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ABSTRACT 

The p l a s m a b r e m s s t r a h l u n q e m i s s i o n i s u t i l i z e d t o d e t e i m i n e t h e s h a p e o f 

t h e e l e c t r o n v e l o c i t y d i s t r i b u t i o n i n s i t u a t i o n s w h e r e i t d e v i a t e s s t r o n n l v 

f rom a. M a w e l l i a n d i s t r i b u t i o n . T^e i n s t r u m e n t a t i o n u s e d t o m e a s u r e t h e h a r d 

K - r a v e m i s s i o n i s b r i e f l y d i s c u s s e d . Model c a l c u l a t i o n s show t h a t 

p o l a r i z a t i o n m e a s u r e m e n t s q i v e b e s t r e s u l t s f o r n n r e l a t i v i s t i r t a i l s w i t h t ^ i l 

t e m p e r a t u r e s T. < 50 keV, w h e r e a s m e a s u r e m e n t s o f t h e a n n u l a r d i s t r i b u t i o n o f 

t h e x - r a y e m i s s i o n b a s s d on t h e f o r w a r d s c a t t e r i n q of h r e m s s t r a h l u n n ; f o r 

r e l a t i v i s t i c e l e c t r o n s y i e l d s t h e b e s t i n f o r m a t i o n f o r T h > 50 keV. The 

t e c h n i q u e s w e r e o r i g i n a l l y d e v e l o p e d i n o r d e r t o a n a l y z e r u n a w a y d i s c h a r < r i _ s . 

R e c e n t l y , t h e y f o u n d new i n t e r e s t h e c a u s e o f t h e f o r m a t i o n o f e n p r a ^ t i ' ' 

e l e c t r o n t a i l s d u r i n q c u r r e n t d r i v e . The f i r s t x - r a y r e s u l t s f rom t h e cu r e n t 

d u r i n a LH h e a t i n a O.L PLT a r e d i s c u s s e d . 
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I . INTRODUCTION 

Almost a l l tokamak d i s c h a r q e s produce hard X r a v s , and manv of t h e 

emi t t ed x-ray photons have e n e r q i e s ir, the range of s e v e r a l MeV. This ' s e t 

i n d i c a t e s t h a t t h e r e must e x i s t a t a i l of e n e t j e t i c e l e c t r o n s in a tokamak 

plasma and t h a t t he e l e c t r o n - v e l o c i t y d i s t r i b u t i o n must be nonMaxwfUian t o 

some d e c r e e . Most of the hard X ravs a r e produced when t h e enerc ie t io 

e l e c t r o n s h i t the l i m i t e r or t he w a l l s of t he vacuum chamber. However, some 

smal l f r a c t i o n of t he X-ray emiss ion i s produced in e l e c t r o n c o l l i s i o n s wi th 

the ions of the p lasma. By c a r e f u l e x p e r i m e n t a t i o n the r e s u l t i n g plasma 

h remss t r ah lunq can a c t u a l l y be measured, and t h e X-ray d a t a can be u t i l i z e d t o 

ana lyze the v e l o c i t y d i s t r i b u t i o n of the e n e r q e t i c e l e c t r o n t a i l . 

On the p i o n e e r i n g tokamaks l i k e t he Sov ie t TM3 and T3 or P r i n c e t o n ' s 

ST, the hard X-ray t a i l was a prominent f e a t u r e . Some t v p i c a l X-ray s p e c t r a 

from the ST tokamak ace shown in F i q , 1. The parameter fo r t h e v a r i o u s curves 

i s the n e u t r a l - g a s f i l l i n q p r e s s u r e , which de t e rmines the plasma d e n s i t y . On 

ST a l l low d e n s i t y d i s c h a r q e s ( n e < 2.5 x 10 c m - 3 ) e x h i b i t e d a stronci t a i l 

with a s lope co r respond ing t o approx imate ly 100 keV. Pometimes an a d d i t i o n a l 

component with i n t e r m e d i a t e s l o p e of 10-20 kev appeared a t lo>-'. r e n e r q i e s . 

Some of the i n t e r m e d i a t e t a i l s could be a t t r i b u t e d t o t r a n s i e n t s i i . t he X-rav 

e m i s s i o n . On ST, t h e r e was only a r e l a t i v e l v smal l o p e r a t i n q ranqe a t h iah 

d e n s i t y 15 x 10 cm" 3 < n e o < 1 x 1 0 1 4 cm ) where the d i s c h a r g e had a pure ly 

thermal Haxwellian v e l o c i t y d i s t r i b u t i o n . 

On the l a r q e r tokamaks t h a t have fol lowed the p i o n e e r i n q machines, for 

i n s t a n c e on T10 or PLT, hard x- ray t a i l s a r e prominent only a t low plasma 

d e n s i t i e s ( n p < 1 x 10 e n " ) , and the i n v e s t i q a t i o n of the h iqh enerqv 

bremss t rah lunq l o s t i t s u rgency . A sudden chanqe of i n t e r e s t o c c u r r e d , 

however, abou*- a year ago, when l a r g e s c a l e c u r r e n t d r i v e was demonst ra ted on 
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PLT by t h e l o w e r h y b r i d (LH) h e a t i n q q r o u p u n d e r W. Hooke . ' A few m o n t h s 

l a t e r i t was shown t h a t t h e c u r r e n t d r i v e i s c o n n e c t e d t o t h e f o r m a t i o n of a 

h o t e l e c t r o n t a i l , and a t p r e s e n t , a v i g o r o u s p r o g r a m f o r s t u d y i n q t h e 

e n e r q e t i c e l e c t r o n s i s h e i n q c a r r i e d o u t on PLT. 

Tt i s t h e p u r p o s e o f t h i s p a p e r t o d e s c r i b e t h e e x p e r i m e n t a l t e c h n i q u e s 

wh ich a r e u s e d f o r t h e X - r a v a n a l y s i s o f e n e r c i e t i c e l e c t r o n s - We s h a l l q i v e a 

l i r i e f d e s c r i p t i o n of t h e i n s t r u m e r t a f i o n i n S e c , I , Tn S e c . I T , we w i l l 

d i s c u s s how t h e X- ray e m i s s i o n i s r e l a t e d t o t h e e l e o t r o n - v e l o c i t v -

d i s t r i b u t i o n f u n c t i o n , i . e . , we s h a l l t a l k a h o u t b r e m s s t r a h l u n f r p r o d u c t i o n . 

!n p a r t i c u l a r , we wan t t o d i s c u s s t e c h n i q u e s f o r d e t e r m i n i n q e l e e t r o n - v e l o r i t v 

: -cnp i in i ' ^ r s p a r a l l e l and p e r p e n d i c u l a r t o a m a q n e t i c f i e l d . fss an i l l u s t r a t i o n 

of t h e a p p l i c a t i o n of t h e s e t e c h n i q u e s we w i l l r e v i e w i n S e c . TIT some o l d e r 

n i ' i i s i i p ' w n t s from ST of e l e c t r o n runaway f o r m a t i o n . In Sec TV we p r e s e n t t h e 

V I T V r e c e n t X-ray r e s u l t s on t h e L H - c u r r e n t d r i v e i n Pl.T. I t s h o u l d h e 

p o i n t e d o u r t h a t t h e h a r r X - r a y t e c h n i q u e s w e r e o r i g i n a l l y d e v e l o p e d f o r 

mauni- 'Mr m i r r o r s i n o r d e r t o d i a q n c - s e Che h o t e l e c t r o n r i n q s a e n e r a r e o 1 i n 

e l i ' c t r n n - c v c l o t r o n - h e . j t ed p l a s m a s . 

I , "NRT9llMF.NrATr:'>N 

!\ l a y o u t of t h e h a r d X- rav d e t e c t o r f o r t h e c u r r e n t d r i v e e x p e r i m e n t on 

PLT i s shown i n F i n . ? . The x - r a v p h o t o n s a r e det-^..-ted hv a NaT(T£) 

s c i n t i 1 l a t o r - p h o t o m u l t i p l i e r c o m b i n a t i o n . \ d e t a i l e d l i s o u s s i o n of t h e 

[ i r r i i i r - r t i e s of sodiujfl i o d i d e d e t r o t o r s was q i v e n i n t h e 1Q7A Varenna l e o t n ^ e of 

H. < n o e p t ° l a n d , t h e r e f o r e , i s n o t r e p e a t e d h e r e . tn o r d e r t o i n c r e a s e tr ie 

p n o t o p e a k e f f i c i e n c y and r e d u c e t h e Hompton t a i l , t h e s c i n t i l l a t o r s s h o u l d )->e 

l a r . i e enouqh t o r e a h r o r b t h e C o m p t o n - s c a t t e r e d p h o t o n s . we p r e f e r 3" * 3" NaT 

: T ' « U 1 E w h i c h h a v e p r a c t i c a l l y 1 no% p h o t o p e a k e f f i c i e n c y »r> t o : MeV. La.-oer 
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c r y s t a l s h a v e b e e n used"; t h e y r e q u i r e , h o w e v e r , a v e r y l a r q e a m o u n t of 

s h i e l d i n q t o k e e p o u t c o s m i c r a v s , h a r d X r a y s f rom t h e l i m i t e r , a n d Y r a v s 

r e s u l t i n g from In, Y) r e a c t i o n s p r o d u c e d by f u s i o n n e u t r o n s . The 3" x 3" 

d e t e c t o r i n F i n . 2 i s s h i e l d e d bv 4 i n . of l e a d and 2n cm of h o r a t e d 

p o l y e t h y l e n e . R e l a t i v e l y few n e u t r o n s (< 10 p e r s e c . | a r e formed i n t h e 

c u r r e n t - d r i v e r e g i m e ( n e < 10 c m " 1 ) , However t h e v a r e q e n e r a t e d s l i n h t ' . v 

s h o v e t h e h i q h d e n s i t y l i m i t of t h e c u r r e n t d r i v e on PLT a t a r a t e of 

a p p r o x i m a t e l y 10 p e r s e c . The p h o t o m u l t i p l i e r i s s h i e l d e d a q a i n s t s t r a v 

m a g n e t i c f i e l d s f rom t h e OH t r a n s f o r m e r by a s o f t i r o n p i p e and u - m e t a l 

f o i l s . A n o t h e r p r o b l e m a r e a i s c r e a t e d by r a d i a t i o n from t h e V M H of t h e 

vacuum v e s s e l , Tn o r d e r t o e l i m i n a t e w a l l r a d i a t i o n , t h e 0 . 0 1 0 " - B e r y l l i u m 

w; ' ' o r e of t h e PLT s y s t e m a r e m o u n t e d and r e c e s s e d on 45-cm l o n q s t e e l 

p i p e s . The o p t i c a l p a t h o f t h e s y s t e m i s c a r e f u l l v a l i q p p d by a s e t nf l e a d 

a p e r t u r e s s o t h a t t h e d e t e c t o r c a n v i ew o n l y t h e h e r v l l i u r c i w indow, h-it n o t t h e 

f l a n q e on wh ich t h e b e r y l l i u m i s m o u n t e d o r t h e s t e e l p i p e , F o r some 

a p p l i c a t i o n s i t i s i m p o s s i b l e t o p r o v i d e t h e s ^ p r e c a u t i o n a r y m e a s u r e s . Tt 

t h e n may be p o s s i h l e t o r e d u c e w a l l b o m h a r d m e n t and t h e r e f o r e r a d i a t i o n bv 

i n o r e ^ i n q t h e d i s t a n c e b e t w e e n t h e l i m i t e r and t h e v a c u u m - v e s s e l w,Vi 1 . 

I I . BREMSSTRAHLUNG EMISSION 

X-ray continua are produced by bremsstrahlunq and recombination 

radiation. For thermal emission, the recombination radiation tends to be more 

important by a factor of approximately 2 to 10. However, since the 

bremsstrahluno emission is proportional to the square root of the temperature, 
— 1/7 while -ecombination radiation scales like T g , the hiqh enerqy tails of the 

X-ray radiation tend to be produced predominantly by hremsstrahluna. We shall 

consequently concentrate on the hremsstrahlunq. 



s 

We s t a r t our d i s c u s s i o n by p r e s e n t i n q t h r e e very simple p h y s i c a l models 

a r e he lp fu l for the unders tand ing of b remss t r ah lunq : 

Kramer's r u l e ; This model p rov ides a crude answer t o the q u e s t i o n of 

how many photons an e l e c t r o n wi th k i n e t i c enerqv T emi t s in t he 

bremss t rah lunq p r o c e s s . flccordinq t o Kramer's r u l e the power spectrum 

of the emi t ted r a d i a t i o n i s f l a t up t o the photon enerqy k = T and has 

t he va lue 

? 2 ? flu Z r m c dw , d o o o , , 
dT = n i V e k dk = " i V e - 3 * 7 * TW~ " r ^ ' ( ' > 

w i s the emi t ted power, k the photon eneroy , n, the ion d e n s i t y , v p the 

2 2 

p l e c t r o n v e l o c i t y , r Q = e /m 0 c tha c l a s s i c a l e l e c t r o n r a d i u s , rr.0 the 

e l e c t r o n r e s t mass, and Z the charne number of the i o n s . we have 

p l o t t e d Kramer's r u l e in Fiq. 3 and have a l s o added a few more 

r e a l i s t i c r e p r e s e n t a t i o n s of the powe: spectrum. Kramer's r u l e loses 

i t s v a l i d i t y in the r e l a t i v i s t i c region when the e l e c t r o n energy 
a 

approaches and exceeds 2.5 MeV. Formulas for r e l a t i v i s t i c 

hrerasstrahtimti have been l i s t e d in a review a r t i c l e by Koch and 

Motz. Very exact c ross s e c t i o n s for plasma phvsios a p p l i c a t i o n have 

been more r e c e n t l y c a l c u l a t e d by P r a t t . 

P o l a r i z a t i o n : For c l o s e encounters between an e l e c t r o n and an ion, the 

f i t t r a c t i v e Coulomb force i s predominantly in the d i r e c t i o n of the 

i n i t i a l e l e c t r o n motion. The bremss t rahlunq near the s h o r t wa'felenqt^ 

l i m i t of the spectrum i s t he r e fo r e p o l a r i z e d in the d i r e c t i o n p a r a l l e l 
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to the initial electron velocity (Fiq. 4). For distant encounters, 

i.e., in the limit of lonq wavelenqth, the electric field vector is 

predominantly perpendicular to the orbit and the radiation is polarised 

perpendicular to the electron direction. The polarization of the 

radiation disappears when the kinetic enerqy of the electron approaches 

the rest energy mQc and is actually inverted for still hiqher 
12 energies. 

(c) Angular d i s t r i b u t i o n of brei.-isstrahlunq: for n o n r e l a t i vi s t i r. e n e r g i e s 

the X-ray emiss ion i s from a d i p n l e in t he p a r a l l e l d i r e c t i o n p lus an 

i s o t r o p i c component. For h iqhe r ener r j i es , r e l a t i v i s t i c e f f e c t s and the 

e f f e c t s a s s o c i a t e d wi th r e t a r d e d p o t e n t i a l s lead to emiss ion in t he 

forward d i r e c t i o n . F iqu re 5 i l l u s t r a t e ? 1 , t h a t the forward emiss ion i s 

a l r e a d y a p p r e c i a b l e for e n e r q i e s as low as 20 keV. 

In o rde r t o ana lyze the h o t e l e c t r o n rinqs; in maqnetio mi r ro r machines 

A. F,nqland has w r i t t e n a computer program t h a t c a l c u l a t e s the 

p lasma-bremss t rah lunq emiss ion for ^ qiv»n e l e c t r o n - v e l o c i t y - d i s t r i n u t i o n 

f u n c t i o n , R e l a t i v i s t i c b remss t r ah lunq c r o s s s e c t i o n s l i k e the ones by 

f i lucks t^rn and Hu l l 1 - ' o r F ronsda l and l i b e r a l ! have t o he used for t h i s 

p u r p o s e . More r e c e n t i n v e s t i q a t i o n s of the emiss ion from F.0H heatpd plasmas 

a r e d e s c r i b e d in r e f e r e n c e s . ' At Pr ince ton we used a s i m i l a r program for 

analyzing- the e l e c t r o n - v e l o c i t y - d i s t r i b u t i o n func t ion in t okanaks . The ou tpu t 

f r ™ these programs depends , of cour se , on t he assumption made about the 

v e l o c i t y - d i s t r i b u t i o n func t ion and i s q u i t e d i f f e r e n t for m i r r o r s and 

tokamaks. In o r d t r t o i l l u s t r a t e t y p i c a l r e s u l t s from computer codes , we have 

p l o t t e d in F i q s . 6, 7, and S b remss t rah lunq for a r e l a t i v i s t i c 'la;ws 11ian 
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snercrv d i s t r i b u t i o n fM 

C H T C3(T) ^ - ^ J T V « p ( - j ) ( 2> 

Here K = 1 + T/(m 0 c ) i s the r e l a t i v i s t i c enercjy of an e l e c t r o n in 

un i f s nf mc , T = kT+/nuC* i s the normalized t a i l t empera tu re , and ft i s a 
o t ' o 

f a c t o r t h a t normal izes the v e l o c i t y - d i s t r i b u t i o n func t i o r to 1. The t a i l 

e l e c t r o n s a r e assumed to occupy a cone wi th anq l e 0_ in momentum s p a c e . The 

hrernKStrahlunrr i n t e n s i t y I i s computed by usincj the d i f f e r e n t i a l c ro s s 

s e c t i o n -io jmd in t e t f r a t i nq over the cone and the enerqy, 

I ( 9 , , e , k , T ) = cons t I dfl q (3 ,R) v k - ? ^— f (?.) dK 
d 0 ' e e ; dil dk M 

(3) 

0 , 1/2 , . . , 
const j df i e q(f i p f E) J [ k -jy—. T _ r n exp I—TJ J dF) . 

o 1 E k dlTdk t R(f) 

a is the anqle hetween the electron velocity w and the direction of photon 

enission k, AU^ is a solid anqle element in direction of k, and d". is a solid 

amjle element of the electron cone. The function q normalizes the integration 

of the electron distribution Function over a cone to 1. The hremsotrahlunq 

intensity depends then on the tai] temperature T, the photon enerqy k, and the 

Minnie 0̂  between the axis of the electron cone ^nd the vjewinq line of the 
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F i g u r e 6 s h e w s t h e X - r a y p h o t o n c o u n t s (H I ( k ) A ) p r e d i c t e d f o r a beam 

o f e l e c t r o n s ( 6 e = O.fi") f o r e m i s s i o n p e r p e n d i c u l a r t o t h e beam ( d e t e c t o r 

a n q l e 9 d = 9 0 " ) . The p a r a m e t e r f o r t h e c u r v e s i s t h e t a i l t e m p e r a t u r e T t ( n o t 

t o b e c o n f u s e d w i t h t h e k i n e t i c e n e r q y T ) . P i q u r e 7 shown t h e p o l a r i z a t i o n o f 

t h e r a d i a t i o n f o r t h e same c o n d i t i o n s . The p o l a r i z a t i o n o f t h e r a d i a t i o n 

d i s a p p e a r s a s one woul-1 e x p e c t v h e n t h e r e a r e t o o many r e l a t i v i s t i c e l e c t r o n s , 

i . e . , when t h e t a i l temperature T e x c e e d s 50 k e V . On t h e o t h e r h a n d , f o r w a r d 

s c a t t e r i n q i s s t r o n g e r l o r m o r e r e l a t i v i s t i c t a i l s , a n d f o r w a r d s c a t t e r i n g i s 

t h e t e c h n i q u e t o u s e f a r T^ > SO kev". We s h a l l p r e s e n t a c t u a l m e a s u r e m e n t s of 

t h e f o r w a i d s c a t t e r i n g i n t h e n e x t s e c t i o n , Tlie a m o u n t o f X - r a y e m i s s i o n f o r 

6 , = 90° d e p e n d s c r i t i c a l l y on how i s o t r o p i c t h e v e l o c i t y d i s t r i b u t i o n i ^ . 

T h i s i s i l l u s t r a t e d i n F i q . 8 , w h e r e t h e e m i s s i o n f rom a beam a t 6 , = 9(1° i s 

o n l y a t e n t h of t h a t of an i s o t r o p i c t a i l w i t h a n i d e n t i c a l number of 

e l e c t r o n s a n d a n i d e n t i c a l t e m p e r a t u r e . 

The X - r a y a n a l y s i s h a s f o u n d a p p l i c a t i o n i n two a r e a s o f tokamaj ; 

p h y s i c s , n a m e l y , f o r t h e i n v e s t i q a t i o n o f e l e c t r o n r u n a w a v t a i l s a n d f o r t h e 

s t u d y of t h e l o w e r - h y h r i d c u r r e n t d r i v e . 

I I I . PLASMS BRF.MSSTRAM.UNG PROM RCINAWRY KLFCTRONK 

In t o k a m a k s , p a s s i n q p a r t i c l e s a r e on c o n f i n e d o r h i t s , and e l e c t r o n s 

c a n he c o n s e q u e n t l y a c c e l e r a t e d t o e n e r q i e s o f many MeV b e f o r e t h e y a r e l o s t 

d u e t o t h e i n c r e a s i n q s h i f t o f t h e i r p a r t i c l e d r i f t s u r f a c e s . F o r p a r t i c l e s 

w i t h h i q h e n o u q h e n e r q y , t h e f r i c t i o n f o r c e b e c o m e s v e r y i m a l l and t h e 

i n e r t i a l f o r c e B a l a n c e s a c c e l e r a t i o n b y t h e e l e c t r i c f i e l d . As a f i r s t g u e s s , 

one would c o n s e a u e n t l y a p p r o x i m a t e t h e h i o h e n e r q y p a r t o f t h e d i s t r i b u t i o n b y 

a f r e e - f a l l d i s t r i b u t i o n . I n o r d e r t o d e r i v e a f o r m u l a f o r t h e f r e e - f a l l 

d i s t r i b u t i o n , we a s s u m e t h a t r u n a w a y s a r e q e n e r & t e d by a m e c h a n i s m , w h i c h i s 



nn t s p e c i f i e d for the moment, and t h a t they a r e supp l i ed wi th momentum p Q a t 

time t a t the runaway r a t e n ( t ) . ltie force X on the e l e c t r o n i s 

2TTR at x = e K = ™ = « L (4) 

wherp K is the toroidal electric field, Vfl the loop voltaae around the torus, 

and R the major radius of the to'kamai?. Equation (4) can he integrate" 

'o 

If we assume Lhat V 0 „ i s known from measurements and i f we keep the 

time po in t t f ixed , then the momentum p of an e l e c t r o n i s a func t ion nf t 

rinly- Ttie i n v e r s e funct ion i s naried h, 

h(p) . (fi) 

At the time t and near p the d i s t r i b u t i o n funct ion has the value 

where dp and df obey frr. ( 4 ) . ^ssumino; tha t the p a r t i c l e s a re a c c e l e r a t e d 

to h igher e n e r q i e s by i r e e - f a l l (and tha t no th ina happens t o them on th- . r way 

up) we o b t a i n 
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f(p.U = | ^ 7 t T nu t h t p > ( 7 ) 
' O H ' " 

This i s t he d e s i r e d formula For t he f r e e - f a l l d i s t r i btirion f u n r t i n n i 

The formula shows t h a t the d i s t r i b u t i o n funcvior, r e f l e c t s the time his i -orv nf 

thv. runaway r a t e . 

Let us now c o n s i d e r a p a r t i c u l a r l y s i n p l e s i t u a t i o n where a rnkannk 

d i s - h a r q e , and in p a r t i c u l a r n R and VQ^, become s t a t i o n a r y a f f» r a shor* 

i n i t i a l ad jus tment p e r i o d . The f re .e- f r . l l d i s t r i b u t i o n then h e r o m s 

= c o n s t t o r p > p* 

' < " • " - 0 for p > P . ( P ) 

where r>* i s the momentum reached by the runaway p ) p r t r o n s r r p j h<"< f i r s f in HIP 

d i s c h a r q e . The cor respond inq enerqy , F*, i s 

*2 *2 y i ?-,? E = p a + (m c . Ci) o 

The s i m p l i f i e d f r e e - f a l l - v e l o c i t v -d i s t r i b u t i o n func t i on , P-q . (A), turnp 

out to be a very usefu l t o o l fo r the expe r imen ta l a n a l y s i s and we t h e r e f o r e 

have c a l c u l a t e d and d i s p l a y in F i q s . 9a and 9b the b r e m s s ' r a h l u n q s p e c t r a t h a t 

o r i g i n a t e from a beam of e l e c t r o n s wi th a f r e e - f a l l d i s t r i b u t i o n . I". F iq , 9a 

t he beam i s ohserved by a d e t e c t o r a t an anq^e c-f- ^0° fror the beam 

d i r e c t i o n . Spect ra for 90 have a very s i m i l a r shar '- but somewhat sma l l e r 

http://fre.e-fr.ll
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i n t e n s i t y . Tn Fiq . 9b the beam i s observed a t 3° from the beam d i r e c t i o n . 

There a r e ? number of f e a t u r e s of these graphs which mer i t a t t e n t i o n : 

(a) The s p e c t r a shown in F iq . <H f a l l off in an approximate ly e x p o n e n t i a l 

f a s h i o n . This f a c t can e a s i l y lead t o m i s i n t e r p r e t a t i o n of 

exper iments : An exponen t ia l photon spectrum does not n e c e s s a r i l y imply 

an exponen t i a l v e l o c i t v - d i s t r i h u t i o n f u n c t i o n . 

!b) ft comparison of F iq . 9b with F in . 9a show- t h a t t he X-ray emission 

peaks in the forward d i r e c t i o n , as i s expec ed from our d i s c u s s i o n in 

connect ion with h n . 5. The more the parameter of the r u r v e s , r*, 

i n c r e a s e s , the l a r o e r i s the f r a c t i o n of the r a d i a t i o n tha t OOPS i n t o 

tiie forwa d d i r e c t i o n . 

(c) The e l e c t r o n d i s t r i b u t i o n funct ion with F* = ft d i f f e r s from the 

d i s t r i b u t i o n funct ion with F* = 5 only in t h a t some e l e c t r o n s have b P P n 

added in the enemy i n t e r v a l S < F < ft. As a consequence, thn 

d i f f e r e n c e between the two photon s p e c t r a l abe l ed F,* - "i and K* = f, i s 

due only to e l e c t r o n s vi t h a t enerqv i n t e r v a l . This s p e c i a l f e a t u r e i s 

very he lp fu l in order t o v i s u a l i z e and e s t i m a t e what the c o n t r i b u t i o n 

of a croup of e lectrons- i s to the photon spect rum. I t i s oh" ous from 

F iq . 9c, f:>r i n s t a n c e , t h a t the t a n q e n t i a l emiss ion i s produced 

p-edominant ly bv the most e n e r g e t i c p a r t i c l e s . p o r the fid° or ^n° 

view, the r e l a t i v e c o n t r i b u t i o n of the very e n e r q e t i c p i r t i r l e s i s 

r* duced .^nd, t h e r e f o r e , t he pe rpend icu la r view seems b e t t e r s u i t e d for 

measuring the low enemy p o r t i o n of the d i s t r i b u t i o n func t ion . 
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We now want t o show some exper imenta l d a t a , which qo bar1", t o the ST 

tokamak, and which r e p r e s e n t s t i l l the most d e t a i l e d ampl i ca t i on of t he se 

concep t s to che t:>kamak. F igure 10 shows r a d i a l p r o f i l e s of the har * X--r.iv 

^miss ion from ST a t a v a r i e t y of t imes Huri nn a d i s c h a r g e wi -h moderate 

runaway format ion . Msn shown i s the e l e c t r o n temtieraturp and t he r r i t i r - ^ 1 

e l e c t r i c f i e l d , v

c r ] tf a c c o r ^ i n c T to H r e i c e r , - The f 1 qnr*3 show*; th,\f- t n , . 

r una wav p l e r t r o n s are loca ted in the c e n t r a 1 r^qion °f ^he oi -i^pa, wht*r" 

theorv would p r e d i c t thac they a r e c r^ t i i : ^^ 

Thp forward emiss ion of the b remss t rah lunq was cnii re pronounced for 

these d i s c h a r q e s , F iqure 1 1 shows X-ray s p e c t r a ohservpd a t ± 10° w\ th 

r e s p e c t to rh« d i r e c t i o n of the maior rad ius* ^ r ^ e - f a l l spect-ra hA\ benr-

f i t t e d tn the s p e c t r a and uive qood aqreement for the r i^-^Cf ;>arane»-pr 

K* = 2» 

Fi qure 12 shows a comparison between a fa mien t i a 1 X-r.i v sne^t r i HI 

( e l e c t r o n s inovinq towards the d e t e r cor) and a spectrum measured ar f0° to th«-' 

magnet ic a x i s - "or comparison we have a l s o p in t ted seve ra l r h e n r e t i c a 1 

c u r v e s . A f r e e - f a l l spectrum has been f i t t e d t o the t a n q e n t i a l supi ' tnim. Th*> 

correspond i nq f r ee - f a l I .spectrum for 60° does not i n r lude cn r r ec - ions fnr 

qeometr ic ^ f ^ e c t s , i . e . , the r e d u c t i o n in l i n e of si<iht for *"he fiO* 

-1etf»ct i f i . :'--'er r educ t i on depend^ on the r a d i a ] p r o f i l e of -he hard X-rav 

S n i s s i o n . The r a d i a l p r o f i l e was u n f o r t u n a t e lv not measured f o r t h i s 

p a r t i c u l a r d i s c h a r g e . Ffowever, i f we c o n s i d e r the datrj shown in Fin, i J and 

assume chat the hard X-rays o r i q i n a t e from the c e n t r a l r ea ion (r < 1 to 4 cm) 

then t h i s c o r r e c t i o n amounts to a f a c t o r 7 t o rt. The dashed curve r e s t f t t i n q 

from the f r e e - f a l l d i s t r i b u t i o n f i t s the measured 60° spectrum for l a r q e 

photon e n e r q i e s , bu t p r e d i c t s too small an X-ray i n t e n s i t y a t low e n e r q i e p . 

Tue da t a i n d i c a t e t h a t the f r o e - f a l l d i s t r i b u t i o n func t ion f (p) = c o n s t does 

http://X--r.iv
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not provide a qood r e p r e s e n t a t i o n of the exper imenta l d a t a , but t h a t a 

monotonies 1 ly d e c r e a s i n g func t ion of the momentum p would he a h o t t e r choir*?. 

There i s o t h e r ev idence t h a t confirms t h i s f i n d i n g in F i a . 13 we show 

fnr instdnrfi a time secmence of th ree consecu t i ve hard X-ray s p e c t r a for two 

• I i s c h a r q e s L a b e l l e d ( a ) and (h) . A f r e e - f a l l c u r v e h a s Keen f i t t e - i t n t h p 

f i r s t R p e r t rum m e a s u r e d a t 14 ms . -Since t h e l o o p v o l t a q e i s known, one r a n 

• •^ ru l r i i -p bnw t h e s p e c t r u m s h o u l d d e v e l o p i n *"tme u s i n q fiqs. (5) and ( 7 ) . The 

-.' - ^ r e s p o n d i nci f r e e - f a l l s p e c t r a f o r t i n e s t - 27 ms and 4fi ms a r e a l s o p l n t t e d 

: : v i ' i . i l . The e x p e r i m e n t a l s p e c t r - i a t 27 and 40 ms do n o t s e e n t o e x p a n d t o 

hi-.jhi 1: • ' t i ' , : . | i p s , K i t r a t n e r seem t o s a t u r a t e . I t h a s b e e n p r o p o s e d ' t h a t 

rV]i-- h ^ h . i v i w i s c a u s e d by r a d i a l T r a n s p o r t nf r u n a w a y ^ l e r t r n n s a c r o s s t h f 

-i,* < ir> *-1-1 r t i . ' ! i 4 A c o n f i n e m e n t t i m e T can h r e s t i m a t e d by " a l c u l a t i n q t h e t i pir* 

f l3.» • " f -A • s f o r a n *> J*»r*rron r o f r ^ e - f i ? J t o a n e n e r T n , eh*1 va l u e '•ha* 

v . i.'^ •; 'i ' .-"<•) f l *• t<>r t h e ^ a t - u r a f e d s | - ^ r m i 7 i , A va r • v -if da fa f o r t-he 

• .':.r*viv '••,mf i ne r ipn ' s i ne : from ST h a s beer , o t - ' t e d in V- : . M r . 

Acr- . - r i inq t o t h e f r e e - f a l l mode L ( F/7. 7) t h e i n t e n s i t y of t h e X - r a v 

• T-i i s s ] ori s h o u l d p r o v i d e s o n e i n d i c a t i o n of t h e runaway r n t e n Attemot*? hdi/f 

b^vr -M 1" t o m e a s u r e n R and ^ compare t h e r e s til t w i t h r h p o i ^ t i r ^ ] 

t •£"*• i I •••i' i 'in- ffjr thn runaway r a t " . The , ' n n i ^ r i . q n n i s shown in P i n . t4» Thf-

•-/••: v '••it ' y ; - r^di n t l ons hv P r e i c r " rirf nu rh t o o h i c i h . fh l ̂  i s a l s - . t t ,^ r a s p 

t l v 

Kn N r : ! i fd ^un*"" h a v e t r i e d t o improve i- V, -» t h e o r y hv i n c o r p o r a t i n g t h e 

a-i. i i t-i- .ri . i l f r i c t i o n q e n e r a t e d by i m p u r i t i e s , and a l s o hy i n c o r p o r a t i ng a 

i I ' l i t f i a r t i c l e l i f e t i m e T i n t o t h e t h t - n r y . They were s u c c e s s f u l i n 

• •xp l . i i ' i i t in t n e o r d e r of m a g n i t u d e of e x p e r i m e n t a l d a t a . The c o n f i n e m e n t 

Mrm ' r >r t h e p a r t i e ] e s s w p » s ( h o w e v e r , somewha z s h o r t e r t h a n o n e wnnl d h a v e 

•va>ei- t e d f f i r , t h e d i s c i K s i o n i n c o n n e c t i o n w i t h F i q . 1 3 , 

http://a-i.iit-i-.ri.il
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IV . PLASMA BREMSSTRAHLUNG DURING LOWER-HYBRID CIMRRNT DRTVF 

A r e r e w e d I n t e r e s t i n t h e t e c h n i q u e s f o r a n a l y z i n g p l a s m a 

b r e m s s t r a h l u n q h a s o c c u r r e d b e c a u s e o f t h e s u c c e s s f u l d e m o n s t r a t i o n o f I n w p r -

h y h r i d c u r r e n t d r i v e on PLT, a n ^ i n t h i s s e c t i o n we w a n t t o d i s c u s s t * « 

f i r s t and a s y e t somewha t p r e l i m i n a r y m e a s u r e m e n t s of t h e h a r d X - r a y e m i s s i n " 

( r o w RF q e n e r a t e d e l e c t r o n t a i l s . 

A t y p i c a l PLT d i s c h a r g e w i t h c u r r e n t d r i v e i s shown i n F i n . I S . The 

c u r r e n t i n t h e p r i m a r y w i n d i n q of t h e ohmic h e a t i n n t r a n s f o r m e r i s k e p t 

o n s t a n t a f t e r t h e p l a s m a c u r r e n t h a s r e a c h e d i t s maximurt a t l n o k P , The 

p l a s m a c u r r e n t d e c a y s from t h e n on w i r h an L/R d e c a y t i m e . w i t h -:hp '''i'" 1 "U / 

lower h y b r i d power s w i t c h e d o n , t h e c u r r e n t c a n oe m a i n t a ' n e d a t a i i ' w 5 ! o f 

2Sn kA f o r v e r y l o n q t i m e s w i t h no ohmic h e a t i n o nowe r t r a n s m i t t e d t o t h e 

d i s c h a r g e . The l o n q e s t a c t u a l l y o b s e r v e d t i m e was 3 . 5 s e c . The p l a s m a 

d e r s i t y f o r t h e s e d i s c h a r g e s f a l l s i n t h e r a n q e 10 cm" , For d e n s i t i e s o f 

a • Ml cm," t \nd l a r q e r t h e c u r r e n t d r i v e c a p a h i l i t y of t h e Rt seems a b r u p t l y 

•:n d i s a p p e a r . 

\ - r a v t e c h n i q u e s h a v e shown t h a t a f a s t e l e c t r o n t a i l fo rms s o o n a f t e r 

t h e RF i ; s w i t c h e d o n . A f t e r a b o u t 3<"> ms t h e e v o l u t i o n of t h e t a i l i s 

c o m p l e t e d and a s t a t i o n a r y e l e c t r o n d i s t r i b u t i o n i s e s t a b l i s h e d p r o v i d e d t h a t 

d i s c h a r q e . c o n d i t i o n s a r e k e p t c o n s t a n t . The X-,e<y t a i l f o r m a t i o n i s shown i n 

F i n . If.. The X - r a y s p e c t r a w»re r e c o r d e d w i t h l i t h i u m d r i f t e d s i l i c o n 

d e t e c t o r s b e f o r e ( F i q . ISA) and a f t e r ( F i q . 1KB) t h e Re- was t u r n e d o n , TV-

s p e c t r u m i n F i q If* i s p u r e l y t h e r m a l w i t h a t e m p e r a t i - e o f 1 . 1 4 k e V . A 

s t r a i q h t l i n e f i t t o t h e p h o t o n - t a i l i n F i q . 1 fiB i n d i c a t e s a " t a ' l " 

t e m p e r a t u r e of 29 keV. The 3-mm t h i c k S i ( L i ) d e t e c t o r s become t r a n s p a r e n t t o 

X r a y s w i t h e n e r q i e s a b o v e 25 k e V . More a c c u r a t e i n f o r m a t i o n on t h e p h o t o n 
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spectrum can he ob ta ined wi th the sodium i o d i d e d e t e c t o r desc r ibed in 

See , I I . Fiqure 17 shows a measurement of t he e n e r q e t i c photon t a i l with the 

V s ; ' NaT d e f c t o r . The spectrum f a l l s a lmost e x p o n e n t i a l l y over t h r e e 

o rde r s of naqn i tud« . A v a r i e t y of t h e o r e t i c a l curves has been f i t t e d t o t he 

d a t a . If we assume t h a t th« e l e c t r o n d i s t r i b u t i o n i s r e a r l y i s o t r o p i c and 

Vaxweili in, then the photon t a i l shown in F iq . 17 would i n d i c a t e an e l e c t r o n -

t a i l t empera ture of » 100 KeV. if the e l e c t r o n s form a beam and t h e i r enernv 

d i s t r i b u t i o n remains Maxwellian, then the e l e c t r o n - t a i l t empera tu re would he 

iso v„oV. However, a r e l a t i v e l y f l a t e l e c t r o n d i s t r i b u t i o n func t ion l iVe the 

free-fi!) 1 d i s t r i b u t i o n , f tp ) - cons t , oen a l s o be f i t t e d t o the d a t a . The 

eneruv F." would have to be f>00 keV in o rde r t o match t ' • da t a shown in 

F i ' j , 1"?. Measurerents of the anqui- ' r v a r i a t i o n of tile X-rav emission have t-o 

he performed to j.hed more l i q h t on the exact shape of the d i s t r i b u t i o n 

f u n r t i o n , 

I har> i'^ei' npecu Lated t h a t T.K c u r r e n t d r i v e r e q u i r e s as a r> ' n r ' "di M on 

thr" nresence of ,- s o - c a l l e d s l i d e away COTdition, i,«»., the Formation of a 

runaway t a i l a t very low plasma dens i ty . The X-rav measurements show, 

however, t h a t there i s very l i t t l e t a i l formation h e f o r e the HF i s app l i ed 

(F in . ' 6 ) , and t h a t in the ahsence of RF, t h e r e i s no " , i : l formation (see the 

sppctrum l a b e l l e d ..o RF in F iq , 17) , 'i,ie X-ray da ta have t h e r e f o r e 

c o n c l u s i v e l y demonstrated t h a t the P.F produces the e n e r q e t i c e l e c t r o n t a i l . 

I t i s t r r e , however, t h a t for somewhat lower plasma d e n s i t i e s s l i de -awav 

r o - d i t i o r m e x i s t . Photon s p e c t r a for t he se c o n d i t i o n s are shown in F iq . 18, 

tAt very low ' j . ^ i t i e t . the runaway c u r r e n t can maXe up the whole plasma 
c u r r e n t in a tokamak. The loop vol taqe becomes very small under these 
c o n d i t i o n s and the e l e c t r o n s qain l i t t l e enerqy in one t r a n s i t around the 
machine. The p h o t o n - t a i l t empera ture becomes very sma l l , and t h i s plasma 
c o n d i t i o n , t h e r e f o r e , i s c a l l e d s l ide-away req ime. 
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The spectrum marked "wi thout RF" t h a t r e p r e s e n t s a t y p i c a l s l i t ja-away spectrum 

tends t o have a somewhat hicrher t a i l t empera ture than the spectrum qenera ted 

by the RF. 

Radia l p r o f i l e s of the X-ray t a i l s dur inq the RF pu l se have been 

ob ta ined with the S i (L i ) d e t e c t o r sys tem. P iqure 19 p l o t s the X-ray emiss ion 

i n t e n s i t y a t 14 keV. Labelled 5 ( 1 4 ) , ve r sus the plasma r a d i u s . The d a t a were 

ob ta ined from s t r a i ' . n t l i n e F i t s t o photon t a i l s av shown, for example, in 

^ i q . 1 RR , and then Abel i n v e r t e d . The f i q u r e shows t h a t t he format ion of t he 

e n e r q e t i c t a i l s t akes p l a c .n the c e n t r a l req ion o' : the plasma. 

nur inq the RF p u l s e , t he e n e r q e t i c e l e c t r o n s have t o c a r t v p r a c t i c a l l y 

the t o t a l plasma c u r r e n t , heoause the loop v o l t a q e v a n i s h e s . The r a d i a l X-rav 

p r o f i l e should consequent ly a l s o con ta in in format ion on the l o c a t i o n of the 

c u r r e n t s in the plasma. An ex^c t e v a l u a t i o n of the c u r r e n t from X-ray 

p r o f i l e s r e q u i r e s a l a r q e da t a base : t he enerov d i s t r i b u t i o n in the t a i l has 

to be known as a func t ion of r a d i u s . Also some da ta a r e needed on the r a t i o 

of p a r a l l e l t o p e r p e n d i c u l a r ene rgy . These da t a a r e not a v a i l a b l e a t 

p r e s e n t . The re fo re , for a very f i r s t and p r e l i m i n a r y e s t i m a t e , is have made 

the assumption t h a t the X-rav i n t e n s i t y w i l l be p r o p o r t i o n a l t o the number of 

e n e r q e t i o e l e c t r o n s . If, i n a d d i t i o n , t h e i r averaoe v e l o c i t y does not varv 

s i q n i f i c a n t l y with r a d i u s , then i t i s not unreasonab le t o assume t h a t the 

X-ray p r o f i l e s shown in F iq . 19 r e p r e s e n t c u r r e n t d e n s i t y p r o f i l e s . 

The p r o f i l e l a b e l l e d A in P iq . 19 cor responds t o normal c u r r e n t d r i v e 

o p e r a t i o n on PLT with a t o r o i d a l .naqnetic f i e l d B = 31 kG and a plasma c u r r e n t 

I-, = 200 kA. The X-ray p r o f i l e (A) and presumably a l s o the c u r r e n t p r o f i l e 

seems ve^y peaked. However, t he s a f e t y f a c t o r cr a t the l imi te t r i s 10 For t h i s 

d i s c h a r g e because of the plasma c u r r e n t was very s m a l l . Under t h e s e 

c i r cums tances a r e q u l a r ohmic-hea t inq c u r r e n t p r o f i l e would a l s o be verv 
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peaked, when t h e t o r o d i a l maqnet ic f i e l d i s decreased (curve ~S) and when t h e 

plasma c u r r e n t i s inc reased (curve C), the X-ray p r o f i l e s c o n s e c u t i v e l y 

broa.ien. Aqain, a r e g u l a r d i s c h a i q e would show e x a c t l y t he same behavior By 

equa t inq the X-ray p r o f i l e with the c u r r e n t p r o f i l e , a q - p r o f i l e can be 

c a l c u l a t e d . The r e s u l t i n g q for curves A, B, and C v a r i e s from s l i q h t l y under 

1 in the plasma c e n t e r t o 3-10 a t the plasma edqe . I t was a l s o observed t h a t 

tiv» x-ray p r o f i l e , once i t '-as e s t a b l i s h e d a f t e r t he f i r s t 30 ms of c u r r e n t 

r i r ive , I g a i n e d unchanqed for the r e s t rf the RF p u l s e . 

The c r e a t i o n of e n e r q e t i c e l e c t r o n s seems t o produce a plasma of hiqh 

c-mduc "-Avity in which the c u r r e n t p r o f i l e seems to be frozen i n . This f ind inq 

from the X-ray da ta i s in aqreement with the f a c t t h a t A = So + t-/?. chanqes 

only s l i q h t l y dur inq LH c u r r e n t d r i v e (F iq . 1 5 ) . The X-ray da ta of P iq . 19 

imply S../2 = 0 .9 , 0 .7 , and 0.6 for curves A, S, and C; va lues of A equal t o 

1.0, o.B, and 0.6 Wire i n f e r r e d from maqnetic i ;asurements with Mirnov c o i l s . 

The enerqy ir. the e l e c t r o n t a i l i s approximately comparahle t o the 

thermal plasma enerqy, which i r- tu rn i s c o n s i d e r a b l y sma l l e r than the macrnetic 

enorqy s to red in the p o l o i d a l f i e l d a t these low plasma d e n s i t i e s . The 

replacement of the nhmic c u r r e n t by a t a i l c u r r e n t r e q u i r e s , t h e r e f o r e , l e s s 

3F nower than an a c t u a l i n c r e a s e of the c u r r e n t . Experiments in which the RF 

pnwer i s var ied have shown t h a t t h e r e e x i s t s s a t u r a t i o n of the X-rav i n t e n s i t y 

with power. The s a t u r a t i o n seems tu occur s l i q h t l v below the power l e v e l 

r f -mired t o kee-p the plasma c u r r e n t c o n s t a n t . In F i q , 20 we compare the X-ray 

s p e c t r a measured a t RF powers of 11 kw and 200 kW. The 11 kW RF power 

produces a spectrum with a much f l a t t e r s lope than t h a t ob ta ined for the 

200 kW c a s e . The RF f i e l d s seem to c r e a t e a d i f f u s i o n in v e l o c i t y space t h a t 

favors the c r e a t i o n of modestly ener ' J t i c e l e c t r o n s (IOC IteV) and e l i m i n a t e s 

very hiqh enerqy e l e c t r o n s . The r ^en d ramat i c r educ t i on of l i m i t e r X rays 
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with the o n s e t of the RF power provided the f i r s t i n d i c a t i o n of t h i s e f f e c t . 

Another f a c t o r t h a t i n f l u e n c e s t he s l ope of the X-ray t a i l s i s t he 

phas inq of the waveguides of the Brambi l l a q r i l l . In F i e . 21 two X-ray 

s p e c t r a a r e shown which were measured wi th phase ang le s of -135" and - 6 0 ° , 

r e s p e c t i v e l y , between ne iqhbor inq waveguides . The -f>0° phas inq qave a f l a t t e r 

spectrum and a l s o a more e f f i c i e n t c u r r e n t d r i v e . A p o s s i b l e e x p l a n a t i o n 

for t h i s f l a t t e n i n g i s i l l u s t r a t e d i n F iq . 22. The f i g u r e shows computed wave 

s p e c t r a accord ing to Urambil la t heo ry fo r p ropaga t ion p a r a l l e l t o the 

maqnet ic f i e l d . The parameter of the curves i s the phasinci of the waveguides 

on PL.T. The k i n e t i c energy of e l e c t r o n s t h a t can r e s o n a t e wi th the wave a t 

the phase v e l o c i t y , i s i n d i c a t e d by the enerqy s c a l e on the toi) r i q h t hand 

s i d e . Accordinq t o ^ i q . 22, the LH v">ves have a much h i q h e r phase v e l o c i t y 

t o r 60Q p^.asinq than for the 1 35° phas inq . A comparison of the energy of the 

r e sonan t e l e c t r o n s and the e l e c t r o n t a i l t empera tu re ob ta ined in F i a . 17, 

shows t h a t they a r e of comparahle maqni tude. The agreement i s , however, not 

very q u a n t i t a t i v e . There i s , for i n s t a n c e , a Is qe qap in the 60" wave 

spectrum between 10 keV and 50 keV and i t i s no t c l e a r how e l e c t r c > s can he 

a c c e l e r a t e d from the thermal p a r - of t he d i s t r i b u t i o n throuqh t h i s qap i n t o 

t he t a i l . N e v e r t h e l e s s , we s p e c u l a t e a l i t t l e b i t f u r t h e r . O u a s i l i n e a r 

theory would p r e d i c t t h a t f (p ) = c o n s t i n a s t r o n q SF f i e l d 

( n o n r e l a t i v i s t i c a l l y f (v) = c o n s t ) . On the o t h e r hand, i t was shown in 

F i q . 17 t h a t the X-ray s p e c t r a can a l s o be d e s c r i b e d hy a f r e e - f a l l 

d i s t r i b u t i o n f (p ) = c o n s t . what we miqht be s e e i n g wi th the x- ray s p e c t r a i s 

j u s t t he d i s t r i b u t i o n func t ion f (p ) = c o n s t wi th boundar i e s (E*) determined by 

the wave spectrum (Fiq . 22 ) . I t i s c l e a r t h a t c o n s i d e r a b l y mors work has t o 

be done to f ind ou t t he t r u e shape of t he e l e c t r o n d i s t r i b u t i o n f u n c t i o n . In 

p a r t i c u l a r , i t seems neces sa ry t o measure the x - r ay emiss ion as a func t ion of 
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amile with respect to the magnetic field in order to find out whether the 

interpretation f(p) = const is really tenable. 
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FIGiIRK CAPTIONS 

FIG. 1 X-ray s p e c t r a from the ST tokamak, showim thermal s p e c t r a a t low 

photon e n e r q i e s and supe r the rma l t a i l s a t hiqh e n e m i e s . Thp 

parameter i s the n e u t r a l qas f i i l i n a p r e s s u r e * For s i m p l i c i t y , only 

the continuum r a d i a t i o n has been p l o t t e d ami l i n e r a d i a t i r n has b^pn 

oni t t e d . 

F in . ~> Phys ica l layout of the hard X-ray d e t e c t o r for pla? 1a hrenss t r a h l u n i 

r>n PLT. 

FTtl. 3 Rremsstrahlunq spectrum k • do/dk emi t t ed hy a s i n g l e e l e c t r o n u i r n 

k i n e t i c enerqy T. k i s the photon enerov , o = 7. r /I 37 

Z e n * C " T I _ 1 and F = m c . The r i - . W 1 i-if s r e r - e s e n t Born 

q 
approximaHon r e s u l t s . The da shed -do t t ed curve i s for aluminum 

ions and aporoximates exac t quanturi nechan i ca l r e s u l t s hv the Flwer t 
q 

f a c t o r . The dashed l i n e for 60 kev holds for p r o t o n s . 

FIG. A P o l a r i z a t i o n of Bremss t rah lunq . Emission of the photons i s a t 00° 

with r e s p e c t t o the e l e c t r o n v e l o c i t y . The C U V P i s c a l c u l a t e d for 

,2 

X-ray photons near the hiqh frequency limit for 20 keV electrons on 

a thin maqnesium tarqet. 
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X-ray s p e c t r a emi t t ed hy a beam of e lec t rc r -5 (6 = o.fc°) with a 

r e l a t i v i s t i c Maxwellian enerqy d i s t r i b u t i o n (En. 2) using a crosi ; 

s e c t i o n der ived by Gluckstern and H u l l . 1 r>e t ec tor-beam anqle 0^ 

equa l s 0 0 ° . The e l e c t r o n t a i l t empera ture T i s va r i ed from 1 ">. 5 keV 

t j 200 keV. 

P o l a r i s a t i o n of bremssfrahlunq f*-om an e l e c t r o n heam. P l o t t e d i s 

the r a t i o of the X-ray i n t e n s i t i e s p o l a r i z e d with the e l e c t r i c F ie ld 

v e c t o r pe rpend icu la r and p a r a l l e l t o the beam d i r e c t i o n . o the rwi se 

the da ta an» the same a* in F io . 6. 

M Rremsst rahlunq from a 100 keV e l e c t r o n t a i l show-inn the e f f e c t of 

varying the e l e c t r o n cone anoie C . The de teo tor -heam a.nnie 0 

equa l s 90° . The d e n s i t y of r a i l e l e c t r o n s i s the sane for the t h r ee 

^ Rremsstrahlnn<1 from a beam of e l e c t r o n r wi th a f r e e - f a l l 

d i s t r i b u t i o n f ' p ) = const (F/j. R). Emission is a t an a m l e of 60° 

for suhf icrureta ) and a t an an.i le of J° for subf ioure ( b ) . Th>-

parameter h* (Fri. 9) i s given in u n i t s of m ac = M ' keV. 

10 Radial d i s t r i b u t i o n of hard X-ray photons from ST. 

' i x- ray s p e c t r a from runaway e l e c t r o n s measured a t ^n ana le of ± 10° 

with r e s p e c t t o the ma^or r ad ius on ST. The t h e o r e t i c a l curves 

r e p r e s e n t s p e c t r a c a l c u l a t e d u u h the f r e e - f a i l d i s t r i b u t i o n ffp) = 

c o n s t . 
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FIG. 12 Comparison of a t a n q e n t i a l spectrum i*i th _i ^^a sp*»r trnm from P' r 

The s o l i d curves r e p r e s e n t f r e e - f a l l ^ e c - r r a a t ^° and f-(>5 « 

dashed cufvo r e p r e s e n t s the ftO° f ree~f a I1 spectrum di vi.ied > \ 

f a c t o r of A "-o account fr>r the reduc t ion in 11 nf of s i nt r , 

FIG, ' A tintA seque .oe of t h r e ^ X-ray s p e c t r a i s shown i •) s u h f i m m (ai an.i 

f hi for two .ST d i s o h a n e s . A frpn-frtl ] qnp^'tnm i ̂  f i t te.J 1 1, thr-

s p e c rum merisii ?d -at M ns , arii4 the oxpe^tfd f rco-f . i I 1 cppr r rn for 

t ^ 2 7 ns inii nf! ns df*1 j>l '">t t ^ i . Ttif* <iraph mi t h»j r m h * S'T>WS 

i i i w d v - f l ^ r r n n ronf inpinpnt1 Mmr* ;

 F « .• d^i ' i r^d f r o n f . a a l ^ ' r i t i^nnrv 

•:-r.iy s p p r t n i ; i . 

FIG. 14 F l e c t r o n runaway rat** v s . the r » l r r t r K Fi^lri in t^rnn of the 

c r i t i c a l e l e c t r i c f ield.*" Various e a r l i e r t-h^or^t i <- a 1 p r e d i c t i o n s 

2 1 ""•? 
by Hre i ce r , Gurpvich, Leberipv, an<1 Kruska] and R*=» rns !*•"• i n* p r e d i c t 

l a r q e r r a t e s than the pxppr imenta 1 nhspr va*- i ons foppn c i r c l e s ' ! , 

0 1 

Ku l s rud and Sun simcePriPri i n o h t a i n i n a n r l e r f-f naani hiHr-

atireerwnt hv includin- i the p f f e r t of i ropi-r i t*i f~--> an i a l s o "'hp effect*-; 

of f i n i t e e l e c t r o n conf i nement. The conf i neinpnr ti'np t s e e r s , 
however r somewha t s h o r t e r than Che one shown in "i rj. i 3, 

F i r , 15 Typica 1 d i s charge with lower-hybr id c u r r e n t dr i v«-, showing plasma 

c u r r e n t , RF power, loop v o l t a g e , aver., .e plasma d e n s i t y and 

^ = BQ + X.^/2 - X.^/2 versus t ime. 

FIG. 16 Typica l X-ray s p e c t r a - ^asu red (A) before anrl iVi) durLnq c u r r e n t 

d r i v e wi th a S i ( L i ) d e t e c t o r . A s t r a i g h t l i n e f i t t o the spectrum 
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i n subf iqure (B) from 14 keV to 25 keV i n d i c a t e s 5 photon t a i l 

t empera ture of 29 keV. 

FIG. 17 X-Ray sp .ctrum with and w i thou t c u r r e n t d r i v e a t a plasma d e n s i t y of 

6 x 1 0 1 2 cm" . The s o l i d curves r e p r e s e n t c a l c u l a t e d X-ray s p e c t r a 

for a beam of e l e c t r o n s (9_ = 0 .6°) havinq e i t h e r a Maxwellian 

d i s t r i b u t i o n with a t a i l t empera ture of T = 150 keV or a f r e e - f a l 1 

d i s t r i b u t i o n wi th E* = 600 keV. 

s-'Il. 18 x-ray spectrum with and wi thou t c u r r e n t d r i v e a t a plasma d e n s i t y of 

3 x 10 cm" . The ope - , c i r c l e s r e p r e s e n t a t y p i c a l s l i d e - a w a v 

spectrum* 

"in. 19 Radial p r o f i l e s of the X-ray emiss ion . P l o t t e d i s the Abel i n v e r t e d 

X-r^y i n t e n s i t y a t 14 keV photon enerqy versus r ad iu s measured with 

the Si (L i ! d e t c c t o i on PLT. P r o f i l e (A) i s with R = 31 kn ami 

T = 200 kA, p r o f i l e (B) with B = 16 kr, and I = 210 kA and (r) with 

R = 15 kO and I = 290 kA. 

F K ; . 20 Hard x-ray spec t r a for an RF power l e v e l of 11 kw and 200 kw. 

(Phasing i s - 9 0 ° ) . 

FIG. 21 Hard X-ray s p e c t r a for t'.a d i f f e r e n t nhasinns (-60° and -1 3"i° ) of 

the Rrambil la q r i l l on PLT. 

Fir,. 22 RF Power spectrum f-ir va r ious phases of the Brambil la q r i l l , ' as 

c a l c u l a t e d by S. Bernahe i . 
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