Tanashi, Tokyo , Japan 

The nci·: results h.:ive been obtuincd in the experiments of 

on TPE-1. The RFP configuration is set up by the fast pro­

:i.rning of the currents ( Z and t.:.• ) in the rather higher plasm.:i. 

:-cnt , - 120kA . '!'he two cu::;es oC pl.:i.sm;:i. currents, ll4kA ( c<ise 

and 128k.A ( case B ) arc intensively anulyzed . Fig . l s hows 

time histories of the magnetic field configurations observed 

: he six magn~Lic pr0bos being in a line with the same cnarac­

istics . The motion of the centre o( the plasma current was 

~rved by a set of four smull pick up coils on the circumfer­

~ of the same cross section o( the torus . The i on tempera-

:! was cscimat.cd by t.he Doppler broadening of HeII4686A. 

radial distribut1ons of the eleccron temperature and density 

Jariable ti1Res are measured by Laser scattering t echnique. 

From Fig . 1 four charactcr1stic phases of the formation of 

on TPE-1; (1) the fast Z-pinch implosions obta1.ncd by the 

c-t current ri~e time, Q .... 4f's 1n case/\, O .. 3 .,sin cdse B 

ime is from the stare of main Z ) and i.ons 1. s heated, .. 50eV; 

i n the centre region of plasma column the fast diffusio n of 

::3ue -co some turbulent mat.ion of plasma , at 3 -- 5 .• s (A) , 3 . 5 

{4 s (B) ; (3) RFP configurat1.ons are est.abli she<l at 5 · 6 us 

, 3 . 5 . ... 4 ~ s (B) and the field reversal r a tio, F, and - , [l], 

estimated a t -0 . 53, 1 .15 (A) ancl -0 . 51, 1 . 25 (B) and .• .. '-0 . 5 

0 . 65 . In both cases the bias magnetic field { 2 .. 7kG ) r.iight 

large tor generating the ideal stabl e RFP conf i guratio n. 

t hese phases , {l) " (3) , a small osci llato r y motion of the 

tre of plasma current ( .... SOOkHz) is observed by the pick up 

ls , bu t it does not develop to destroy the whole current i n 

se phases . Whether the wall stabilization is effective in 

se configurations from the both points of views o f i deal MHD 

k and tear1ng instubilities or not , was examined . The 

malized rw is 3 . 3-....3 . 4 ( F¥.DFM) dllU 2 . 1 (PPM) i11 

urations . The growth times of m=l kink und tearing reodes 

Rod\us 1 cm 

(A) fig.l (B) 
20 . ..._ 30,..\S ( magnetic Reynolds number ..... 100 ) .. (4) RFP con-

urati ons start to decay at ..... a ,,._.s (A), 7 f' s (D) and the 

sma c urrent column starts to move rapid l y like m= l helical 

ion and then touches to the wall . The plasma current decay 

.e is e s timated at 20 ..._ 25('-t s from the observed re and ne and 

netic field . 

erences; 

Butt E . P . et al . Sth IAEA Conf . Tokyo ( 1974 I CN-33/E9- 2 
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'l'HERf.IO!fUCLF.AR Lt.SER lMPLOSIO:~ EXPE.f'!Il·!'EHTS * 

J . 11 . lluckalls, J . L. lli.mctt, I!. G. Ahlstrom , C. D. l!entlricb , 

L. w. Goleman , J. A. Glaze, J . H. Hol:.riclltcr, G. H. Dahlbacka 

Uni ver5i ty of Cal i fornie./La'w.trence Livermore Labore.t.ory 
Livermore , Cali fo i-nin , U. S . A. 

~: Strong e vidence f or thermonuc l ear fusion has been obtained from 

inplosions of' glnss l:!!.ic:robal l oons f ill ed •.dth DT i;as by 1/2 - 1 t errmmtt 

Nd glass l asers . Up to 107 tU l·le V neutrons ho.ve been produce d . Di agnostics 

..,·ith 3 ~m , 30 ps resolution have been obtai ned . 

The cnen;ies of the reacting dcuterons and tritons '-'ere dete rmined 

to be 10-20 ke V by ~ee.suring the t erJporal spreud:ing \..'ilh distance of the 

OT alpha pa!·ticle s . From the measm·ed enerQ' loss of the alpha 9nrticleo. 

in traversing the imploc!eU fusion ce.psule it \.'US deteroined that the ul-

phas orie i nated i n the imploded DT fuel. Volume co:npression ratios o f 

about 100 fold ..,ere measured ;.<ith a 3 micron r e :Jolution x- ray micr oscope . 

The Lawson number i s i o12cm-3s . '!'hese results are generally in good agree-

:r.ent •..ritl? the LASNEX l·lliD energy transport computer calculations . An im--

plodon t ime of approxinntely 150 ps WZ:LS measured with e 30 n::; resolution 

x- ray str eaking c amera. 

These i mplosion experir.ients we r e cc.rried out with t he Janus and CY-

CLOPS lasers developed a t t he Li ven:1ore Laborator y . Eight and one he.lr cm 

s.peratw·c di sc amplifiers ere used :i n the 2- berun half tcrn:nm.tt J.AJruS la~er 

system and 20 cm a.peruture disc anplif iers in the ::;ingle beam, one terru-

watt CYCLOPS las e r system. Focusing i s by Fl lenses i n Janu s and F2 . 5 

lenses in CYCLOPS. The pulse is a 100 ps FWEM gaus sian ..,,'ith less than 100 

microjoules prepulse to avoid tan;et Onmage . !n the f ocal r eeion the bew:i 

has a po.1·tially hollo'W' spulial pre.rile . This improves the fu5ion capsule 

ir.iplo:Jion .5ymmctry . The .5patia l profile ha:!! be.en car e fully mca:rnred i n 

full power laser shots. Ir, oJ·der to produce a clean , precise , reproduci-

ble bew:i despite non-lineer effects, the "D i nteg ral" has been l i mit ed in 

t he JAUUS system (by limiting t he total thickness of glas:. traversed) o.nd 

in addition, spatial rilters have lleen usetl in the CYCLOPS system. 

The physics design of the fusion targets , and the post shot analys i s 

of the diagnostic data was carried out with the LAS!:EX conputer proera.m. 

This code is t"'·o-dimens ional ( axially symnetric) . magnet o- hydrodynamic ; vith 

cult i - energy group transport o f x- rays , e l e ctrons , and rusion reactor prod-

ucts ; laser light t r e.nsport and absor pt i on; and contains approximations to 

coll i s i onless plasma processes . Several target designs using a glass r.'licro-

balloon filled ;:ith lov dens i ty DT gas have been tested. The microballoon 

diwne ter varied rrom 40-100 r.i , and the thid'J"J.ess from 1/2 - 1 r.tic ro n . 

The DT :'.'uel dens i ty vari eds fro:n 5 x 10
4 

to 8 x 10 3 e/c1l3 . I n order to 

e nhance absorptio n o f lnser light a.s well as implosion sym."lletry, in some 

target designs the fusion capsule vas ITcOWlted on a glass disc, or enclosed 

in plast ic foam . These t arget s were precisely fabricat ed and characterized . 

When the glass capsule ;;all is sudde nly heate d by i ntense lnser light, its 

outer surface ablates a.n<l accelerates the glass i nwa?"d compress:ing OT gas . 

Meun~hile the gl ass is heated internally by x-ro.ys and electrons from the 

hot laser heated plnsmn 1 and d ecompresses or explodes . Both the glass nnd 

the DT undergo l ar ge entropy changes and neither reaches high densities . 

':'he DT i ons are heated by rapid compression to thermonuclear tempe ratures . 

?his e>..-plodi ng pusher target desi gn ·.;as chosen for i nitie.l laser implosion 

experiments beco.use the neutron yield is relatively inse:-is i t i ve t o irre.d i -

ution syuinetry, pulse shape (prov iding t he pulse ;.•i dth and ca.psule de:;ign 

e.re matched) , fluid nnd pla.sr.in in~tab'ililies nnd imperfections in the ta..r-

get fnbrice.tion . 

*Resear ch perforcted under the auspices of the U.S . E. R. D.A. 
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A dive rsi ty o f optic: a.1 , x- ru.y, ion , and neut r on detecting i n:; t ru-

ment$ were used to diagnose these l aser ir:pl os i on experiment s . Our x- ray 

micr O!iCOpe uo.es grazing incidence cross ed cylindrical 1 en::>e$ to i mage the 

target ' s x- re.y ee:ission . Fou!'" energy channels are obtained by K- edge f il-

ters. ? hi s nicroscopc has a resolut i on of 3 microns . Pi nhole crur.ern5 nrc 

also used t.o image the target x- r a.ys . Our x- n1.y streaking camera consists 

of an optical streakine car.iere -.:ith an x- re.y phot o - cathode . f i ve energy 

channels nre obtained via K- cdge fi lte rs. The re:;olution o f this instru-

mcnt is about 30 ps . Our alpha particle time of fl i cht spectrometer con-

sish o f u time of flight t\lbe o.nd a mngnet t o bend t he alphas out of the 

line o f sight int o e. sci ntill ator- phot o- r.mltiplier combination . This in-

strument mea$ures the ene rgy distribution o f the alpha particle:; vith a 

r es olut i on of 100 keV at a target y i eld of a few million (DT fusion events) . 

The spa.tia.l d i str:ibution o f light frorn the turget is determined with a 

diode array , e.nd is int egreted vith a box calorimeter. A combino.tion of 

K- edge o.nd c ry::;tal spe ctrometer ::; are uned t o measure the x- r ay spectr a 

froL". t!':i e target over u. range o f 500 ev to 100 kcV. Plasma ions are mea.-

sw·cd ·~·ith cali ori r.1eters a nd spect r ometers . 

A dot.en differen t target designs -..-er e imploded wi t h one and with t wo 

lv.ser beams g i ving neut ron yields varying fror.1 250 t o l l mil lion . Over 

thi s rive c>rdel'S o f magnitude , LASl-IEX calculations are •..rithin a fa.ctor of 

3 of the data . In one beru=t experiments mounting the capsule on a disc 

degrades the neutron yield 3- fold , an d foam mounting degrades the y i e l d 

100-f olci . Both the disc and foem abs o1·b energy and reduce the DT temper-

atur e , and 1...1\SNEX predicts t he strong s elr- generated magnetic fields inhi-

bit trant;port of energy through the foam . A 30-fo ld enho.ncerncnt was ob -

tnined with t he complex t arset design . In 2- benrn experiments 1 the disc 

degrades the neutron y ield 8 - f old and t he complex design prov ides u 2-fold 

enhancenent. Data f rom the x-ray st.reaki ne camera for e. typ1ca.J. lmplo s1on 

sho·.; peaks i n the 7 . 7 and 9 . 1 kcV c hannels about 150 ps u.r t e r the onset of 

detectable signnls on t he lov energy channels. LASNEX culculations predict 

such peaks o.t the culrninntion of the implosion e.t e.pproximntely t hi s time. 

The experimentnl a.nd cal culated x-r ay spectra beyond 3 keV a.re in good 

agreement. The high energy portion of the x- ray spe ctra indi cates the 

presence of superthermal electrons generc.ted by collisionless plnsma pro-

cesses and by fohi bited electron t ransport in t he plasma due to plasn:a 

instabilities and self - gener e.ted mag netic fields . 'i'he x- ray micrograph:. 

o f these i mpl osions typi cally show compression rat io s of about 100 fold . 

The mee.su:-ed nlpha particle pulses at a dis tance of 9 feet from typical 

i r.:tplos i ons y i elding about 5 x 106 neutrons have a time vidth of about 11 

nanoseconds . [ l] This time Yirlth cor responding t o nn energy "·idth o f 330 

keV. The meo.surcd e.lpha energy is a.bout 3 . 3 MeV correspond ing t o an ener gy 

l oss of 220 keV in traversing the compressed t arget . These results corres-

pond t o r eacting DT energies of about 10--20 keV, and to uncorr ected ion 

ternpere.tures of 3. 5 keV . Analysis \.•ith LASHEX shoYs a Doppler broadening 

o f nbout 150 keV due to hydrodynwdc motion of the assyrnetrically imploded 

DT fuel and various sr.:a.ller effects. The corrected ion t emperature is 

about 2 kcV. The LAS!IEX predi ct ed alpha energy loss is 200 keV, in excel-

lent agreement with t he exper iment al results . 

?ne next majo r step in laser fusion "'ill be demonst ration of ir.iplo-

sions in "'hich entropy changes are rninirr,ized and very high den s ities are 

achieved . High density i sentropic implosions are sensi t i ve to fluid a.nd 

plo.smn instabilities a nd require pulse shaping . Such implosions will be 

curried out with the multi- terravatt ARGUS laser dur i ng 1976 . Experiments 

vhich 1r.ay approach brea.keven v ill be c arried out with the l OL Joule 30 TW 

SHIVA laser in 1977 - 191'8 . 

REFEREllCE 

[l] v. W. Slivi nsky , H. G. Ahlo.tram, K. G. Tirsel l, J . Larsen , $ . Glur os, 

G. Zinunerman, and H. Shay, UCRL 76938 , to be publ ished in Phys . Rev . Lett. 
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EXPERIMU'TAL l NVESTI CATION Of LASER-HEATED PLASMAS 

IN A SOLENOIDAL MAGNETIC Fl ELD 

PART II 

Z.A. Pietrzyk , H.L. Rutkowski and C.C. Vlases 

Unlvenity o f Washington, Seattle , Washington, U . S.A. 

The density , t emperatu re , and s treak photogr aphy measu r ements des -

cribed above have bee n a na l yzcd in detail in an a t tempt to determine the 

mode of pl asma column p r opagation and to construc t an energy bal ance. A 

compar ison of experimentally determined f r ont trajectories with fini t e B 

bleaching wave theory
1 

and detonation wave t heo ry2 i s shown in Figur e 1. 

The best fit &lope of the expe r imenta l data matches bleaching wave theo ry 

fairly well over several order s o( the appropriate dimensionless para-

a eter, but the theoretical detonation trajectories are also close to ex-

per i•ents. Bleaching wave11 o r e further s uggested by the transverse den-

sity meas urements, which indicate no compression over ambient, but t he weak 

dependence of breakdown velocity on filling density i s mor e consistent with 

detonation wave&. lt s hould be noted tha t the published theories do not 

account for the effects the expansion wave propaga t ing inward from the end 

of t he column, and thus •ay be too idea lized t o describe these experiments. 

We t he refore conc lude t hat although t he bulk of the evidence suggests t he 

waves a r e " b l ea ching-like," the question has not ye t been resolved ei t her 

theoretically o r experimcntel l y , and furt her work is needed . 

From our measu re111e nts , t he mean value of the plasma parameter s for 

fixed (150 j oules) l aser e ne r gy and 8 • 100 kG ar e es t imated to be Te 111 Ti 

~ 130 eV, fie .. 5 x 10 17 , Z • l .S, plas11a radius 2 .S mrn, a nd p l as11a vo l ume 

1. 6 cm1
. An ene r gy balance was 111ade which s hows t ha t 31% of t he laser 

energy wen t into t heraal ene r gy , 2S% i n to kinetic ener gy, 7 , S% into i oniza-

tion, 6% was transmitted, 4% backscattered, and 26% was los t by axL:J.l heat 

conduction. Bremsstrah lung and transverse heat conduc tion losses were 

estimated t o be negligib l e , as was the change in B field energy for the 

achieved 8 of 30% in the 2 . 5 c• bore. This accoun ts for essentially a ll of 

the laser energy. However , estimat es of the he.at conduction losses are 

difficul t to •ake precisel y, and it is possible that some of the laser 

energy is r efracted near t he orifice by t he axially- expanding plasma. 

1. L. C. St einhauer, 11.C. Ahlst r om , Phys. Fluid M.. 5 (1975). 

2 . S . A. Ramsden, P. Sovtc , Natu re 203 , p. 1217 (1964) . 

Fig. I 

82 

C02 LASER- HFATU:G DP£RIM!JCTS 

T . P. Donaldoon , • J .'tl . van Dijk ,+ A. E. Elkerbout; and J.J . Spalding1' 

Queen's UnivcrGity , Belfast : R. K. Hogere Technieche School , Ri j awijk , 
The t~etherlu:ias! a nd ttAAEA Culh.3.m Laboratory , United Kingdom/ 

Abetra.ct A etrong modulation i n axial dcneity profile ie me:usured in a 

co
2 

laeer- generated pl~umn . The density cavity occurs near the critical 

density and is probably driven by non- lines.r ponderomi:>tive f orce.e . 

Further analysis o f the holographic intcrferogram.s discussad in Vol I 

h.9.a been made a t d.ieh.nces of O, 50, 

100, 200, 400 and 500 1-Lrn from a semi-

infinite carbon target . The axial 

vnriation in electron density (ie 

along the ln5er beam) is shown in 

Fig. 1 . The interf erograms can 

readily be measured within M.lf ~ 

fringe , giving an estimted error of 

.:.. 1'1l a. t peak density , and propor­

tionately higher errors at lower 

density. The axial expansion ie 

thought to be isot hermal 1 because of 

the close similarity in the shape of 

(ne( ?. ) ); 
1 

plotted in Fig. 2 , nnd the 

Abel-inverted soft X-ray int ens i ty -

(corresponding radial variations in 

this X-ray intensity fo r a Si0
2 

target 

are s ho'fm in Fig. 3 . ) 

Note that a very strong modulat i on 

in density is observed, ll'lving a scale 

l ength ~ 50 1-Lm, ie o f order 100 el ec­

tron Debye lengt hs . The density s cale 

length of the out er corona ie ..... 200~m ; 

the critical surface is not de tected 

by t he interteroiaeler, and i s lhu.1'5 

vithin t he target .surface at the time 

of aeasure•ent ( t = 25 rus) . The 

radia t ion pr essure of the f ocussed laser 

benm approaches pla61!B kinet i c pressure , 

since the (unpolarized) free-spac e int­

ensit1 produced by the f/4 mirror is 

- 9 X 10
12 v/caa; its angle of incidence 

ranges from cf t o - 7° , 50 that reeonant 

absorption near t he critical surface 

my be expected( 1 ) . Under the&e 

experimental conditions , pondcromotive 

force effec t s any dri VO? denai ty per l ­

urbntions(2, 3) 1 11.nd a ccompanyi ng self­

focussing a nd filamentation rm y 

occur(4 ) . This observation provides 

a laser analogue of t he micr owave 

" caviton" experiment reported by 

Wong et a l {S) . 

0' 

c ' 

200 400 

Fig. 1. Variulion of n '\ l oug 
th• laa,.r -) a xh foren c;.1.rbon 
plasnn nt .. • 25 us . 

Fig. 2. Variotio11 o f ne2 and 
X-ray intensity ~I) with z . 
(n aplotted from Fig. 1 1 I 
tJ.en from pinhole picture 
of a Si0

2 
targe t ) . 

i1iu 
-•od1D1 011.klm~ -

Fig. 3, Varintion of rodinl 
X-ray intensity nt various 
distances from the eurface of 
a Si02 target . 
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1J:·1je Un1VRl'o;ltl!it f-rUS5il , f;'.) ~.:.Jlt~i· Vd'' tJ~ .·!Pf'~.,"l~h.JCCE; "' , 

~ : Consid.::: :·aLior ls f~v£?n :o tl"'e o~t·a i:ctr!: t<>:>:>n~,CP~ 

!- 10 _ ·-1 :'.. ng thP co1..:::!.'..n~ ot en cxt:Erl'1~1 "d:-.c-1c Fln f':·1= :1~1.:1 

.. 0 tne pla';OnB \.!<Jve s ~nr1 to the curely r:~·"lpej C''e<1'"::! jyr~'"'i al 
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~Q. :4J tn 'he r-~1'1 te>tt 1es.:ribes • .,v "vol:Jti"'"' .r t~e :H"'p:1-
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'"laglect1'1g al: cc!~ :. stcncd ere \l}a">"'OV non - l:inR<"t?ities . 

\•Ja ::cnsider an ulect ric ft!i:C c · tJ-:t:: for"1 

(OJ 

whar e is a rea l , const.,., .. vec t cr . 

c:>.Joli'li;S o:- =-ore e$ i':i obt.JirE'a wh1.:r: o r• -
SCr":!nce concitton can ~e s..,tis .: ied : 

:.l • 0 
0 

( -
[n , 11"· 1. .. . 14) 

fQ. {4) than :-~-:t.c~s to 
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{•N h e r; an , 1-.(t ) in c lud9ti thA t ine dapenC!e nce OU!": tO thP ir"a g i nl''ll'Y 

oert :>" ·he PO fre quan'"y ti..n , t ) . 

T,..ts e :::i u:-1t:ton c.Jnta i ns !n c<J r ".:icul "' r- t'ie classice! oenH·•c l ric 

tnstaoilities , e esides , it con t ai·a er.i.-ects whic"°I have net Leen 

consi d e r ed b4i!forc . Indeed , reson~nt tr1ol::!t s can be CO '"l!;._ruc -

too . inv o l ving n n1;1 mnr1P nf - pro ""reauency l'\nd one "°111:!.h ··reQuency 

p!osm<'! w<lve . The former are puraly dissipa:ivR :.!ecav modes , 

~hose damoing r ates aro deterrrinec , !'l .l .t"!rst l'!r.c10~1~a. : ion , 

t:y til e frlction a"lj 'leat ex:ru'lge tr~'lsoort coe1fic1A'll:~ . Ur te! 

ttese resnnance conj!tionii , :l:!n ~0~~5 -1:1r1 be sirnul .... neOu!:ly 

co up l e d . Loot-.lng f o r solutions of e:::i . Dl i n tha fo r m 

r a 1 

we cbta!~ e displilrsicn ea~attcn cf :anti" j e gree . 

I, the PD opproxin~t!on , (!.e . ~.ce/w 111 < ... 1' it t':l'lo; ·tin f:illo·~Jtng 

fo r m : 

~ 9] 

~here O(A) is 3 third degree po:vnomial , wnosc ro~ts have ne1• -

:1ve r eal parts <l"'ld 1-1111 n~t b e disc.nued he r e . A is the damping 

r~te o..: the plcsrra 1.-Javes {see => q , 11)) , Iri :he PO opo r ox!l'li:itlon 

1 t re duces to 

8 15 the ar&le between the vector t' 1"!r:1 tht. ex~err ~l ·1~10 

E. Th e latter is e x pre11ee by :t-e Cimersio n lP.o;!\ parame t er c· : 

! 1 1) 

0'le o .: thii roots o r t.,e broci.. e tte factcr !'1 ea . (Y 1: f'f1ri1te 

nee;!ltive . ~he other orovidRS the ~ero ,..o1e !'1s".at~1 :tv . For 

all •1olu&s or the exter rial 0 ! eld i t is dPf1.n i te posi':iva . :ts 

growt h r a:e fo r s mol 1 k is give"l by 

/1
1 

"' (4/3) U(1 " Ul - :::!C - 1 Oc,Jw= l 2 c 2 s t r. 2 1Jwe (1..,l 

!t can be shown that unc:er cont:!:ior.s of interest in l<!s-3r f js!~., . 

Lhl5 :-ate is by ro ne.:ns nee, 1 1g!tl;; co""Jpa:-cc tc:: other :ecey ir ­

Hi3b1litias . Furl'°\e:-nora , Lhe mair faeture o f tr.i15 tns::e::d1ity 

1s the obsence of :3ny threstio : d . 
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Stability of Tokamaks wilh Res pec t t o 'Slip' Motions (Supp lf"ment) 

E- Rebhan , A. 5sla1. 

Max-Planck- lnsti t u t Cil r Plasmaphysik, 8046 Garching be i ~Kinchen , 

Federal Republic o f Ccrrr .. '1n y 

Abstract: The relat i on be t wee n ' slip' mot i ons a.nd gene ra l axisyn::c::etr i c 

perturbations is cons irle r ed. 

According co the lilc'lin pape r the ' slip' motio ns which mi nimize 62W are 

special axisyrrrne tric pcrturbaticns . Obvious ly , t hey arc minimizing among 

all axisyaur:et r ic perturbations in t he limi ting case A
0

-+ • , This case is 

ob t ained H. for exa~le , A .... .. for fixed Sp and fixed sa f ety factor q. 

For finite A
0

, lolo.'er va l ues o f o2w may be reached by more general ilxi­

symnetric perturbations . Fo r t hese, 61..'pl contains the ddditional term 

A~ J cur12 (~ x 99)d1 , whe re as 6W
5 

and 6\..'vac a r e the same as for 'slip ' 

motions . The Euler equation s nm.• obtained b y lilinimizing 6Wpl for (
0 

given 

on t he pl4sma boundary may a gain be intcguted analytically <1nd used to 

r educe 6Wpl co a surface integral 

f(R) 1 which i s obtained fro m t h is integration, is de re rained by the 

boundary condition _!!. • .£ • ( n or 

f +- [~ 

(the dot dcnote15 diff erent iation \.' ith respect to the arc lengt h on t he 

plasma boundary) . For g iven antisymmetric Cn ' the mini 11um of 6Wp l 

vanishes both for ' s lip' motions and general axisymmetric pe r turbations . 

from this ond the foreg oing i t foll°""s that the cor responding stability 

boundaries coincide exac tly. For syrmne tric (n ' the diffe rence in 6Wpl 

leads t o different s t ab i li ty bounda r ies. However , this difference is 

practi ca l ly negligi b l e for A ?: ~ . Only Car lo\o•e r- A and q ~ I does t he 

stable region of gene r a l axisycrme tric pe r turbations become v i sibly 

narrowed a ll corr.pared Lo 'slip ' modes . Two examples o f s uch cases are 

sholo.'t'l in the fi gure bel ow ( the boundary for symmet r ic ' slip' mot i ons i s 

dotced). 

"Th is work was performed under the terms of thf" ag reenten t on association 

between the Mo.x-Planck-lnstitut fl.i r Plasma.physik and EURATOM" . 
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MULT!SPEC!ES D!FFUS!DN COErflCIENTS 111 THE Pf lRSCH- 5CHLUT(R 

AND BANANA REG I MES fOR ALL TEMPERi•TURE A ~D MA~S Rf,T IOS 

P. ROLLAND - f . WERK Off• 

ASSOC ! AT!ON EURATOM- CEA 

aepi!rtem!!nt de Physique ~u Plasma et de l a f usion Cont rO l Cc 

Clc r vicc I Gn - Cent r e d ' ( tud e s N1,;cli!ai r es 

BP 85 - Contrcde TRI J60G 1 

GROIOBLE CELEX (fRMJC() 

\o/e h e v£' improved t'ie results pre sented in t he first ver ­

s ion of t. h is p l!pcr , in whi c h we hevr; used a s i mplified fokk e r­

P!emrk operator (5) besed o n t t1e usua l ~ssumption that 

e>F,1a-;, ,, af.l<i• (1s) 
fhis assumptio n which has been u5ed in most p a pers c onc:eTning 

this problem , <Jllo\<IS to simplify conside rably the F . P . ope rator 

/ B/ a nd leads to a friction force dl!pending o n the Rosenbl uth 

Po tential for di ffusion g end not on the R . P . for friction h. 

liowever , t h e integration of the full f . P . oper ator / 2/ shows 

tha t the fric t ion force Rj depends u pon ttie R. P . for fr ic tion h 

and not on the R. P . for diffusion g /6/ . Wf"!! h a v e : 

r!hex:e a s the essu'"ption ( 10) would give : 

(1'.l) 

(ZO) 

~;k • -211'm,T; ~dvdppf.;C>.~• ("r, . ~><"z'.z:Lnll/m: ) (21) 
E9· (20) nnd ( 2 1) are for tuitouely equivelent when m 11 »mi 

Simi larly , t he variationa l princi ple usi n g the essumption ( 10) 

leads to expr essions o f the f l u xes d epending on a quanti t y 

(rq AB /2/) f u nc tion o f 9 o n ly . Thc!;es conside rations hav e led 

to recalc:uln te t h e coeff icien ts : 

(n) 

u s ing the exact f , P, oper a tor. We obtain : 

(2.~) 

with the s e new coe f ficients , t h e expression { 16 ) of~ i n the 

Pfirsch-Schluter r egime remains for rr1ally valid . It gives : 

r. = -L '!_ llii~ n N.N ~ (.!:..)(m,+m,) ~ T.Z [!:!L -~ .L!...d -'L J> 1 
.,, "' { ' ' b T' ] 

' k · ~ 8.1. " k T. R '"11 b . '!J1t J k N- 2.T. + 2. b. T. 
• J ,- J ,J ,Jk .J j 

T.z. [!L :5 +2.~ T;] } h1=~ ; b., =b.+b, . (zi.) 
J N., 2T., 2 b;1i T., 1. Z.i; J .J 

\•1c note that the brecket [ ). r e duces itself to !:!,'_.!.'. if~«~ .and 

to!:::!:+:!..' i f~~~ - J N lT l; T"' 
M 'T T 1 Ti. 

In the ban a na regime , we obt llin : 

T.='·H" r{m A (-!...(~.+ ~~.il )' + m,A,, ?; mJ:,,J\;/Z. +m:e;,,.:1t,.122. }(zs) 
J ZJt.1 B!k J.J\f Z~ 1

J 2 AJk lj~ 1j L.m.A • .,./TQ 

fo r 2 species with mti » m; we find : -

1; =~fiif --, e. L.D~N.z;z, u'(-~+~~ )+o.~72!.... +o.&2~ (26) ll • • '{ ' . . . } 
ZJ<&• Z/4; "1; L.,Nti Z,;91j z;lj 

P1c e xpre ssion g ive n by Rosenbluth wes , for e - i • / 2/ 

l' ~ = fi •·n N' { ( T-) "' i:' T: } c. = _.,zrr _ tt W1 _z.24 1T-!. _ +0. } 6--!. +o. ~8__:.. 

3 c&! T< N T< Tcz. 

The hee t fluxe~ Qj will be given in a future publication . 

n~ f erencc 

/8/- f . liERKQff - DPh-PfC - Nct• in t erne n' lldC . 

• Pr esent address : Association Euratol"l - CEA - lil!partef!lent de 

Phys ique du Pl a sma et de la fu s ion Cont r61l!e - Se rvi ce STGI -

Cen tre d ' Etudes Nucl~ai re'IJ - 8. P . 6 - 92 f Qr, TE NAY - aux - Roses 

(Franc e) . 
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IMPURI TY PROFILES IN A STEADY-STATE D-T REACTOR 

J . A. Markvoort a nd J . Rem 

Association Euratom-FOM, FOM-Ins t ituut voor Plasmafysica 

Rijnhuizen, Jutphaas, The Netherlands 

I n t he model of the reactor in which the thermal for ce 

arising from ion-ion collisions is introduced, i . e . 

d- 3 nik BxVT 
<at >1j : ! ~1j "' i 'ij TBI 

where m> 
[ mf"'i ] 

zieB 
ai j -

___:i_ 1 - -- • "'1 -Ii\ (mi +mj ) 2 mjwj 

and =~ (kT) 'lz 12• 2 E~ 
T ij rn1+mj /'Ii n . e .. z~z~lnA 

J 1 J 

we find radial distributions of the car bon (nc) and the 

"deuterium" (nd) densities (Fi gs . 3 and 4 in the addendum) com­

p l etely different f rom the case in which onl y Nernst terms due 

to ion-electron collisions are taken into account {Figs. l and 

2 o f the paper ) . 

From these rep resentative numeric al sol utions of the com­

plete set o f MHD equations it is seen that t he impurity dens ity 

decreases towards t he axis. This behaviour agrees with the ana­

lytical solut ions given in the p roceedings o f t h is con fer e nce . 

( l+Z / 4) (l+h ) 
ncT c • canst. (n

4 
>> nd ) a nd ncT c = canst . 

(n4 « nd ) . 

It must be noted t hat a l though the analysis r e fers to our 

specific reactor model , the results are also appli cable to any 

l ow- B plasma column that is ohmically heated. 

Conc l usion: It i s f ound numerical l y as well as analyt ically 

t hat the thermofo r ce due to ion-ion coll isi o ns d ominates and 

will lead to an impurity prof ile which has a minimum a t the 

axis. 

10• 
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Jf\TERACTION or NEUTRAL HYDROGEN ANO PLASMA tNCLUUING \\'ALL REFLECl'JO~ 

J. F. Cl:1rl..c and D. J. S i gmar 
Oak n ids:c Nat ion a 1 laboratory and ~t:lssachuset ts Inst itute of Tt'chno 1 ogy 

h'e present results frOID nu•erical calcu lations using the inoJcl we have 
described. r:e firsc consider the sealing of the si:c of the ncutr:i l gas boon­
dary layer, as one proceeds t o larger and hotter plasmas. \\"e :i r bitr3rily 
define the inner edge of thC' neutra l ga.s l.'l)'C r (denot ed a s radius a·) 3S lh"1t 
point :1t which the neutrals' sour ce stre ngth , SFC• has dropped to t•. o f its 
cxtcnw l value . The Table g ives results fo r sizes from IS t o 170 cm, und for 
t emperatures froin 700 cv t o 5.6 keV. Fo1· these resu lts "'·e assume equal 
clcctrou and proton densi t ies. 

As a second case . we consider t he effect s of wall reflection, a s descr ibed 
hy the Robinson 11ode l, for n conteinpor3r)' experimf"n t : ORMAK. In Fi !:urc la we 
shoh' the ratio of total neutral dens i ty to edge neut ral Jcnsit)', and the ratio 
of ac3n neutr<ll energr t o the central ion tell(>eraturc. We note a substant i al 
diffe rence in the expect e d central neutra l density. In Figure lb h'C show the 
neutrals' para llel ve locity, both wi th and 'dt hout effects of reflection. The 
friction due to charge exchange, und the resulting non-atlbipolar flux, arc 
both considen1ble. 

Acl..not..• l edsmen t 

We arc gratefu l t o D. E. Arnul'ius, of the Computer Sc i ences Division, 
OltNL, Cor these numerical calculations. 

T<tble I: Neutral densi t y effects i'lt the edge of t h e ncutr:tl laye r 

Ti (0) 

(cv) 

700 

1400 

2800 

5600 

Note: 

Ni (O) Plasma Minor Neutral Layer Tcx(:i •) 
(cm-3) Radius (c• ) Thickness 

(Ms et) ca•/a) 

5 IOU 15 . 70/. 70 34/28 

5 lOIJ 40 . 84/ .85 3-1/:?2 

10
14 

60 .93/ .96 18/7. I 

1014 170 .97/.98 7. 1/2.R 

The t h'Q cases a rc: fir s t , T.(11) = 10 cv, constan t as T.{0) va r ies ; 
second, T.(a) = 0.1 T.(0). 1 The l a tter simul ates operAtion with ;,1 

divcrtor, 1,.<ith relat i v~ly f lat t e11pcrnture profi les . 

10

Research sponsored by t he U. S. Ene r gy ltescarch Admin is t ration under contract 
ti'740S-eng-26 with Union Carbide Cor porat ion and contract AT(ll-1)3070 at 
M.us3.chusctts Ins t itute of Technotoey. 
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LOWERING THE IMPURITY LEVEL IN PULSATOR BY PULSED GAS INFLOW 

B. Cannici, w. Engelhardt, J. Gernhardt, E. Glock, F. Karger, 

o. KlUber, G. Lisitano, o. Meieel, P. Morandi, s. Sesnic 

M.ax-Planck-Institut filr Plaemaphysik, 8046 Garching, Germany 

In part I of our contribution we gave a comparison of discharges 

wi th and without pulsed gas inflow. I t w.;15 found that for a 

given neutral influx, the i ncrease in density was dependen t on 

the appearance of !lmO-modes. Further exper iments showed that it 

is easier to attain high deneitiee in discharges with higher 

current (and consequently lower q-values). An example is given 

in Fig. l. In this case the maximum electron density reaches 

more than 1014 cm-3 wherea s the electron temperature drops only 

slightly. Fig. 2 shows line i ntensities of oxygen and molybdenum 

tor the same die:charge . It is evident that oxygen stays constant 

and molybdenum is reduc ed when the density ie raised by the 

neutral influx. Since the contribution of molybdenum to Zeff is 

small compared that of oxy9en, we conclude that t he r eduction 

of Zeff is mainly due to adding hydrogen at a constant influx of 

oxygen, whereae the suppression of inolybdenum plays a minor role. 

At late times ( > 70 msec} • for some unknown reason the impurity 

i n flux of bot h oxygen and molybdenum increases again, wh ich 

probabl y prevents a further reduction of Zeff • It seems, however, 

that the rel ative content of impurities does not rise again. 

~: Plasma para­
meters in high current 

discharges (q"' 2.5) 

with gas inflow. 

Elect ron temperatures 

a nd densities are peak 

values on axis taken 

from Thomson scattering. 

~: Impurity line 
intensities in high 

current discharges with 

(B) and without (A) gas 

inflow. 
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FILAHENTATIOO INSTABILITY OF All ION-SOUND WAVE 

E. CAllOBBIO 

l\SSOC!A T1 ON EURA TOM-CEA 
Vl paA.temen.t de Plty•ique du P!<uma e.t d< lo. Fu,0.i.o11 Co1W<OUt 

Se-tv.<c< !Gn - Ce>W.e d' E.tudeo NucUa.iAeo 
B.P. IS - Ce>W.< de TILi. - 3104 1 

GRENOBLE CEVEX I f.\<U1cel 

In t his supplementary paper we wri te. the dispers i on relation for 

filamentation instability without imposing the restriction jwj « "30 • At t he 

time, we correct :an algebric e rror which occurred i n the derivation of 

Eqs. (4) of the main paper (Vol. I, p . l.S6) . The main effect of this correc­

tioa. is t he disappearing of the e xplosive character o f t he filamentation 

instability. 

lf lw/kvci l and lw/w
0

I are arbi trary, while 

the follow ing Fourier coefficients of the ion density are obtained (instead 

of Eq1. (4)) : 

!£) ~ 2w +-¥- (I ± w:) +<•» 
w± -

where xlo) and xi± I} are de.fined as in the inain paper. 

The dispersion relation which can be derived, with the he lp of 

Poisson Equa t ion. fro• these equat i ons and froca the corresponding ones for 

the electrons i s : 

This equation adaiu unstab l e solutions only if IC&l l << C&J
0

, Then, 

defining y, F(y), and Q as in the main paper, we find 

T. Q((k /k)
2-J) (I + J(y/x ) 2

) 
_,!;. + F (y) ( I - o 2 I 2 o 2 2} • 0 
Te (y/x

0
) + ;; (k/k

0
) (I + (y/x

0
) ) 

Marginal stability (y • 0) corres ponds to curve A in Fig. I of the main paper; 

instability occurs everywhere below this curve in the {+ VQ. (k/k
0

)
2
)-plane . 

On t he o the r hand. the grovth-rate neve r goes to infinity . and both curve B 

and Fig. 2 should be disregarded. 

If 3 Q(k/k) 2» I , the growth rate is e ucntially a l i near f unction 

of the puq> amplitude, as 

The conclusions d r awn in the main paper are still valid. Hore 

detai ls about low-frequency pa rametric instabilities in t h e absence of a 

static magnetic field may be found in the reference . 

~-

E. CANOBBIO, Parametrically unstable i on-sound wave.a, Nuc lear Fusion, in press. 
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Mass Dependence of Ion Heating in Turbulently 

Heated Plasmas (THE MACH II) 

* ** * K. Adati, H. Iguchi
1
Y. Ito, T. Kawabe , K. Kawasaki, 

T. Oda,* R. Sugihara and T . Yokota*** 

Institute of Plasma Physics, Nagoya University, Nagoya, Japan 

Faculty of Science, Hiroshima Univer sity, Hiroshima, Japan 

Also Plasma Physics Group , Phys ics Dept ., Universi t y of 

Tsukuba, Ibaragi, Japan 

Physics Dept ., Kyoyobu, Ehime University, Matsuyama, Japan 

An additional exper ime nt has been performed with THE 

MACH II device in whi ch the initial plasma have been produced 

by a theta pinch gun, also furnished with the same mixture 

gas. It can pr oduce highly ionized p lasmas from the start . 

Two energy distributions have been also found . Fi g . 

shows the mass dependence of the ion temperatures , Ti, in this 

case : that of the hot component is of the form, T1 a: Ma. . 

a is estimated to be between 1/3 

and 7 /9 . The cold components have 

not shown clear mass dependence in 

the heating . Fig. 2 shows the ve-

locity at the transit ion point from 

the cold component to the hot one 

in the energy distribution of the 

ions, indicating almost constant 

value with the i on mass. Ratio of 

eel~.~ hale~ 
1-.-­,.. 

10' 

11''----'"1:.''-.J._.:J'"o......~· - "' ........ "-~ 
1 

t oo 
~ ... MwnlM• 

Fig . 1. Mass dependence 
of ion temperatur e (Theta• 
pinch gun) 

the parti c le number of the hot component to that of the cold 

one decreases with increase of the ion mass (Fig . 3) . 

On the basis o f these exper imental results, a possi ble 

explanation about the mass dependence of t he ion heat ing is 

as follows : In the case a 'Ji 1 (the result of the experiment 

with the Ti-washer gun}, t he ion being trapped in a certa in 

wave in the plasmas are accelerated to its pha se velocity . 

In the case Cl < l, the quasi-linear diffusion in the velocity 

space of the ions due to excited waves dominantly produces 

the high energy tail. 

"'.----------. tt'r------~ 

! ... ... 

Ne Kr Xe 
11~.L.-~~-~,. ... ,"'"-' ••''--~-~-................. ,. tll 

Man Numb., Man Numb., 

Fig . 2. Velocity at t he transition poi nt. 

Ti- WUMll Gt1111 

I I 
I I I 
A Kr ICe . ~.---_,,.---~ .. ~ ...... 

I 

.. "''' '• ... 
MHI M1.1m••1 

Fig . 3 . Rat i o of the partic le nwnber of the hot 
component to that of the cold one . 
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lfEUTROll YIELD Ell!W1CElli:NT 

Ill A FOCUS - LASER EXPERIMENT 

S.Kaliski , Jraranowskix/ !.1. BorowieckJ,, S . Denus , 
1.1.GryziilskiX K. Jach, A.jerzykiewiczX( !J.Kielesinqki , 
S . Ko1valski , .Kubicki, Z .Kurzynski f J .Nowikowskix' 
P.Parye, T.Rueinowicz1 11. Sadowekix, J.Wawert J.Wolski , 
J.Wo;towski. 

INTRODUCTION 

·rnstituto of Plasma Physics and 
Laser Microfusion, \Varsaw, Poland 

As part of tho studies on lasor heating and plasma compro­
asion / 1 I tho construction was s tarted at the Ins titute of 
PJ.asma Physics and Laser Microfllsion I IPPLM I in \Varsaw of 
a combined Pocus-Laser system according to the concept of one 
of the author s of this paper. The aim of this sy stem was to obtain 
better parameters of heating and a higher total neutron yield 
than is the case with the Pocus alone. This system, described 
later in this paper, is based on a P-150 pl asma- focus machine 
of an energy of 150 kJ and a co2 laser of an energy of abou t 200 J 
in a puls e of some tens of nanoseconds. Similar work has been 
taken up at the Lebiodiev Institute in Moscow I 2 /. 

The theory I 3, 4 I developed on the basis of an approximate 
one- dimensional average description enabled a s tatement to be 
made that for assumed combined system an increase by 200-JOO per 
cent in the neutron yield, in relation to the Focus , i s possible 
/ 5 / . In accordance with the results of the theoretical computa­
tions we have obtained experimentally an about threefold increase 
in neut ron emission from the F-L sys t em, i.e. , up t o 1010 neutrons 
per sho t , and about 108 neutrons per 1 J of t he absorbed l aser 
energy. Thie means a 105 - 106 t imes higher neutron output than 
t hat from the solid targets heated by lasers . An extension of 
this experiment on a !.IJ- Focus and kJ-lasers may enable a critical 

condition to be reached , i .e. , assure 1015 - 1010 neut rons per 

di scharge. 

x/Institute of Nuclear Research, :!wi erk near Warsaw , Poloand 

THEORY 

The general equations of the P-1 sys tem have been given in 

the paper I J / . Assuming the approxima tion of a one-temperature 
pl asma and one- dimens i onal system r/t/ we have obtained, according 
to the paper I 5 I the following approximate , averaged equati ons 
of the Pocus heating by the l aser boam: 

(1-~) 
,,?{ 

where : Q
0 

- laser radiation intensity , G
0 

- Pocus mass, 
I 0 = I

0
/r/ - current / constant value/, 1 = t /t

0 
, x a r /r

0 
The following parameters of the P-L system are assumed / 5 / 
Q = 1016 erg/sec , r = 0 , 1 cm, l = 1 , 0 cm, n = 1019 cm- J , 

- ~ 0 
T0 • 2 keV , t

0 
= 10- ' sec , v

0 
= 2 ; 107 cm/sec I mean vel ocity 

of the axial plasma flow through the Focus/, If instead of Q
0 

rie assume 1' Q
0 

the critical condi tion x = 2 for 't = 1 gives 

" " 1, 4 ~ 2, 8 • 
Par a more detailed analysis , the del ay time 1 before the uniform 

expansion occura1 mus t be t aken into account . This is approximat el y : 

r.2> - 2;0 lfh~rl .]) -~ ; r;;/ ~y :r.· = {.;.-,t.f07
em/u,, 

"hich gives : lJ:>:>: 20 ns 
On this assumption it can be shol'm that taking into account 

thi s del ay time onl y without t he uniform expansion we obtain 
the experimental results . That is, if 1·1e assume the laacr energy 
EL to be 200 J in 't

0 
= BO nsec , then in time of 20 ne the energy 

absorbed, without the expnnoion , i s ~ 50 J , and the increase in tempera­
ture is :d T = E;f kN

0 
= 109/1,5 kN

0 
= 1 keV, Thie give s t he 

approximate estimation of the increase in the neutron outpu t by : 
.11 8 .2,6 

~ .. F:::: !VF f 1} -= NF (f,5) = 3·NF 
where : 

'l 1,5 

_,;xp£ilJ!OillrAL S:lS:rsr.i AllD RESULTS 

A diagram of the F-L ayetom end the basic diagnostic 
appo.ratuo is charm in Fig , 1 , The co2 laser beam is introduced 
f rom behind the Focus chamber through a llaCl lens and an 8 mm 

orifice in the cen tral electrode along the Pocus axis , Control­
ling the two systems i s done by means of a current pul se genera­
tor with a time-delay units. The synchronizat ion was verified 
by comparing the position on the oscilloscope screen of the laser 
pulse in relation to the X- ray pulse or the current singularity 
/l'lith a time jitter of t 10 • 20 nsec/. Par registration of laser 
radiation a semiconductor CdHgTe de t ee tor 1•ras used supplied from 
a JO V pulsed supply unit , rhe neutron yield was register ed by 
means of a set of G- li silver counters and a fast scintilation 
de t ec tor loca t ed at a di stance of 7 m from the focal point, 
A sof t X-ray double scintilation counter was utilized for 
determining the electron temperatur e , The X- ray photographs of 
the focus were taken by means of a pinhole camera . 

The most important experimental rosults are plotted in Pig. 2. 
This diagram s hows that the Focus discharges without the laser 
were performed alternatively l'lith those with the laser pulse . 
Information on the synchronization and the laser energy has been 
given . f or each shot . The results presen ted in Fig.2 indicate 
a two- or threefol d increase in neutron yields . The agreement 
with the simple theory i s quite satisfac tory. 

To t he best of our knowledge , the result obtained in our 
laboratory is the first one, in which a s ignificant increase 
in the neutr on yield in a combined Focus-La ser system has be en 
achieved. Further \York on thia experiment is in progress . 

REF:i:!!EllCI::S 
1, S,Kaliski - Laser compr ession and f us i on of plasma in: Third 

Workshop on "Laser interac t ion and relat ed plasma 
phenomena". Jlew York 1973 Rensselaer Pol . Ins t.Troy. 

2. N.G. Basov , \'l ,A,Gribkov et al-VIII Intern. Con! . on Laser Plasma 
Fus ion, Warsaw , Pol and, r.lay 1975. 

J . S.Kaliski - Proc . Vibr. Probl . J , 13, 1972. 
4. S. Kaliski - Bull.Acad. Pol on,Sci . -;'S'er , Sci . Techn. 6 , _gg,, 1972. 
5 . s.Kalieki - Journal of Techn. Pbysics J , Ji, 1975 . 

Fig . 1. Set-up of the "P+L" experiment. 

~ 
4 -focu3•C011os.r 

Pig.2 . Neutron yield enhancement from co2 laser- plasma 
focus in teracti ons . 
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189 L"du~ .. Lt:TiUC ~XCI':.1;,:'IC:~ CF re;: 7L:"C':.'L'.t':'lO::s. 

1:: i.'!~E R.EL;:'IVIS'.:'IG JE:..::-1 L\Sr·~·. r;·:i:stt;.c: :;:c:· 

:i . Sc~""7.Cl , 1 . C. lee, c.!!C C. l:c:-<?!ec , 

LnivPrfit:· of Cr-lifo:-nic, Lo~ hncelc.s, ~rs:.. . 

tic.:-ted nwirricall:· nnd ~ncl:;Uc<;.ll:• . A col d :-el<'tiYistic 

be are rrrmeatin5 nn in!"ini te and uniforo plf!sl!le. Cri ven throuc:1 

t!"le h~1d'."."0C.ynr.~ic tuo-strc<Jc instE1bili t;1 n monochromntic benm 

!!lode . Satur~lion occurs by bemr: tr[!._:Jpinc:. At this st~Ge the 

amplituc1c of the wave is la.re;~ Pnouch to d::-ive par~rnetric 

::.nstAbilities involving ion fluctun tions . Various r.Gpects 

of this General problem have been inve~ticated by Thode and 

Sudan(1 ) in co~puter simul~tions . Our numerical approach is 

of r.'lixed t;vpe . We follou the ber.n particle!i i:idividually by 

solving the relativistic equati on o; ~otion whereas the 

backc;round particles and waves are treated cnalytic~lly by 

uning the linear dielectric function . 

'.t1?ie total hirh !'rcquenc:' elect.:.•ic .:":"ield L considered 

here consists of three ~odes 

<(I.<-"' t) ;(t,_x - ..,,tl ;(Iv -w,t) 
E(><,t) • A/r>e • • +A.(r ) e. +A.£r)e • c.c 

where A
0 

is the amplitude of the fastest Growing beac mode, 

A± refers to the amplitude of the parametrically excited 

s tokcs and nn ti-s to lees modes , 1-:: + = k
0 

± k and k is the weve­

number of the ion density fluctuation . The normalized ampli­

tudes of the high frequency r.iodes are s l m·rly varying qunnti­

ties ('t = c t) end ere determined by 

A .. cn =-i..A.c 

A_(t') : -i..A.C 
A.(t')--i.(A.C' +A.C -F ) 

\·ihere the ncpli tude of the ion densi t:1 .:1uctc.ation C • 6"Yl 
'l'l, 

is deterr;ined by 

C + .6. C - -1' (A~/\· + ~A. ) 
1.'he free parD.Ileters A and p depend on }: 1 the initial 

beam velocity v 
0

, nnd on the sI:Jallness ;>araaeter £ • ~.)(·' 
1 , ·Yz 

1;herc ir.- ( 1 -u./c ) anc ''- is t!le bean densit;.r . 

T!lroueh F • 

0

f\J°' .i exp (-i h. Xj( t)) , the Fourier transformed 

"' beam chor13e densit:r, the tr bParn particles ent er into the 

coupled wave syotcm . T!lc positi on o f t!le j -th particle xj(t) 

is obtained by solving the relativistic equations of motion . 

In the nonreletivintic limit anC for c~ o the system ~educes 

to the single wave mocel of o · ~eil et a1< 2 >. 

. 06 

FIG.1 

.03 

0 3.3 T 6.6 

Fi~ . Eho1,:o the time evo lution of I A
0

1' for £ • ·1/3g , 

6, ... . 04 , p • 64t: . 1.:e con C.iztincuish t\·:o di!'ferent phases . 

'rhe first stace ,O<'t'( 4 . 9 , is docinnted b:y t!"le relativistic 

dy~rmicn of bcao trHppinE ~s in t~e sinble node ~oCcl of 
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:111 'te..,n .:i~rticles :-.re t,...~Plled be ins du~ to t.?ir velocity de­

:cndcnce of the trar.pcC. pPrticles . In the second stnce, 4 . 9 < 
L ' the f<~:!·.:-.cPt:-ic r:-oceES docinntc~ . T:te ben~ mode tric~ers 

the Grm·:th o:~ ion fluctuc.tionz l:hich !"eed bnck on the pu::ip-

\>ave to Gener~ te the'!' f~st oscillations seen in !'it:; . 1 . Since 

the be~m ~articles ca.."l!lot reGponc! to this fester t i ci.e scale , 

the r;s.rt:icle Cyna.t'.lics is simply shut-off . 1.~ho.t remrdns is a 

pure. \·:ave coupli:i£ :_Jroblem . The decoui>linG of the beam can 

a l so be ::;cen frori fir; . 2 1 where t!le time evolution of the 

frart i onal enert;y l ost by the beam [4 lrj(i:) - 0,] (N l!'.0)
1 

io plotted. 
j 

FIG. 2 

-.125 

- .25 
0 3.3 6.6 

In t his eY.Bl!lple the beam hns lost 21 percent of i ts ini­

tial enerQ' . The enerC"J is at first fed into the hic;h fre­

quency oscill ations, and then because dampinc hoE been neg­

lected t r ansferred to the ion fluctuntion . The growth of the 

ion mode which is sn ebsolutcly croHinc mode is al e;ebra i c 

(-t'") rether t han e Y.poner.tial. FiG . 3 nhows \C(T)\ together 

with t he stokes mode . 

a) 

flG .3 16 

ICI 

b) 

.OIG 

0 3.3 6.6 

The onset of the pnrametric stnee , and with it the 

energy extractec from the beam cnn be changed by changinG p • 

Maximum ener gy is transferred to the plasma when the paraoe­

tric process sets in ric;ht after the second maxiouc of lA
0

f 

~hen t~e enersy loss of the beam in the hydrodynamic stage 

ca:i be PS h i f;h as 23 % inCependent of the Thode-Sudan-par a­

r:eter 5 • ( ~,,2 - 1 ) E proviced S > 2 . 5 . 

Permanent address: Ruhr- Universit8t Bochum , Theoretische 
P:~ysik I, 4630 Bo chum, H. - Germany 
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(2) T . Vi . O' tle i l, J . II . Winfrey , and J . H. Malmberg , Phys . 

F l uids.'.!:'_ , 1204 (1971) . 
(3) Vi . Lampe and P . Sprangle, Phys . F'luids 11!, 475 (1975) . 
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PRELIMINARY EQUILIBRlUH S!lTDY ON ERASMUS, AN ASPECT RATIO Tlo.'O 

TOKAMAK WITH NO COPPER SHELL. 

V.P . BHATNAGAR, G. BOSJ.A+, A.M. MESSIAEN, P.E. VANOENPLAS , R.R. WEYNAf;TS 

Labo?vnoir ti! de Physique des Plasr:as - I.aboro.toriun voor Plasrrafysica 

Association "EW'atom-Etat belge" - Assoc:iatie "Ew'atom-Belgische Staat" 

Ecole Royatta Mili.taira - 1040 Brussels - Ktminklijke f·tilitaiPe School 

and 

R.J . TAYLOR , B. COPP! 

f·!assachusetts Institute of T11cimology> Camb1•idge~ Massachusetts 02139 U.S. A. 

~Preliminary experiments on ERASMUS , the aspect ratio two tokamak 

of the Ecole Royale Militaire, demonstrate the attainment of equilibrium 

at very low aspect ratios. Flat top t okamak discharge current pulses of 

40 kA and J . 5 ms duration have been obtained with a t oroidal magnetic field 

of 4 kG on axis. 

ERAS1'RJS is the tokaaak of the Ecole Royale Mili taire I Koninklijke Mili-

taire School characterized (see fig. 1) by an aspect ratio of 2, a large 

vessel volume ("' 0.8 •l) and no copper shell. Its design is sia ilar in aany 

respects to the VERSATOR and RECTOR tokaaaks of M. I . T . [l]. ThHe are 3 x 8 

ports of dimensions 32 x S cm2 at eight locations around the machine. Pyrex 

g lass windows on sever al of these ports provide 100 % visibil i ty of the 

i nside sur face of ERASMUS. This unusually large access to t he tokam.ak wil l 

be an asset i n carryi ng out p lanned RF heating experiments on ERAS!>RJS. The 

machine pumped by a turbomolccuhr pump a tta i ned a base pr essur e of 4 x 10-7 

Tor r. 

The toro i dal field co i ls are wound on the vacuum chamber i tself. Ne i ther 

a copper shell nor a limiter is used but t he vertical and horizontal f i elds 

are provided by external coils placed outside the vacuum chamber (see fig . l) . 

An air-core transformer is u sed for ohmic heating. The configuration of the 

mach i ne enables a q uick and s imple assembly/disassembl y operation. 

Initial cestina of ERASMUS was carried out at M. I. T. with the ener -

g i zing supplies of the RECTOR machine. These supplies were insufficient to 

full y energ i ze ERASMUS ; nevertheless , we were able to obtain flat t op 

plasma currents of 40 kA for a few milliseconds. Final installation and 

operation of ERASMUS will be carried out in Brussels. 

Before the tokamak p lasma operation , the machine was subjected to 

"di scharge cleaning". ln t h i& operation a 5 kHz, 25 kW powe.r oscillator is 

fed to the 011 transformer and a plasma i s produced in a mixture of 50 % 

argon omd 50 % hydrogen in the presence of a small de toroidal field ("- 100 

Gauss). Plas ma par ticles bombard and heat the inside. surface of the tokamak. 

One could visually watch and ob1erve the gradual disappear ance o f "thin 

film rainbow patterns" on the inner surface o f the machine dur i ng several 

days of discharge cleaning indicating that t he latter is very effective . 

~For the preliminary testing , only the magnetic diagnos t ics inclu-

d ing the in/out and up/dovn position sensing loops were used. Typical oaci 1-

lograms obtained after a few hundred shots of operation and with densities 

of 1 - 2 x 1013c::n- l (4 aa interferometer) are ahow-n in figs . 2 and 3 and the 

following observations are made : 

1) In fig. 2 , a slow increase of plasma current in the flat top region con-

f irms that the equi l ibriu• has been obtained. Negative spikes in the 

loop voltage at the end of t he pulse indicate the destruction of the 

equilibrium. Moreover, in/out and up/down. t races show only a minor dis-

pl acemen t of plasma position i n t he fla t top region. 

2) During the experiment, in/out and up/down t r aces have been found t o 

r espond correct l y to the progr amming of ve r tical and horizontal fields 

provided by the external coil s. 

3) I n fig . 3, t he third trace. shows the light (photodi ode ) out put decrea­

sing as a function of t ime and then peaking up again at the end of the 

discharge when the plasma hits the walls giving rise to a large neutral 

flux. 

4) In fig. 3 , the fourth trace shows that the level of hard x-raya is 

insignificant during the pulse when equilibrium conditions are attained. 

S) In figs. 2 and 3 , the high value of loop voltage tends to indicate that 

the machine s till needs cleaning. 

lo conclu sion , equil i br ium has been obtained in an aspect rat i o 2 

tokamak with no copper shell and no limiter. This appears to be the first 

demonstration of equilibrium at very low aspect ratios . Tokamak plasma 

discharge current of 40 kA, 3. 5 ms duration have been obtained for a toro­

idal field of "' 4 kG on the axis of the plasma resulting in a q"" 6 . We hope 

to get better values of q a s the operation continues and as a result of the 

cleaning of the machine. Moreover , adequate. energizing supplies are being 

installed in Brussels to increase the current magnitude as well u the length 

of pulse. The vertical field will be programmed and a feedback 1ystea on the 

horizontal field will be provided. 
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Fig. 1. Schematic drawing 

of ERASMUS. l : OH winding, 

vertical field winding , 

horhontal field winding. 

Fig. 2. 01cillogram of a t ypi-

(a) cal plasma shot . (a) Ir (20 

kA/div), (b) Vloop (20 V/div) , 

(b) (<) in/out (d) up/down , 

1 div Horizontal scale 1 msec/div. 

(c) 

(d) 

Fig. ). Oscil loaram of a typi-

(a) cal pluma shot. (a) and (b) 

~(b) 
~~ _ (J div 

( I <c> 

same as i n fig. 2. (c) photo-

diode light outpu t (d) har d 

x-ray. 

----, \r-
'v I" (d) 

\_----/ 

L-• 11n s 

283 



191 

EXPRESSIONS FOR lMPUR lTY lONIZATION IN TOROIDAL 

HAGNETlC CONFIGURATIONS 

G. TONON 

ASSOCIATION EUllATOl.l-CEA 
Olpall-te.me..n .. t de. Pliy~.ique. du Pla4ma U de. la FMi.On Cou.tJtON.e 

SM.u.ic< !Gn - Cti<t.tt d' Etudu llucl~a.iltM 
6. P. 15 - Ctnt.\e de T'Li. - 31041 

GREl/06LE CEOEX I Funcel 

~ : Analytic expressions are siven for the mean charge of the impuri­

ty ions , the mean charge of the plasma 30d the effect ive charge when corona l 

equilibrium is assumed . 

In order co find t he distribution of charge states Z in to roidal discharges 

can use coronal equilibrium / I / : 

n i ,z+I 
n. 

l ,Z 

S(z ,T
0

) 

.. c(z.+I ,T
0

) 
(I) 

"'tiere we balance collisional ionization by radi3tive r ecombi nation. The colli­

sional ionization-rate coefficient S(z,Te) and the radiative rccombination­

rate coefficient a(z,T) chosen, are given respect ively by /2/ , /3/ 
• - 112 

-6 >. J z exp ( - /.) 3 -I 
S(z ,T) • 9 xlO + I 

312 
- I (cm S ) 

• <xz ) (4 ,88 + >. l 

c(z+ I, Te) - 5- 2 10- 14 >. 112 Z (0.429 +~Log A + o . 469 A-l/2) (2) 

z+I (cra-JS- 1) 
x. >.· -;:-

In these formulas X~+I (eV) denotes the ionization potentia l / 4 / and 

Tz. is the numbe r of electrons in t he o utermost layer corres ponding to t he 

state of charge z. 
For a two component plasma wi t h hydrogen or de ute rium and t he impurity con­

centrat i on ci 

where 1ub1cripts i,o and p denotes iapuricy ,fuel and total p lasma ions, 

have calculated from relation (1) the following p laHia parameter s 

1 •) The mean ch3rge Zi of the iiq>urity ions : 

r n. z2 

z.-~ 
l r n. z 

z i , z 

Ol 

(4) 

In t he figu re I, Zi i s plotted as 3 fonction of the electronic temperature 

Te for various impurities . We see that light i mpurit ies (c01rbon, nitrogen 

and oxygen) arc compl ete l y stripped when Tc exceeds 500 eV and vc have 

(5) 

when H denotes the atomic mass number (for examp le H • 16 for oxysl!!n) · For 

heavy e lements zi - 24, 35 and 50 for iron, moly bdenum and tungsten respec­

t i vely , at Tc • 3 keV. For these elements the fo llowing r chti ona hold : 

z. 
l 

=.!_Ml /4 Tl/2 
2 e(eV) 

!or T < ·I SkeV . 
z. = .!_ Ml /2 T 1/3 for. 15 < T < l.SkeV 

l 
3 "<••) . 

zi ;i- .!. M2/3 T 1/7 
for I. 5 <T 

2 °ceV) 

as we see on the figure 2 . 

2• ) The average ch arge Zp of the plasma : 

- "• z - - -
p "p 

no + f ni zi 
n • t n . 

0 ' ' 

For sull impurity concentration (ni « np) 

e 

have 

< 10 keV 

For example when - IS< Te< 1.5 ke.V , we get from relations (6) 

Z '3 I + ..!. T 1/3 I: Hl/2C. 
p 3 e i l 

3•) The effective ionic charse Zeff given by 

.E n . z2 
n0 + "i Z~ I + Zi (!p-1) 

Zeff • ~/ n~ z • ~ • 'Z" 
l. ,z l ,Z O l l. p 
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(6) 

(7) 

(8) 

(9) 

(10) 

and from (8) 

(I I) 

In figure 3 the effective ionic charge Zeff , calculated Crom relacion ( 10), 

is plotted as a fonction of the average pli1Sm3 charge Zp for .olybdnutt impu­

ri tie&. In this fi gure, temperature and concentration influence arc shown 

by solid nnd do t ted line respective ly. 

The question remains whether .an ioniz4tion equilibrium s tate is reached in 

Loroidam disch.;irges like a Tokamak. In order to .1.nswcr roughly this ques­

tion, we have determined zi value! so that t he i onization time ,.z. (or " elz.) 

calculated from a me thod pr opo.sed by HINNOV /5/ is equal co che ion confine­

ment tiinc)~p (or ny~p>:)ln the figure 4 , t he zi val~e~ o~tained for . 

ncTp • 10 and 10 c• .s, are conparcd, to the equ1hbr1 um values given 

iron in the figure I . We sec that for nctp ~ 10 1 2cm-~s(typical va lues fo r 

S. T or T. F. R. machines) ioniz.:ation equi Libr ium is re3ched . 

for 

1 would Like to thank Dr . P . BLANC for nume rical eva luation o f t he coronal 

c.qui libr ium. 
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~ - Me.an impurity charge Z. versus plasma electronlc temperature T 
for var i ous c lcll'iCnts 1 (c3rbon , n1trogen, oxygen , Lron, mo lybdl­
num and tungsten) . 
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for hea vy elements (o. • 4 • 2 and 3>. 
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tion ci influence respectively. 
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University of Cal i f o rnia , La1.; rencc Livermo r e Lti\x>ratory 

Livermore, California, US/\. 

Megagauss-level rnagnet.ic fields ha.ve been predict.ed theoretically and 

o bserved experimentally . Ue discuss the field s eueraiion due to resonance 

absorption o f laser light and thermoelect i;-ic currents . We describe c.ur 

experiment t. o measure t.hese fields by f'nraday rotetion of l ight (2660~ ) 

Recently exper imental and theoretic.:!! investign.t.ions have shown the 

poss i bility o f megaga.us~ magnet i c fields internally generated i n laser 

plasmas. [l , 2 ] Fields of thi s magnitude ce.n substantially affect pla sma 

transpor t properties . There is possible evidence for reduced thermal con-

ducti vi ty in the plasma i n the experimental l y observed fast i ons and abnor-

mnlly high hard x:- ray producti on . Reduction of thermal transport has 

serious consequences for laser fusion , and t hus we have begun t o study in-

ter nally generated fi el ds bot h theor etically end expe rimentall y . We dis-

cus::; h ere two kinds of magnet.ic fields : one due t.o thel"mal curre nts end 

the other due to resonance absor pti on of laser l i ght . 

I f laser mor.1entwri is transf erred to plas ma el ect rons , currents may be 

set up , pr oviding a sow·ce for magnetic fields . Let us a:;.sume the ions a r e 

iir.rnobile for :;;ir.iplicity . The electron momentw:i equ.:i.tion is 

en 
= - ____!!. 

m 
e 

(nVV) + V [I ~rd3v - n~) 

t!: + ; (p~ + ~ ~x~) ' 
e 

(1) 

vhere n = /fdv, nV = Jvfdv, vis an 1!ffective collisio n frequency , and 

P = - e{ n-n0 ) , the charge density . We are interested in quasi- s t eady fields, 

s o we t i me-average over the laser light period . 

Ye may derive an equu.tion f or <~> : [l , 2] 

Using MaxYell ' s E>quat. i ons, 

cm 
+ -!: 

e 

vherE' P i s the fluid pressure tenso i· and P i:;; the r adia t i on pressure 
.;: C ,,,r 

tensor: 

p = l 
::.r en 

0 
[L

6 
<E2 +B2 > I - ~ <c EE + BB> ] 

TI ,. urr R -- --
(3) 

(2) 

CR iti the r eal part of the complex dielectric i'unction . I f the pr essure is 

isotropi c , ~e = n0 'l' ; , nnd the s ource t e r m due to fluid pressUl·e simply 

becomes cm 

s1 = - q~ (~ log n0 ) x tlT 
( 1.) 

If the pressure is anisoh ·opi c . other s our ces nre pre::;ent . Cons i der a 

planar targe t. . The density gradient points into the target , near the 

cent.er of t he laser be wn , the temperature g1·a.dient points out of the target , 

and iz thus collinear wi th Vn. Ho'Jever , at t he edge of the beam , the temp-

erature gradient r otates t o continue t o point at the center of the beam, 

thus giving r i se t o a finite VnxV'T . F'oi· t ypical scale lengths o f 1011, a.nol 

temperatures o f "-1 keV , 'JC f i nd * = 10-
2 

rnegagauss/picosecond . Thus 

mega.gauss l evels are expected ov er- 100 picosecond laser pulses . 

Two- dimensional hydrodynu.mic ca.lculat ions usi ng the code LASUEX typicall y 

show fi eld s t rengths oi" 1- 2 mega.guuss extending over regi ons 20- 40 in 

d i1:1JT1eter . This leads to a s i gni ficant reduction i n thermal transport in 

the high fie ld region , and may l ead to a l os:;; of implosion syJ:l!lletry in e. lHser 

fus i on target . 

* Research perfol1!1ed under the auspices of the lJSERDA. 

'1ext we conaider the radiation pi· ssure Lenn: 

S • cm e \• x !..._ V' • ? 
<:! q n

0 
.. r 

(S) 

St.a.aper and Titlrn.an have Uernoustr-a.ted that inverse brems tra.hllung absorp-

t i on of laser light vill lead to magnetic field generation in underdense 

plasmas . We have considered t.he situation in ""hich plune polari ;;.ed l i ght is 

incident. obliquely upon a plasma, leading t o the "''ell - known phenomenon of 

r esonance absoz·ption . The laser light turns a t the density "c cos
2 

0, 

i,,•hcre n is the critical dens ity and e the angle o f incidence . But if a 
c 

suffici e nt amount of field leak:;; t o the criticul dens i t y, plasma 'Ja.ves are 

excited , which are then damped by t he particles . 

We have considered this problem for the simple case o f a linear den-

!;l.ity g radient, wit.h sca l e length L, and find tha t the sourc e terrn near t.he 

critical density is approximatel y given by (6) 

c 2 °o
2 

[ 3 2 ] 5
2 

= ;nJ:T (w/v) 8ii'"°" sine cOs6exp - (l1/3)n
0

L sin 6 - 2k
0

L(Y/M) 
c 

wher e k
0 

is the free- space wavelength , and \I is the effective col l i sion 

frequency due to r esonance absorption. The field is perpendiculnr t o the 

laser polarization plane . For t.ypical laser fusion parwneters , t his t enn 

i s several orders of magnitude larger than the 'V'n x V'T term of Eq . (1.t) . 

We have observed t his phenomenon in particle- in- cel l plasma simula-

t ions . The r.msnctic field satw·atcs at a level of s evera l mege.ga.uss due to 

convection by particles expelled by the breaking of the re=;onantly exited 

plas ma. \.!aves . 
(l] 

Magnetic fields 'Je r e measured in plasma!> by Stamper et . al . , by f ind-

ins the Fa.!'aday rotation angle o f a probe bewn. . Their probe beam wus ut 

<.iouble the frequency of t heir Illa.in Ud . laser beam . We have endea.vored to 

improve their experiment i n several ',.l'ays: l) we use frequency quadrupled 

light {2660~) i n order t o pI·obe higher plasma densi t ies • 2 ) we l ook at 

both polariz.utions simultaneously to eliminate shot - to- s hot variations ; 

3) we have done e xtensive hydrodynamic simulations of t he expl oding target , 

includinn i·ay trut:ing or the probe l i •tt in o r ucr tu better estim1:1.te 

9 ll fne ~ • di., the Faraday a.ngle , a nJ !. ) we will rotate the ix>lnrization 

vector of tll~ 1nai n bcrun rel.ti.tive t.o the pr obf' beam , in order to separate 

polariza t.iu11-d-:opentll!11t c l'fcct.s . 

In our experiment., light from the r.iain be tlr.l is split off and 

f r equency quadrupled . Ther e i s a peak-to - peak t ime delay bet \oleen laser 

and probe of 150-250 ps , Dur ing t his time , hyd r odynamic expansion has 

dec r eased the sha r pness of the plasma density gradient • but the rr.ngnetic 

fi eld is s t ill near itz peak value . The t arget is a 150 x 10~ pa.rylene 

d isk. The probe beam pnsses t hr ough n Wollaston c alcite polarization beat!! 

split.ter onto har d film . The r o tat ion angl e is inferred from the r elat ive 

intensi ties of the t "1o polnri z.ation components imaged onto t he hard film . 

The figure s hows a preliminary experlcent . The imu~e at the l eft is taken 

with the polari zation angle uligned with t.he 2660~ l i sht , vhile at t he 

1· ight , the polariz.ntion angl e i s 90°. The t!l.rgct is a 250 'µ steel ball , 

:;;truck slightly below center with a . 5 j oule beam. On the right , one may 

see a thin filam~nt of rotated light . This experiment i s current l y being 

improved to quantitatively determine the magnitude of the r.'r.agnetic fields · 

~ 

1 ) J . A. Stamper and B. H. Ripin , Phys , Rev . Lett. 1!!.. 138 (1975) . 

2) J . J . Thomson, C. E. Max, and K. Estabrook , UCRL~76690 , t o be 

publi:;;hed i n Phys. Rev . I,ctt . 
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NONL!NE~ EVOLUTION OF TEARING !«>DES 

H. RosenbluLh, 8. Waddell, D. Monticello and R. White 

Institute for Advanced Sludy, Princeton 

New-J ersey, USA 

With the usual Tokamak ordering i << l , the non-linear evolution of insLa­

bilities preserves their initial helical symmetry. llcncc the problem reduces 

to .:i two - dimensional o n e (r and k7. + m0) which we treet numeric al ly. Pre­

viously we have sho\.111 the evol ution of ideal MHO kink modes into " bubbles" 

and the suppression of bubbles by magnetic shear. Here we report on the 

inclusion of f ini te resistivity which leads to the tearing mode and the 

format i on or m3gnetic islands . 

When the is land size exceeds the very small values at which l inear theo r y 

breaks dovn inertia becoaes negligible and 111agnetostati c equilibrium applies 

i.e. 

v' y c ~ (Y) (I) 

Thus the c urrent must be 1 fu nction of the he l i ca. l flux '( • kr A8 + mA.z . 

I n addition resistive diffusion and plasma convection leads t o the equation 

(2) 

where the brackets indicate& an average over a fl ux surface, and C. is the 

applied e l ectric field . 

To complete the statement of the problem a tran::;port model mu st be given for the 

time evo lu tion of the res ist ivi ty yt (y ). 

286 

Equ;aions (1) and (2) must be i tera ted simultaneously to obtain mu:1edcal 

stabil i cy. \le ha ve devised a nu::11erica l scheme which is stable form ~ 2, but 

so far has not converged for Lhe s tronger m • 1 modes . 

The pdncipal results a r e as follows : 

I ) Fo r very sraall magnetic i slands ~ fV .01 (whe r e W is Lhe island widLh ) 

t he g r o .... th i s found t o fo l l o\./ closely the theory of Rut.hcdord, :~ • const 

x A' tl, where /:!
0 

i s the usual discontinuity of logarilhmi c derivatives of 

the 1 incar c i gcnfu ncLion . 

2) In the case YI. • const. the i ~ l ands gr ow to very la r ge size , in face 

eventually reaching the center . 

J) Fo r more realistic t r.'.!nsport la\,1S where t.hc resist ivity increases out ­

wards we have observed island satur.'.!tion. for ST pararactcrs lhe m • 2 is land 

grows to about 10 % of t he r.'.!d ius , coni;ist.cnt. with experimental obscr v.'.!tion . 

In t.he f igure we show the f l ux sudaccs in the final St.ate . 

Radius 
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FEEDBACK STABILIZATION Of A SCREW PINCH 

R. Keller, A. Pochelon, W. Bachmann 

Ecole Po lytechnique F6diira.le de Lausanne, S\o'itzerland 

Centre de Recherches en Physique des Plasmas 

Abstract: Results from a stabilization experiment oper at i ng on the kink 
~a scr ew pinch by means of o magnetic feedback loop are presented . 

Introduction: The correct behavior of a thermonuclear reactor will require 
an evolved automatic control system, which allows for the adjustment of 
a great number of panmeters. One of the most important feedback loops 
wil 1 have the task of maintaining plasma equilibr i um and suppressing 
dangerous r-nm instabilities . Our a im is to demonstrate the feasibility 
of stabi lizing the fast kink mode of a. screw pinch working above the 
Kruskal-Sha.franov limit. 

The Pinch Configuration: The e coil measures 142 cm and has a diameter of 
9 cm. The main field r eaches 16 kCauss in 3 .a µsec at w-hich time the crow­
bar is switched on. The quartz discharge tube has an inner diameter of 
5 c .. . On the discharge tube are mounted the feedback coils and the magnetic 
dipole pr obes. The tiae evolution of the axial J current is similar to 
that of the •ain B field. Tvo elec.trodes , 1.2 c~ in di<Uaeter , are 142 c11 
apart, and are pro,ected by liaiters in order to concentrate the axial 
curr ent on the front of the electrodes. In this way, precise boundary 
conditions exist for the pinch. Actually, probe measurements show a pinch 
with a sinusoidal displacement vanishing at the electrodes (l]. 

A sharp boundary plasma colullln experiences an exte rnal kink mode where the 
matter moves as a who l e . ln order co satisfy the conditions at the end of 
the column it i s necessary (2] to superimpose t wo modes with d i ffer ent 
wave numbers. Hence the displacement of the axis i s 

n • f exp(-i\ z + i1a1t) + f c.xp(- ih2z + iwt) (I) 

h
1 

and h
2 

ar e de t ermined by t he necessi ty of to t a l reflexion at the elec­
trodes (the resulting axiul energy transport is zero when both g r oup 
velocities are equal but oppos i te in s i gn). 

This statemen t leads to the fo llowing wave form 

with 

.. cos -
L 

!:e~~e a~~0:o;a~: ~h:a !~~:~ ql • qc + 6q i q2 • qc - llq. The eigenfrequency 

(2) 

(3) 

•2 • ::pq:, [(~Y -IJ (4) 

We obtain a new definition of the Kruskal-Shafranov li•i t: q • q . The 
corresponding axial current J equals 2020 A for a plasma ra.diusca • 0.8 cm 
•easured from the luminosity ~rofile, and with B • 0 . 1. The onset of the 
ins t ability occurs very close to this calculated value. 

The feedback coils have a 1 • l configur ation. For act i ng a.t them• l, 
n • l mode in both degrees of freedom, the curr ent distribution should be 
sinusoidal in 9 and z, in the same way as the r eal and imaginary part of 
(2). For reason of s implicity we have choosen a shor t straight coil 
(h • o) built in two halves JO cm long and 20 cm apar t. The 12 turns are 
eq~ally spaced, covering two 90° sectors . The other t wo sectors are covered 
with windings acting on the second deg ree of freedom. By Fourier analys i s 
we find an e£ficiency of 45 % for the n • 1 mode and :i finite excitation 
force of the harmonic n • 2. Bel ow twice the Kruskal - Shafranov limi t the 
n • 2 harmonic remains stablt!!:. 

Magnetic dipole probes are used f or detecting t he displacement of the plasma 
in t he two orthogonal direction [3]. Their windings are equally spaced and 
cover 120° sector s. They are placed near the 11id-plane, at about 10 cm 
distance from the two parts of the feedback coils. At this distance the 
direct coupling betveen the enforcer coil and the probe is not negligeable 
and its value is negative. The theory shows that stability is only possibl e 
if the coupling is positive and relatively small. We compensate for this 
inconvenience with a loop connected in series with the probe, and coupled 
to the feedback current in a correct way. 

The feedback loop is simi lar to the system used in the Scyllac experiment 
(4) . The probe signal is integrated and preamplified up to ± 20 V. The 
driver stage reaches a :t 400 V level at very low impedan ce, necessary to 
drive the tvo output triodes S iemens R S 1041 connected in push- pul l . The 
available voltage and current sweep is !. 20 kV and ± 140 A. A ferrite 
transfonner couples the power to the feedback coi ls. The power amplifier 
is switched on 5 ~sec before the pinch, and a r eset opens the pr eamplifier 
just when the kink star ts gr owing . Only one feedba ck loop is installed 
for stabilizing the degree of freedom in which the kink is growing fas t er. 
The amplitude of the other degree of freedom may by he ld at a small value 
for an ex t ended duration by feeding the second enforcer coil with a pr oper 
step func t ion. 

Results: The measurements are performed at 1 .8 times the Kruskal-Shaf r anov 
limit. To obtain s tability the gain of the f eedback loop must be set above 

unity. The &table range is relatively narrow, a gain exceeding 1 . 4 drives 
the system overstable. 

The stereoscopic s treak pictures of !.!A.:.._!_ and !i.l:._! show the plasma 
dis placement at 85 ~ o

2 
filling pressure, without and vith stabilizat ion 

respectively. The upper traces correspond to the degree of freedom which 
i s stabilized. In this case the overall r esponse time it th! 1•mp~ifier is 0.9 usec and the measured growth rate y • 0.33 x 10 sec . !.!:.i.:.....! and 
~ a re similar pictures obtained at 40 µ a2 fil 1 ing preuure. T~f 
measured growth rate without stabilization i s now y • 0.6 x 106 sec . To 
achieve stability it was necessary to decrease the response time to 0.6 
~sec , by changing the ratio of the output transformer. In both casos the 
upper degree of freedom continues to be stable when the lower trace already 
shows wa ll contact . 

~ 
(1) A. Pochelon, R. Keller: LRP 86/74 (1974) Lausanne . 

(2) R. Keller, W. Bachmann, A. Pochelon: LRP 91/75 (1975) L3us.:i.nne. 

()) Yu . P . Ladikov and Yu . 1. Samoilenko: Soviet Phys. - Techn . Phys . 
17, 1644 (1973). 

(4) R. F. Gribble, S.C . Barnett, C.R. Harder: Proc. 2nd Topical Conf. on 
Pulsed High-Beta Plasma, 
Garching lPP l/l27 (1972). 
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