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ABSTRACT 

A turbulence with wavelengths in the range 2-0.2 cm 

and with a spectrum in the range of frequencies of drift 

waves has been observed in the PLT discharge with scat- 

tering of microwaves. The total density fluctuation was 

"//ne = 5~10-~-10-~. We estimate that this turbulence 

can cause an anomalous transport much 1arger.than that 

predicted by the neoclassical theory. 

As the PLT discharge developed a central minimum of 

the electron temperature, an increase o£ the turbulence 

level was observed with a very strong poloidal local- 

ization on the outside of the plasma torus. 
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I. INTRODUCTION 

I n  s p i t e  o f  v a s t  amounts o f  work, t h e  confinement  o f  e lec- .  

t r o n s  i n  low-B t o r o i d a l  magne t i c  c o n f i g u r a t i o n s  i s  s t i l l  an un- 

r e s o l v e d  problem. The r e a s o n  i s  n o t  o n l y  o u r  l i m i t e d  knowledge 

o f  t h i s  phenomenon b u t  a l s o  t h e  d i f f i c u l t y  o f  i n t e r p r e t i n g  t h e  

e x p e r i m e n t a l  d a t a  i n  a  un ique  way. T h i s  i s  p a r t i c u l a r l y  t r u e  i n  

t h e  f i e l d  o f  tokamaks where a  s i n g l e  plasma pa rame te r ,  t h e  t o r o i d a l  

elect r ic  c u r r e n t ,  n o t  o n l y  d e t e r m i n e s  t h e  e q u i l i b r i u m  and t h e  

s t a b i l i t y  o f  t h e  magnet ic  c o n f i g u r a t i o n  b u t  a l s o  p r o v i d e s  t h e  o n l y  

e f f e c t i v e  way o f  h e a t i n g  t h e  e l e c t r o n s .  

To e x p l a i n  t h e  behav iou r  o f  e l e c t r o n s  i n  p r e s e n t  tokamak ex- 

p e r i m e n t s  w e  must invoke  anomalous l o s s e s .  A v a r i e t y  o f  micro- 

i n s t a b i l i t i e s  c a n  b e  e x c i t e d  i n  a  MHD-stable tokanak and c a u s e  an 

i n c r e a s e  o f  t h e ' p l a s m a  t r a n s p o r t .  The most i m p o r t a n t  c l a s s  a r e  

t h e  d r i f t - t y p e  modes which a r e  , d r iven  by t h e  plasma f r e e  ene rgy  

3 , 4  
a s s o c i a t e d  w i t h  t h e  d e n s i t y  and temperature gradients .  

D r i f t  wave's can b e  c l a s s i f i e d  i n t o  t h r e e  major groups  accord-  

i n g  t o  t h e  plasma c o l l i s i o n a l i t y  reg ime.  A t  t h e  low t empera tu re  

end  o f  t h e  tokakak  pa rame te r  r ange  w e  have t h e  c o l l i s i o n a l  o r  

d i s s i p a t i v e  d r i ' f t  modes3 which + r e  d e s t a b i l i z e d  by coulomb c o l l i -  

s i o n s  ( v c ) .  The e x i s t e n c e  o f  t h i s  mode r e q u i r e s  t h a t  ve > kllv, ,  

where  k  i s  t h e  wave v e c t o r  component a l o n g  t h e  magnet ic  f i e l d  and 
I I 

v i s  t h e  e l e c t r o n  the rma l  v e l o c i t y .  These modes can  g i v e  r ise  t o  
e 

a  Bohm-like d i f f u s i o n  ra te  b u t  f o r t u n a t e l y  t h e y  can e x i s t  o n l y  a t  

t h e  edge  o f  p re sen t -day  tokamaks. 

A t  l o w e r  c o l l i s i o n  f r e q u e n c i e s ,  where v < k ve, w e  have t h e  
e I I  

c o l l i s i o n l e s s  d r i f t  modes. I n  t h i s  regime t h e  plasma f r e e  energy  



i s  a v a i l a b l e  t o  d r i f t  waves th rough  t h e  i n v e r s e  e l e c t r o n  Landau 

damping. These modes a r e  d e s t a b i l i z e d  by f i n i t e  i o n  g y r o r a d i u s  

e f f e c t s  and by d e n s i t y  and t empera tu re  g r a d i e n t s  i n  o p p o s i t e  d i -  

r e c t i o n s  ( i . e .  whenq, z dlnTe/dlnne < 0). Shea r  o f  magnet ic  l i n e s  

h a s  a  s t a b i l i z i n g  e f f e c t .  The o r i g i n a l  e s t i m a t e s 6  i n d i c a t e d  t h a t  

t h e s e  modes a r e  s t a b i l i z e d  when rn/Ls > (me/mi) 'I3 [where rn 

-1 2 
= Ldlnne/dr) i s  t h e  d e n s i t y  s c a l e  l e n g t h ,  LS = [ ( ~ / q  ) (dq /d r )  I-' 

i s  t h e  s h e a r  l e n g t h ,  E = r / R  i s  t h e  a s p e c t  r a t i o  and q i s  t h e  MHD 

s a f e t y  f a c t o r ] .  Such l e v e l s  o f  s h e a r  a r e  n o t  a v a i l a b l e  i n  toka-  

7 8 
maks. Recent ly  Tay lo r  and Cordey and H a s t i e  have shown t h a t  

t h e  e f f e c t  of  s h e a r  i n  tokamaks is  weakened by t h e  v a r i a t i o n  o f  

t h e  magnet ic  f i e l d  p r o p e r t i e s  around t h e  magne t i c  s u r f a c e  which 

t e n d s  t o  l o c a l i z e  d r i f t  modes i n  b o t h  p o l o i d a l  and r a d i a l  

d i r e c t i o n s .  

With r i s i n g  t e m p e r a t u r e s  t h e  plasma e n t e r s  i n t o  a  regime 

where some p a r t i c l e s  can e x p e r i e n c e  t h e  1 / R  dependence o f * t h e  t o r -  

o i d a l  magnet ic  f i e l d  and t h e y  become t r a p p e d  i n t o  t h e  l o c a l  mag- 

n e t i c  m i r r o r s .  The p re sence  o f  t h e s e  t r a p p e d  p a r t i c l e s  makes t h e  

f r e e  plasma energy  more a c c e s s i b l e  t o  d r i f t  waves and a  new group  

of  modes becomes u n s t a b l e .  Among t h e s e  i n s t a b i l i t i e s  t h e  one 

which i s  of  i n t e r e s t  f o r  p r e s e n t  tokamak expe r imen t s  is t h e  d i s -  

9 
s i p a t i v e  t r a p p e d - e l e c t r o n  mode which i s  d r i v e n  by p o s i t i v e  temper- 

a t u r e  g r a d i e n t  ( i . e .  n e  > 0) t o g e t h e r  w i t h  c o l l i s i o n a l  d i s s i p a t i o n .  

These i n s t a b i l i t i e s  can g i v e  rise t o  a  plasma t r a n s p o r t  which 

i s  much l a r g e r  than  t h a t  produced by c l a s s i c a l  c o u l o m b ' c o l l i s i o n s .  

T h e i r  e f f e c t  can b e  v i s u a l i z e d  a s  a  random walk o f  p a r t i c l e s  

a c r o s s  t h e  magnet ic  s u r f a c e s  under  t h e  i n f l u e n c e  of  c o l l i s i o n s  and 

E X B  d r i f t s .  The e x a c t  e s t i m a t e  o f  t h i s  e f f e c t  needs  a  



s e l f - c o n s i s t e n t  c a l c u l a t i o n  of;: t h e  ampl i tude  o f  t h e s e  i n s t a b i l i t i e s  

which p r e s e n t s  f o r m i d a b l e  d i f f i c u l t i e s .  W e  must t h e r e f o r e  r e l y  on 

s i m p l i f i e d  models o f  t h i s  phenomenon. Simple s t . o c h a s t i c  arguments 

i n d i c a t e  t h a t  t h e  d i f f u s i o n  c o e f f i c i e n t  D can be  exp res sed  a s  

2 
D = ( A r )  / A t ,  i n  t e r m s  of  an e f f e c t i v e  s t e p  s i z e  A r  and t h e  a s s o c i -  

a t e d  tims i n t e r v a l  A t .  Approximatiny t h e  c o r r e l a t i o n  t ime  A t  with  

t h e  growth t i m e  y-' o f  t h e  i n s t a b i l i t y  and t h e  s t e p  s i z e  A r  w i t h  

t h e  a v e r a g e  r a d i a l  wavelength  k - l ,  w e  g e t  t h e  f a m i l i a r  r e s u l t  3 
L 

Another  approach  i s  t h e  q u a s i l i n e a r  procedure  uf  c a l c u l a t i n g  
. . 

t h e  p a r t i c l e  r a d i a l  f l u x  r by a ,veraging t h e  d r i f t  e q u a t i o n s  o f  mo- 

t i o n  o v e r  v e l o c i t i e s  and  t h e  f a s t  t i m e  s c a l e  o f  t h e  f l u c t u a t i o n s .  

. a  

T h i s  g i v e s  

where ;I and are t h e  ampl i tudes  o f  t h e  d e n s i t y  and t h e  e l e c t r o -  
k k 

s t a t i c  p o t e n t i a l  f l u c t u a t i o n s  which a r e  induced  by t h e  k-mode. 

S i n c e  f o r  d r i f t  waves wk (< ine )  .= u'* (e&/Te) [w i th  wk = w, + i y k ,  

w, = (kOcTe) / ( e ~ r ~ )  and k g  t h e  p o l o i d a l  wave v e c t o r ]  w e  can ex- 

p r e s s  t h e  anomalous f l u x  i n  terms of  a  d i f f u s i o n  c o e f f i c i e n t  

g i v e n  by 
. . .  

T h i s  e x p r e s s i o n  ' c o i n c i d e s  w i t h  t h a t  o f  E q .  (1) i f  w e  assume t h a t  
... 

(eOk/Te) = l / ( k r r n ) .  The meaning o f  t h i s  r e l a t i o n  i s  

t h a t  t h e  u n s t a b l e  mode s a t u r a t e s  when t h e  g r a d i e n t  o f  t h e  d e n s i t y  



fluctuation becomes equal to the equilibrium density gradient. , Liu 

et al.1° arrived at the same result by equating the available free -- 

plasma energy to the drift wave energy density. 

Drift waves contribute not only to the particle transport but 

also to the thermal transport both, by convection and by conduc- 

tion. The convective part can be readily obtained multiplying 

Eq. (2) by the factor 1.5Te. The conduction part is obtained from 

the v2-moment of the fluctuating distribution function. The rel- 

ative values of conduction and convection depend on the particular 

mode we consider but in general for normal profiles they have 

the same order of magnitude. 

In the regime of operation of present tokamak experiments we 

expect the anomalous transport to be mainly affected by collision- 

2 
less drift waves for which y a w,/(k ve). By equating the ohmic 

II 
input to the largest anomalous losses, which are given by Eq. (1) 

with k-2 z 'k'2 z 
2 

8 r 'ie i e e e . This 
: m.T (c/eB) , we obtain T n 

result is in agreement with the weak dependence of the electron 

temperature from the plasma density which is found experimentally. 
2 

For a plasma with the characteristics of the PLT discharge 
11 

.., 
(B = 30 kG, rn = 20 cm, Te = 1 keV) these estimates give (r$/Te) 

- 
= (n/n) - 5x10 -3 (with kr = 10 cm-l) and a particle confinement 

time T = 300msec (with y/w, = 0.2). For the electron energy con- 
P 

finement time we get T = 100 msec, to be compared to the value of 
E 

40 msec which was experimentally obtained for the gross electron 

energy confinement time. 
11 

These'simple arguments indicate how a small level of electro- 

static turbulence can affect the plasma confinement. Recent ex- 

periments on the ATC '* l3 and T F R ~ ~  tokamaks have proved the 



e x i s t e n c e  o f  s u c h  t u r b u l e n c e .  I n  t h i s  p a p e r  w e  p r e s e n t  some ad-  

d i t i o n a l  r e s u l t s  w h i c h  w e r e  o b t a i n e d  i n  t h e  PLT tokamak. 

11. EXPERItIIENTAL APPARATUS 

S c a t t e r i n g  o f  mic rowaves  'was u s e d  f o r  s t u d y i n g  low f r e q u e n c y  

m i c r o i n s t a b i l i t i e s  i n  PLT. A b l o c k  d i a g r a m  o f  t h e  e x p e r i m e n t a l  

a r r a n g e m e n t  i s  shown i n  F i g .  1. 

An a r r a y  o f  i d e n t i c a l  a n t e n n a e  ( g a i n  - 27 d b )  was u s e d  f o r  

l a u n c h i n g  t h e  o u t p u t  o f  an Extended  I n t e r a c t i o n  O s c i l l a t o r  and  f o r  

c o l l e c t i n g  t h e  waves  which  w e r e  s c a t t e r e d  bq f l u c t u a t i o n s  o f  t h e  

p l a s m a  d e n s i t y .  The i n c i d e n t  wave had  a  f r e q u e n c y  vo = 140  EHz, 

a power  P = 5 W  a n d  it was p o l a r i z e d  w i t h  t h e  e l ec t r i c  f i e l d  p a r -  
0 

a l l e l  t o  t h e  t o r o i d a l  m a g n e t i c  f i e l d .  Both t h e  l a u n c h i n g  and  t h e  

r e c e i v i n g  a n t e n n a e  w e r e  l o c a t e d  on t h e  same p o l o i d a l  p l a n e  and  t h e  

s c a t t e r i n g  a n g l e  v a r i e d  f rom 00 t o  60'. 

A homodyne d e t e c t i o n  s y s t e m  w a s  u s e d  i n  which t h e  r e c e i v e d  

wave was mixed w i t h  a l a r g e r  r e f e r e n c e  wave f rom t h e  microwave 

osc i l l a to r  a n d  it was d e t e c t e d  by a Low-Barr ier  S c h o t t k y  Diode ,  

The r e s u l t a n t  r.f. s i g n a l  was a m p l i f i e d  by  a n  a m p l i f i e r  w i t h  a  

b a n d w i d t h  o f  1 MHz a n d  i t  was F o u r i e r  a n a l y z e d  b y  a  commercia l  

s p e c t r u m  a n a l y z e r  w i t h  a f r e q u e n c y  r e s o l u t i o n  o f  1 0  kHz. 

The p r o c e s s  o f  i n c o h e r e n t  s c a t t e r i n g  o f  e l e c t r o m a g n e t i c  waves 

b y  p l a s m a  d e n s i t y  f l u c t u a t i o n s  c a n  b e  c h a r a c t g r i z e d  by t h e  d i f f e r -  

15 
e n t i a l  cross s e c t i o n  

2  w h e r e  ro = e / m c 2  i s  t h e  c l a s s i c a l  e l e c t r o n  r a d i u s  and  S ( k , w )  - i s  



t h e  s p e c t r a l  d e n s i t y  o f  e l e c t r o n  d e n s i t y  f l u c t u a t i o n s  which i s  

g iven  by 

w i t h  

The f requency  w and t h e  wave v e c t o r  - k must s a t i s f y  t h e  ene rgy  and 

momentum c o n s e r v a t i o n ,  t h a t  i s  w = w - w and k = k - k .  
s i - -s -1 

where t h e  s u b s c r i p t s  s and i r e f e r  t o  t h e  s c a t t e r e d  and i n c i d e n t  

wave r e s p e c t i v e l y .  

The t o t a l  mean-square d e n s i t y  f l u c t u a t i o n  is  g iven  by , 

where t h e  r e g i o n  o f  i n t e g r a t i o n  i s  t h e  e n t i r e  ( k , w )  - s p a c e .  

The power dPs which i s  s c a t t e r e d  i n t o  t h e  r e c e i v i n g  a n t e n n a  

p e r  u n i t  f requency  by t h e  plasma volume dV i s  

where P.(rj i s  t h e  i n c i d e n t  power d e n s i t y  and R ( r )  i s  t h e  e f f e c -  
1 - S - 

t i v e  s o l i d  a n g l e  o f  r e c e p t i o n .  W e  can e x p r e s s  t h e s e ' q u a n t i t i e s  

i n  t e r m s  o f  t h e  an t enna  r a d i a t i o n  p a t t e r n s  F ( m , t 3 )  [where m and 0 

a r e  two a n g u l a r  c o o r d i n a t e s  which s p e c i f y  t h e  d i r e c t i o n  o f  t h e  

wave and F ( O I O )  = 1 1 .  Using s u b s c r i p t s  t and r f o r  t h e  t r a n s m i t t e r  



a n d  t h e  receiver  r e s p e c t i v e l y ,  we h a v e  P .  ( r )  = P GF(at ,Bt)  /4n lgt-gI 2 
1 - 0 

2  
a n d  R ( r )  = A o G F ( a r , B r ) / 4 n I r r - ~ ~ 2 ,  where  G = 4n/ F ( a , B ) d R  i s  t h e  

S - I 
maximum g a i n  o f  t h e  a n t e n n a  and A = c/vo. 

0 

I n t e g r a t i n g  Eq. (6) o v e r  t h e  p l a s m a  volume w e  o b t a i n  

The f u n c t i o n  <S ( k , w )  > which a p p e a r s  i n  E q .  ( 7 )  i s  a n  a v e r a g e  v a l u e  - 

o f  S ( k , w )  - o v e r  t h e  s c a t t e r i n g  volume a n d  a r a n g e  o f  k - v e c t o r s  - 

w h i c h  i s  s p e c i f i e d  by  t h e  g i v e n  beam geomet ry .  I n  t h i s  experiment 

-1 
t h e  k - r e s o l u t i o n  was Ak - + 2  cm . 

A l l  b u t  two o f  t h e  s c a t t e r i n g  g e o m e t r i e s  w e  u s e d  had  t h e i r  

c e n t e r p o i n t  [ d e f i n e d  b y  t h e  e q u a t i o n  F ( a t ,  B t )  F ( a r ,  6,) = 1 1  a t  

r = 22 cm a n d  8  .= 9 0 ° .  Here t h e  c o o r d i n a t e s  ( r , 8 )  are t h e  u s u a l  

m i n o r  r a d i u s  and  p o l o i d a l  a n g l e  . r e s p e c t i v e l y  ( 8  = 0  b e i n g  t h e  o u t -  

w a r d  d i r e c t i o n ) .  The a v e r a g e  - k - v e c t o r s  i n  t h e s e  g e o m e t r i e s  were  

m a i n l y  a l o n g  t h e  p o l o i d a l  d i r e c t i o n .  The o t h e r  two g e o m e t r i e s  w e  

u s e d  h a d  t h e  c e n t e r p o i n t  a t  r = 14 c m ,  8 = -54O and  r = 1 5  c m ,  

B = -135" respectively. They w e r e  c h o s e n  a s  s y m m e t r i c a l  a s  pos -  

s ib l e  w i t h  r e s p e c t  t o  t h e  p l a n e  which was p e r p e n d i c u l a r  t o  t h e  

l i n e  8  = O 0  and  c o n t a i n e d  t h e  c e n t e r  o f  t h e  p lasma  c r o s s  s e c t i o n .  

The p a r t  o f  t h e i r  s c a t t e r i n g  reg . ions  where  F 5 0 . 5  f o r  b o t h  t h e  

t r a n s m i t t e r  a n d  t h e  r e c e i v e r  a r e  shown i n  F i g .  2 t o g e t h e r  w i t h  t h e  

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

-1 
t h r e e  cases k  - 1 0  c m  . F o r  l a r g e r  v a l u e s  o f  k  t h e  s p a t i a l  r e s o -  

l u t i o n  was  better t h a n  t h a t  shown. , in  F i g .  2  w h i l e  t h e  o p p o s i t e  w a s  

t r u e  f o r  smaller v a l u e s  o f  k. 



E q u a t i o n  ( 7 )  i s  v a l i d  o n l y  i n  f r e e - s p a c e .  R e f r a c t i o n  o f  

waves by t h e  a v e r a g e  g r a d i e n t s  o f  t h e  p lasma  d e n s i t y  m o d i f i e s  t h e  

f u n c t i o n s  P .  ( r )  and  R S ( r )  o f  Eq. ( 6 ) .  W e  h a v e  c a l c u l a t e d  t h i s  ef-  
1 - - 

feet f o r  t h e  case o f  p a r a b o l i c  p lasma  d e n s i t y  p r o f i l e s  a n d  w e  h a v e  

' f o u n d  t h a t  f o r  c e n t r a l  e l e c t r o n  d e n s i t i e s  smaller t h a n  1 0 1 4  cm-3 

r e f r a c t i o n , m o d i f i e s  t h e  v a l u e  o f  Ps by less t h a n  1 5 % .  I n  t h i s  

r a n g e  o f  d e n s i t i e s  t h e  main e f f e c t  o f  r e f r a c t i o n  i s  t h a t  o f  chang- 

i n g  t h e  p o s i t i o n  and  t h e  s h a p e  o f  t h e  s c a t t e r i n g  volume w i t h  t h e  

r e s u l t  t h a t  t h e  c o n t r i b u t i o n  ' o f  t h e  p lasma  e d g e  becomes more i m -  

p o r t a n t  as t h e  p lasma  d e n s i t y  i n c r e a s e s .  S i n c e  a l l  o u r  measure -  

ments  were  pe r fo rmed  i n  , d i s c h a r g e s  w i t h  n  < <  1x10 
e 

l4 ~ m - ~ ,  w e  h a v e  

n e g l e c t e d  t h e  e f f e c t  o f  r e f r a c t i o n  on P  w h i l e  w e  h a v e  t a k e n  i n t o  
S 

a c c o u n t . t h a t  on  t h e  k - v e c t o r s .  - 

I1 I. EXPER1,MENTAL RESULTS 

The measurements  d e s c r i b e d  i n  t h i s  p a p e r  were p e r f o r m e d  i n  

d e u t e r i u m  d i s c h a r g e s  w i t h  a  minor  r a d i u s  r = 40 ( c m ,  a m a j o r  r a d i u s  

R = 132  c m  and a  t o r o i d a l  m a g n e t i c  f i e l d  B = 32 kG. D u r i n g  t h e i r  
, . t 

q u a s i - s t a t i o n a r y  p h a s e  ( t y p i c a l l y  f o r  ;t> 200  msec) t h e  . t o r o i d a l  

, e lec t r i c  c u r r e n t  was 400 kA and  t h e  e l e c t r o n  d e n s i t y  had a  c e n t r a l  

v a l u e  .o f  4 x 1 0 ~ ~  cm-3 w i t h  a r a d i a l  d i s t r i b u t i o n  n o t  f a r  f rom a  

p a r a b o l i c  p r o f i l e .  X n  this r a n g e  o f  p a r a m e t e r s  two d i f f e r e n t  

t y p e s  o f  d i s c h a r g e s  were (p roduced  i.n * t h e  PLT ,tokamak. , T h e i r  ty,p- 

I 

i c a l ( e 1 e c t r o n  t e m p e r a t u r e  cprofi ; les ,  which w e r e  measured  w i t h  

'Thornson ! s c a t t e r i n g a o f  laser  l i g h t  ' a t  = 300 msec, a r e  .shown i n  . * 
!Fig.  3 .  'One t y p e  of d i s c h a r g e , e x h i b i ' t e d  , t h e  s t a n d a r d  peaked  t e m -  

. p e r a t u r e  , p r o f i l e  w i t h  . c e n t r a l  v a l u e s  so? - 1500 e V ,  On t h e  con- 

t r a r y ,  t h e  o t h e r  t y p e  d e v e l o p e d  ,a t c e n . t ~ a 9  d e p r e s s i o n  w i t h  maxima 



of 600-,800 eV at r = 15-20 cmdand central minima of 200-300 eV. 

The two profiles were very sim'ilar in the outer region r > 20 cm. 

The time evolution of the'temperature of a "hollow" discharge 

is shown in Fig,. 4. After the early turbulent stage that.follows 

the formation o£ the discharge', the electron temperature profile 

assumes a peaked shape that lasts for about 100 msec. At this 

point the central temperature begins to collapse. Once formed 

the hollow temperature profile shows a remarkable stability up to . 

the end of the discharge pulse. The causes of this phenomenon are 

still under investigation. A necessary but not suffici.ent con- 

dition .seems to be the presence of heavy impurities in the cent.ral 

region of the plasma column. 
16 

Discharges with peaked Tc profiles had peaked T. profiles 
1 

too, with central values T = 600-900 eV; those wit.h holl-ow Te 
iu 

radial distributions exhibited a small central depression of T 
i 

max . 
with central values T - (0.8-0.9)T.. - 500 eV. 

io I 

.Th,e values of Z 
ef f 

( =  5-8) as well as those of the gross 

electron energy confinement time-r ( -  10 msec) were very similar 
E 

in the two types of discharges.. 

The frequency spectrum of the scattering signal produced by 

density fluctuations with k = 10 cm-l is shown in Fig. 5. For 

comparison the spectrum produced by similar fluctuations in the 

ATC tokamak12 is also shown. The amplitudes of these signals are 

proportional to [S(k,w) - ]'I2 sinte the crystal detectors were 'op- 

crating in their square-law regLon. These measurements were made 
* 

in a discharge with the peaked Te-profile of Fig. 3 and the cen- 

tral points of the scattering regions were located at r = 22 cm, 

8 = 90' (see Fig. 2). The frequency width at half intensity of 



$he s p e c t r a l  d e n s i t y  S ( k , w )  - i s  p l o t t e d  a s  a f u n c t i o n  o f  t h e  wave- 

number k  i n  F i g .  6 ( 0 - p o i n t s )  t o g e t h e r  w i t h  s i m i l a r  r e s u l t s  f rom 

t h e  ATC tokamak13 ( .-points) .  
+m 

The s p e c t r a l  d e n s i t y  i n  t h e  k - s p a c e ,  S ( k )  - = (1 /2n)  s ( q , ~ ) d w ,  
-03 

i s  p l o t t e d  i n  F i g .  7 .  a s  a f u n c t i o n  o f  t h e  wave number k  f o r  t h e  

d i s c h a r g e  w i t h  t h e  peaked T e - p r o f i l e  o f  F i g .  3.  The o - p o i n t s  a r e  

f o r  s c a t t e r i n g  volumes w i t h  c e n t e r p o i n t s  a t  8  = 9 0 ° ;  t h e  * - p o i n t s  

a r e  f o r  t h e  o t h e r  two s c a t t e r i n g  g e o m e t r i e s  (see F i g .  2 ) .  T h e  

f l u c t u a t i o n s  i n  t h e  o u t s i d e  s c a t t e r i n g  r e g i o n  ( 8  = -54O) w e r e  

l a r g e r  t h a n  t h o s e  i n  t h e  i n s i d e  r e g i o n  ( 8  = -135O).  The e - p o i n t s  

a r e  t h e  r e s u l t s  o b t a i n e d  i n  a s i m i l a r  ATC d i s c h a r g e .  
1 3  

The v a l u e s  o f  S ( k )  - f o r  t h e  c a s e  o f  h o l l o w  T e - p r o f i l e  a r e  

p l o t t e d  i n  F i g .  8. I n  t h i s  t y p e  o f  d i s c h a r g e  w e  measured  a l a r g e r  

l e v e l  o f  t u r b u l e n c e .  T h i s  i s  c l e a r l y  shown i n  F i g .  9  where  t h e  

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

t e r i n g  r e g i o n  a r e  shown f o r  t h e  two t y p e s  o f  d i s c h a r g e s .  The am- 

p l i t u d e  i n  t h e  s p e c t r a l  r e g i o n  a r o u n d  ( 4 2 1 ~ )  = 1 0 0  kHz i s  much 

l a r g e r  i n  t h e  c a s e  o f  h o l l o w  T e - p r o f i l e .  The c o r r e s p o n d i n g  v a l u e s  

o f  S ( k )  j.n t h e  two t y p e s  o f  d i s c h a r g e s  a r e  p l o t t e d  i n  F i g .  1 0  a s  - 

a  f u n c t i o n  o f  t i m e .  These  r e s u l t s  show v e r y  c l e a r l y  how t h e  de -  

p a r t u r e  o f  t h e  two v a l u e s  o f  S ( k )  s t a r t s  a t  t h e  moment t h e  c e n t r a l  - 

v a l u e  of T b e g i n s  t o  c o l l a p s e .  
e 

The r a t i o  o f  t h e  o u t s i d e  v a l u e  o f  S ( k , w )  t o  t h e  i n s i d e  o n e  
- 

f o r  (w/2n) = 100  kHz i s  p l o t t e d  as a  f u n c t i o n  o f  t i m e  i n  F i g .  11 
1 

f o r  t h e  two t y p e s  o f  d i s c h a r g e s .  These  d a t a  i n d i c a t e  t h a t  t h e  

rrllidnoems:nt o f  t h e  t u r b u l e n c e  c a u s e d  by t h e  h o l l o w  T ~ - d i s t r i b u t i o n  

h a s  a  po l .o ida1  s t r u c t u r e  w i t h  a much s t r o n g e r  l o c a l i z a t i o n  on t h e  

o u t s i d e  c ~ f  t h e  p lasma  t o r u s .  



I V .  DISCUSSION OF THE EXPERIMENTAL ,RESULTS 

The t u r b u l e n c e  o b s e r v e d  i n  t h e  PLT d e v i c e ,  as w e l l  a s  that 

p r e v i o u s l y  o b s e r v e d  i n  t h e  ATC tokamak,  12'13 i s  i n  t h e  r a n g e  o f  

f r e q u e n c i e s  o f  d r i f t  waves .  A s  a matter o f  f a c t  t h e  l a r g e s t  £ r e -  

q u e n c i e s  which  w e r e  o b s e r v e d  were 2-3 t i m e s  l a r g e r  t h a n  t h o s e  

p r e d i c ' t e d  b y  t h e  l i n e a r  t h e o r y  o f  d r i f t  waves.  N e v e r t h e l e s s  one  

may a r g u e  t h a t ,  i f  w h a t  w e  o b s e r v e d  is  t h e  s a t u r a t e d  l e v e l  o f  a 

t u r b u l e n c e  which was p r o d u c e d  by d r i f t - w a v e s ,  t h e r e  is  no r e a s o n  

I f o r  e x p e c t i n g  j u s t  t h e  f r e q u e n c i e s  p r e d i c t e d  by t h e  l i n e a r  t h e o r y .  

M o r e o v e r ,  a p o l o i d a l  p l a s m a  r o t a t i o n ,  as t h a t  o b s e r v e d  i n  t h e  ST 

d e v i c e . ,  l7 c a n  b e  a f u r t h e r  c a u s e  o f  d i s c r e p a n c y  between t h e  meas- 

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

To s e t t l e  t h e  q u e s t i o n  i f  t h e  o b s e r v e d  t u r b u l e n c e  was p roduced  

by d r i f t  waves ,  . i t  i s  o f  g r e a t  i n t e r e s t  t o  compare t h e  r a n g e  o f  

f r e q u e n c i e s  o f  t h e  t u r b u l e n c e  t h a t  was o b s e r v e d  i n  ATC 1 2 , 1 3  and 

PLY. A l t h o u g h  t h e s e  two d e v i c e s  have  d i f f e r e n t  c h a r a c t e r i s t i c s ,  

PLT ATC 
t h e i r  p l a s m a s  h a v e  v e r y  s i m i l a r  p a r a m e t e r s .  W e  h a v e  Bt IBt 

PLT ATC _ - 2 . 0 ,  rn /rn PLT /r = 2 . 3 ,  T~ PLT - 1 . 5  and  t h e r e f o r e  
ITe 

PLT = 3  which  i s  j u s t  t h e  r a t i o  o f  t h e  f r e q u e n c i e s  d e t e c t e d  w *  / w *  

i n  t h e s e  t w o  d e v i c e s  a s  it i s  shown i n  F i g s .  5  and  6 .  

I f  we assume t h a t  k r  - 
k l l  

by i n t e g r a t i n g  t h e  f u n c t i o n  

S ( k )  w e :  o b t a i n  n /ne - 5 x 1 0 - ~ - 1 0 - ~ .  T h i s  v a l u e  i s  i n  good a g r e e -  
e 

ment  w i t h  t h e  q u a s i - l i n e a r  estikate - l / k r r n .  

The s h a p e  o f  S ( k )  - i n  PLT i s  d i f f e r e n t  f rom t h a t  p r e " i o u s l y  

f o u n d  i n  ATC. Whi le  S ( k )  showed i n  ATC a  maximum i n  t h e  r e g i o n  - 
w h e r e  k  p - 0 . 5 ,  t h e  S ( k )  measured  i n  PLT d e c r e a s e d  m o n o t o n i c a l l y  

8 i - 

w i t h  i n c r e a s i n g  v a l u e s  o f  k  a n d  it e x t e n d e d  t o  l a r g e r  v a l u e s  o f  k .  



PLT 3-4 and However, one must point out that since T /Ti i 
-1 

hATC/hELT = 2, fluctuations with k = (2p.) were detected in PLT 
0 1 

only at small scattering angles and therefore in conditions of 

very large scattering regions where the contribution of the exter- 

ior part of the plasma column to the scattered power was very 

important. .The different shape of S ( k )  - at small values of k could 

just be due to the different spatial averaging which was used in 

the two experiments. 

From the quasi-linear estimate of the anomalous transport 

produced by 'the observed turbulence [Eq. ( 3 ) 1 we get a value of 

50-100 msec for the electron confinement time of the PLT discharge. 

Since we measured a gross electron energy confinement time of 10 

msec, we conclude that the observed turbulence was not the domin- 

ant causc? of energy loss. Nevertheless the estimated anomalous 

transport is much lagger than that predicted by the neoclassical 

theory. 

The two types of discharges we studied had identical charac- 

teristics in the region r > 20 cm. Therefore the increase of the 

level of turbulence we detected in the second type of discharge 

had to be generated in the central region of the plasma column 

where the radial distribution of Te had a large depression which 

caused Q = dlnTc/dlnne < 0.  A negative value of n is a cause 
e e 

of instability for collisionless drift modes18 (i .e. universal 

mode) while it has a stabilizing effect on the dissipative trapped- 

electron mode.' The increase of the turbulence level in the hol- 

low discharge must be considered clear evidence that the observed 

fluctuations were not caused by trapped-particle effects. 

The values of S(k) which are plotted in Fig. 8 were averaged - 

over larger'scattering volumes which contained both plasma regions 

with T-I < 0 and ne > 0. Therefore the local values of S ( k l  in the e - 



region withoe < 0 were considerably larger than those shown in 

Fig. 8. 

This turbulence caused an anomalous transport towards -the 

plasma center. ,This was confirmed by bolometric measurements 

which showed that the amount of energy radiated by impurities in 

the central region of the plasma column was much larger than the 

ohmic input. It is not inconceivable that this turbulence might 

have caised an anomalous resistivity as well. 20 

V. CONCLUSION 

A turbulence with a spectrum in the range of frequencies of 

drift waves has.been observed in the PLT discharge. The total 

fluctuating amplitude, <//", = 5~10-~-10-~, is in agreement with 

the value predicted by the quasi-linear theory but it is not suf-, 

ficient to explain the extremely large losses of this discharge 

that were mainly due to a large amount of impurities. Neverthe- 

less we estimate that the observed level.of turbulence can. cause 

an anomalous transport which. is much larger than that predicted 

by the neoclassical theory and which is capable of carrying the 

plasma energy to the boundary in about 100 msec. 
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Fig. 1. ..Block diagram of 

the experimental arrangement. . 
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Fig. 2. Some of the 
scattering regions that 
were used for detecting 
fluctuat2ons with k - 10 
cm-1. 



Fig. 3. Te -profiles of two types 
of PLT discharges (t = 300 msec). 
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Fig. 4. Time evolution 
of the hollow Te-profile. 

I. The parameter of the curves 
is the time in msec; the 
discharge was formed at t 
= 20 msec. 



Fig. 5. Frequency spectrum of 
f l uc t ua t i ons  with k - 10 cm-1 i n  
ATC ( top)  and PLT (bottom) . 

Fig. 6. Frequency width a t  ha l f  
i n t e n s i t y  of S(k,w): - ATC; o - 
PLT (with peakez Te-profile) . 
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Fig. 8. Spectral density of fluc- 
Luations in PIIT with hollow Te-pro- 
file: o - 8 - 90°; * - 8 = -54O 
(larger amplitude) and 8 = -135O 
(smaller amplitude). 

Fig. 7. Spectral density of fluc- 
tuations: o - PLT (at 8 = 90°); * - 
PLT (at 9 = -54' and 8 = -135O); - 
ATC . 
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Fig. 10. Time evolution 
of S ( k )  (with k = 8 ern-1) 
which was observed in PLT 
discharges with a hollow 
Tg-prof ile (contim~ous 
line) and with peaked Te- 
profile (broken line) . 

Fig. 9. Frequency spectrum of 
fluctuations observed in the PLT 
discharge with hollow Te-profile 
(top) and peaked Te-prof ile (bottom) 



Fig. 11. Ratio of the outside 

value of S (k,w) to the inside one 
[ ( w / 2 7 ~ )  = 150 kHz and k - 8 cm-ll 
which was observed in PLT dis- 
charges with a hollow Te-profile 
(.-points) and with a peaked Te- 
profile (0-points) . 


