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DYNAMICS OF HIGH ENERGY RUNAWAY ELECTRONS 

I N  THE OAK RIDGE TOKAMAK 

* 
H .  Knoepfel and S. J .  Zweben 

t 

Oak Ridge Nat iona l  Laboratory 
Oak Ridge, Tennessee 37830 

ABSTRACT 

Runaway e l e c t r o n s  produced dur ing  normal d ischarges  i n  t h e  Oak Ridge 

Tokamak (ORMAK) have been s tud ied  wi th  a  hard x-ray d i a g n o s t i c  system 

along wi th  most of t h e  o t h e r  d i agnos t i c s  a v a i l a b l e  on t h i s  machine. 

It is  found t h a t  runaways can a t t a i n  maximum ene rg ie s  of up t o  10 MeV 

and be contained over t imes of t y p i c a l l y  50 msec. A s imple phys i ca l  

model is proposed t h a t  i s  c o n s i s t e n t  w i th  most of t h e  observed h igh  

energy runaway phenomena. Some of t h e  o v e r a l l  runaway d i s t r i -  

.. bu t ion  generated i n  tokamaks a r e  i n f e r r e d  from t h e s e  r e s u l t s  and a r e  

d iscussed  i n  terms of runaway genera t ion ,  a c c e l e r a t i o n ,  and t r a n s p o r t .  

I. INTRODUCTION 

Runaway e l e c t r o n s  keep appearing,  under va r ious  d ischarge  cond i t i ons ,  

i n  most t o r o i d a l  plasma devices .  l s 2  This  i s  n o t  s u r p r i s i n g ,  s i n c e  t h e  

formation of runaway e l e c t r o n s  is  a.fundamenta1 phys i ca l  e f f e c t  t h a t  i s  

i n t i m a t e l y  r e l a t e d  t o  t h e  conduct ion ,of  . c u r r e n t  i n  an ion ized  gas.  3 

It i s  t h e  purpose o f . t h i s  work t o  show, on t h e  b a s i s  of some s e l e c t e d  

experimental  r e s u l t s  ob ta ined  dur ing  an ex tens ive  s tudy  of runaway 

phenomena i n  ORMAK, t h a t  i n  gome .normal d ischarges  : 

I) An apprec i ab le  number of e l e c t r o n s  can a t t a i n  ene rg i e s  up t o  

.I0 MeV. 

2 )  These.runaways c a n . b e . a c c e l e r a t e d  i n  t h e  e l e c t r i c  f i e l d  of 

t h e  d ischarge  as (near ly)  f r e e  e l e c t r o n s  and a r e  contained over  

times of typically 50 msec. 

3) Most of t h e  confinement e f f e c t s  can b e  ordered and understood 

i n  terms of a  s imple d r i f t  o r b i t  model. 



On t h e  b a s i s  of t h e s e  r e s u l t s ,  some p r o p e r t i e s  of t h e  o v e r a l l  

runaway d i s t r i b u t i o n  genera ted  i n  tokamaks a r e  then i n f e r r e d  and d iscussed  

i n  terms of runaway gene ra t ion ,  a c c e l e r a t i o n ,  and t r a n s p o r t .  

A p r a c t i c a l  consequence of t h e s e  f i n d i n g s  - po in t ing  towards t h e  use  

of  t h e s e  h igh ,  energy runaways a s  a  means t o  probe t h e  plasma - is t h a t  

whenever runaway e l e c t r o n s  do n o t  perform according t o  t h e  d r i f t  o r b i t  

model, s p e c i f i c  p h y s i c a l  e f f e c t s  should e x i s t  i n  t h e  d ischarge  t h a t  a l t e r  

t h e i r  p roduct ion  r a t e ,  reduce t h e i r  containment,  o r  augment t h e i r  f r i c t i o n  

i n  t h e  plasma. Altho,ugh some of t h e s e  anomalous e f f e c t s  wjll he m~ntj .oncd,  

i n  g e n e r a l  t h i s  work is  concerned wi th  t h e  runaway behavior  i n  normal 

d i scha rges  i n  t h e  absence of g ros s  i n s t a b i l i t y  of t h e  plasma o r  runaway 

components. I n  t h i s  c a s e  t h e  high energy runaway behavior  is  gene ra l ly  

c o n s i s t e n t  w i th  t h e  d r i f t  o r b i t  model descr ibed  i n  Sec. 11. 

The d a t a  r epo r t ed  i n  t h e  fol lowing s e c t i o n s  have been obta ined  from 

most of t h e  s tandard  d i a g n o s t i c  systems a v a i l a b l e  on ORMAK; of p a r t i c u l a r  

r e l evance  i s  t h e  ha rd  x-ray d e t e c t i o n  system t h a t  was developed f o r  t h i s  * 
s tudy .  It i s  made up of two w e l l  co l l imated  and sh i e lded  N a I  (TR ) 

s c i n t i l l a t i o n  d e t e c t o r s  which look t a n g e n t i a l l y  a t  t h e  l i m i t e r  and/or  a t  

o t h e r  t a r g e t s  i n  t h e  d i scha rge  chamber (Fig.  1 ) ;  they  al low a time- and 

space-resolved measurement of t h e  bremsstrahlung energy and i n t e n s i t y  

spectrum. I n  a d d i t i o n ,  t h e r e  a r e  two o t h e r  . s c i n t i l l a t i o n  d e t e c t o r s  and 

an  i o n i z a t i o n  chamber l oca t ed  a t  va r ious  p l aces  around t h e  machine t o  

monitor  t h e  hard x-ray i n t e n s i t y .  The s c i n t i l l a t i o n  d a t a  a r e  s t o r e d  and 

analyzed by hardware and sof tware  t h a t  a r e  i n t e g r a t e d  i n t o  t h e  ORMAK d a t a  

a n a l y s i s  s y s  tern.. 

11. DRIFT ORBIT MODEL 

The experiments show t h a t  i n  i d e a l  d i scharge  condi t ions  t h e  h igh  

energy runaways behave b a s i c a l l y  a s  f r e e l y  a c c e l e r a t e d  e l e c t r o n s .  The 

t r a j e c t o r y  of 3 f r e e  e l e c t r o n  wi th  k i n e t i c  energy T = mc2 (y - 1)  i n  a  

tokamak conf igu ra t ion  c o n s i s t s  of a  f a s t  gy ra t ion  a t  t h e  ( t o r o i d a l ,  BT) 

magnet ic  f i e l d  Larmor frequency,  



about a  guiding c e n t e r  whose pa th  l i e s  on a  d r i f t  su r f ace .  This  d r i f t  

s u r f a c e  i s  t h e  r e s u l t  of movement along t h e  h e l i c a l  f i e l d  l i n e s  and of 

t h e  ( v e r t i c a l )  d r i f t  wi th  v e l o c i t y  

where R i s  t h e  d i s t a n c e  of t h e  p a r t i c l e  from t h e  major a x i s .  For runaway 

e l e c t r o n s  (v 3 v ) ,  t h e  v e l o c i t y  is  normally determined p r i n c i p a l l y  by I I  . 1 
t h e  curva ture  d r i f t ,  v  2 (vl, ) 2 /  (RQT). The p r o j e c t i o n  of t h e  h e l i c a l  

d  
movement onto a c ros s - sec t iona l  p lane  g ives  a c i r c u l a r  movement w i t h '  

.Bp 
v e l o c i t y ' v  = v - , where B i s  t h e  po lo ida l  f i e i d  due t o  t h e  plasma.. 

h  I I B ,  P  
I 

cu r ren t .  The combination of t h e  v and v movements r e s u l t s  i n  a pro- d  h . . 

j e c t e d  t r a j e c t o r y  t h a t  i s  approximately. a c i r c l e  s h i f t e d  outward by the  

d i s t a n c e  d from t h e  cen te r  of t h e  cu r r en t  d i s t r i b u t i o n  (Fig.  1 ) .  
Y 

The conserva t ion  of canonica l  angular  momentum, 

i n  a , s t e a d y - s t a t e  condi t ion  can b.e used t o  c a l c u l a t e  d For example, 
Y '  

f o r  a  f i l a m e n t a r y . c u r r e n t  ( i . e . ,  a l l  c u r r e n t  I flows w i t h i n  t h e  runaway 

d r i f t '  su r f ace )  t h e  p o l o i d a l  f l u x  func t ion  i s  

r 
I/I = BpRdr = R ~ ( I / c ) [ ~ +  2 i n ( r / a ) ]  . ( 4 )  

0 

Equating P a t  p o i n t  A ( s ee  Fig.  1, where R r R - r + d 
$ ' 0 c Y '  

r l r  c - d Y )  

and po in t  B (R 3 , R  + r + d r Z r +. d ) g ives  f i n a l l y  
0 c  Y '  c  Y , . 

where 

i s  t h e  , ~ l f v & n .  cu r r en t  ( i n  kiloamperes) . 



Other  more r e a l i s t i c  c u r r e n t  p r o f i l e s  can be handled wi th  t h e  same 

method o r  can  be determined numerical ly .  For  example, t h e  i n s e r t  of 

F ig .  2 shows some s h i f t e d  o r b i t s  t h a t  j u s t  i n t e r s e c t  t h e  l i m i t e r  i n  a  

t y p i c a l  ORMAK type  B c u r r e n t  p r o f i l e ,  

Experimentally, .  t h e  runaway i s  de t ec t ed  through the .bremss t rah lung 

produced when i t s  o r b i t  i n t e r s e c t s  t h e  t a r g e t  (ou te r  l i m i t e r )  a t  a  

r a d i u s  r That occurs  when r + d + d = rL, f o r  example f o r  a f i l a -  
L '  C Y P  

mentary c u r r e n t  p r o f i l e  when 

where d  is  t h e  s h i f t  of t h e  c u r r e n t  d i s t r i b u t i o n  as measured by magnetic 
P  

1 0 0 ~ s . ~  It can be shown? t h a t  f o r  o r b i t s  wi th  l a r g e  r a d i i  t h e  mean r a d i u s  

r a t  i n t e r s e c t i o n  (Fig.  1 )  i s  approximately i d e n t i c a l  w i th  t h e  r a d i u s  of 
C 

t h e  magnet ic  s u r f a c e  on which the  runaway s t a r t e d  o f f  be fo re  a c c e l e r a t i o n .  

Equat ion (8) t hus  provides  . t h e  r e l a t i o n  between t h e  unknown i n i t i a l  

o r b i t  r a d i u s  r and the .measurable  k i n e t i c  energy of t h e  e l e c t r o n  when i t  
C 

f i n a l l y  h i t s  t h e . o u t e r  l i m i t e r .  Th i s  i n t e r s e c t i o n  condi t ion  is  p l o t t e d  

i n  F i g .  2 ,  w i th  s i m i l a r  c u r v e s . r e l a t i v e  t o  o t h e r . c u r r e n t  d i s t r i b u t i o n s .  

Th i s  model may b e e x t e n d e d . t o  g i v e . f u r t h e r  r e l a t i o n s  between measur- 

a b l e  q u a n t i t i e s  and t h e r e f o r e  t o  provide a d d i t i o n a l  information on t h e  

runaway process .  For  example, . the.number of . runaways ASR d r iven  i n t o  

t h e  l i m i t e r ' p e r  u n i t  t ime a s  a consequence of t h e  o r b i t  s h i f t  w i th  d  
P  

cons t an t  i s  given by 

The v e l o c i t y  Ad / A t  w i t h  which t h e  d r i f t  s u r f a c e s  s h i f t  i n t o  t h e  l i m i t e r  
Y 

can be  c a l c u l a t e d  from Eq . ' (8 )  o r  Fig.  2  w i t h . t h e  energy [ y  = y ( t ) ]  and 

t h e  c u r r e n t  [I  = I ( t )  1 bo th  b e i n g  measurable .  q u a n t i t i e s .  Since SR = SR( t )  . . .  

can  a l s o  b e  measured, i t  i s  . t h u s  p o s s i b l e  t o .  determine,  w i t h i n  t h e  



assumptions and p r e c i s i o n  of t h i s  method, t h e . i n i t i a 1  l o c a l  runaway 

d e n s i t y  nR = nR(rCi) * However, w i th  t h e  l i m i t e d  p r e c i s i o n  of p re sen t  

experimental  d a t a ,  t h e  r e s u l t s  of such deduct ions a r e  somewhat open t o  

d i scuss ion .  

The a c c e l e r a t i o n  of runaway e l e c t r o n s  can be descr ibed  by cons ider ing  

an approximate model i n  which f r e e  e l e c t r o n s  a r e  acce l e ra t ed  from t ime 

t by t h e  e l e c t r i c  f i e l d  E a long t h e  t o r o i d a l  d i r e c t i o n  $ (v = v , , ) .  
0 $ $ 

The equat ion  of motion i s  

dA 
d G - e  --- $ 

d t  m c d t  
0 

Here A i s  t h e  only component of t h e  v e c t o r  p o t e n t i a l  i n  t h i s  axisymmet- 
$ 

r i c  problem and is  given by 

where VL i s  t h e  measurable loop v o l t a g e  (along t h e  t o r o i d a l  d i scharge  

v e s s e l )  and F ( r  t )  i s  an induc t ive  c o r r e c t i o n  termy, t h a t  is  roughly R ' 
propor t iona l  t o  d I / d t  and i s  thus  gene ra l ly  n e g l i g i b l e  except  dur ing  

t h e  i n i t i a l  breakdown phase. I n t e g r a t i o n  of Eq. (10) is s t r a igh t fo rward ,  

and f o r  t h e  k i n e t i c  energy T of th/e runaway we thus  o b t a i n  

111. RUNAWAY ENERGY 

High energy runaway e l e c t r o n s  i n  ORMAK discharges  can be l o s t  t o  

t h e  l i m i t e r  e i t h e r  

1 )  a t  t h e  very  beginning,  

2) dur ing  t h e  cu r r en t  p l a t e a u  phase, o r  , 

3) when t h e  c u r r e n t  decays,  a s  documented i n  F ig .  3. 



I n  many c a s e s ,  t h e  runaway l o s s  t o  t h e  l i m i t e r  i s  smooth and s t eady  

and can be  desc r ibed  w i t h  s u r p r i s i n g  accuracy wi th  t h e  d r i f t  o r b i t  model. 

I n  o t h e r  c a s e s ,  c h a r a c t e r i z e d  by a  n o t i c e a b l e  MHU a c t i v i t y  i n  t h e  d i s -  

charge ,  runaway l o s s e s  t o  t h e  l i m i t e r  a r e  somewhat enhanced and a r e  i n  

phase w i t h  t h e  MHD s u r f a c e  e f f e c t s ;  Strong d i s r u p t i v e  i n s t a b i l i t i e s  may 

a l s o  dump most o r  even a l l  o f  t h e  runaways f n  t h e  discharge.  

Energy s p e c t r a  of runaway e l e c t r o n s  have been s t u d i e d  f o r  d i f f e r e n t  

d i scha rge  types  and d i f f e r e n t  i n t e r v a l s  w i t h i n  one d ischarge .  In s t ead  of 

fo l lowing  t h e  d i r e c t  double unfo ld ing  procedure necessary  t o  determine 

t h e  e l e c t r o n  energy d i s t r i b u t i o n  from t h e  s c i n t i l l a t i o n  pu l se  he igh t  

spectrum, we assume some d i s c r e t e  e l e c t r o n  ene rg i e s  and compare t h e  

r e s u l t i n g  s c i n t i l l a t i o n  s p e c t r a  wi th  t h e  experimental  ones.5 The r e s u l t s  

g iven  i n  F ig .  4 show t h a t  s u b s t a n t i a l  10-MeV runaway components e x i s t  i n  

such  d i scha rges .  It i s  a ' lso apparent  t h a t  because t h e  h ighes t  energy 

runaways produce copious bremsstrahlung quanta over  t h e  whole spectrum, i t  

i s  n e a r l y  imposs ib le  under t h e s e  circumstances t o  o b t a i n  any u s e f u l  i n -  

format ion  r e l a t i v e  t o  t h e  lower energy (52-MeV) e l e c t r o n s .  

For  normal ORMAK d i scha rges ,  t h e r e  a r e  two d i s t i n c t  p a t t e r n s  of 

runaway l o s s  a s s o c i a t e d  wi th  d i f f e r e n t  d e n s i t y  regimes. For t h e  h igh  

d e n s i t y  c a s e  (n t 2 x 1013 a t  =lo0 kA), t h e  only runaway l o s s  e  
occurs  du r ing  t h e  c u r r e n t  rise phase. For t h e  low dens i ty  case  (f; < 2 

e 
x l o 1  cm-3 a t  =I00 kA) , t h e  main l o s s  occurs  dur ing  t h e  steady-s t a t e  

and decay phases.  (For t h e  in t e rmed ia t e  d e n s i t y  ca se ,  bo th  p a t t e r n s  

can occur  i n  t he  same d ischarge . )  I n  e i t h e r  case ,  however, t h e  maximum 

energy i s  seen  t o  i n c r e a s e  i n  t ime t o  n e a r l y  10 MeV, over  a  per iod  of 

510 msec dur ing  t h e  i n i t i a l l y  h igh  loop vo l t age  o r  over  a , p e r i o d  of 

250 msec dur ing  t h e  lower v o l t a g e  i n  t h e  s t eady  s t a t e .  

The knowledge of t h e  maximum energy of t h e  runaways on impact w i th  

t h e  l i m i t e r  can, through use  of t h e  model descr ibed  i n  Sec. 11, provide 

u s e f u l  in format ion  concerning t h e  r a d i a l  d i s t r i b u t i o n  and a c c e l e r a t i o n  

' o f  t h i s  group of runaways. The r e l e v a n t  maximum energy is  deduced from 

' t h e  h i g h  energy end of t h e  measured x-ray spectrum through a  procedure 

s i m i l a r  t o  t h a t  shown i n  Fig.  4. l o  



A .  Runaways l o s t  a t  e a r l y  t imes 

A s t r a igh t fo rward  and i n t e r e s t i n g  experimental  r e s u l t  based on t h i s  

s imple b u t  e f f e c t i v e  d i a g n o s t i c  method is  shown i n  F ig .  5. The evo lu t ion  

' o f  t h e  maximum energy a t  e a r l y  t imes is  compared wi th  f r e e - f a l l  curves ;  

t h i s  shows t h a t  t h e  corresponding e l e c t r o n s  must have been generated a t  

tR = 0.4 k 0.4 msec, a t  a  t ime when t h e  d ischarge  i s  s t i l l  cold (1-5 eV) 

and only p a r t i a l l y  ion ized .  They a r e  then  acce l e ra t ed  n e a r l y  a s  f r e e  

e l e c t r o n s  id the app l i ed  loop vo l t age  V of 3-40 V pe r  t u r n  (Fig.  3 ) .  
L 

The mean line-averaged e l e c t r o n  d e n s i t y  a t  f u l l  i o n i z a t i o n  i s  r e l a t i v e l y  
- 

high  i n  t h e s e  s h o t s ;  n  = 2.5-3.5 x l o i 3  ~ r n - ~  a t  5 msec. It is  t h e r e f o r e  e 
no s u r p r i s e  t h a t  t h e  o v e r a l l  number of h igh  energy runaways i s  r e l a t i v e l y  

smal l ,  t y p i c a l l y  N i  = 1012 e l e c t r o n s  o r  a  10-A c i r c u l a t i n g  c u r r e n t .  An 

a n a l y s i s  of t h e  o r b i t s , o f  t h e s e  e l e c t r o n s  through Eq. (8) shows t h a t  

t h e i r  minor r a d i i  a r e  i n  t h e  range r = 17-19 cm when i n t e r s e c t i n g  t h e  
C 

o u t e r  l i m i t e r .  This  r e s u l t . s u g g e s t s  t h e  ex i s t ence  of a  s k i n  e f f e c t  f o r  . . 

e l e c t r i c  f i e l d  pene t r a t ion  ( see  Sec. V). It i s  a l s o  p o s s i b l e  t h a t  i n  

t h e s e  d i scha rges ,  cha rac t e r i zed  by a .modera te  MHD a c t i v i t y  a t  e a r l y  t imes,  

runaways a r e  transported.somewhat by e rgod ic  wandering of t h e  f i e l d  l i n e s .  

This  e f f e c t  i s  ' sma l l  enough, '.however, t o  al low nea r ly  p e r f e c t  confinement 

of runaways over  t h e  whole cu r r en t  r i s e  phase. 

It should be noted t h a t  i n  t h i s . s e r i e s . o f  experiments ,  t h e  d ischarge  

is  l ean ing  towards t h e  i n s i d e  limiter, l eav ing  space f o r  s h i f t e d  h igh  

energy e l e c t r o n  o r b i t s . o f  l a r g e  r a d i u s  t o  remain contained.  A s  a  ma t t e r  

of f a c t , , i f  t h e  d ischarge  i n . t h i s  e a r l y  phase were l ean ing  towards t h e  

o u t s i d e  l i m i t e r ,  a s  i s  t y p i c a 1 , o f  most ORMAK d i scha rges ,  t h e  energy of 

t h e  same runaways a t  c o l l i s i o n  wi th  t h e  l i m i t e r  would have been only 

50-100 keV'. 

It i s  most l i k e l y  t h a t  runaway formation dur ing  breakdown i s  n o t  

l i m i t e d  only t o  those  documented ORMAK d i scha rges ,  bu t  i s  t y p i c a l  of most 

tokamak opera t ions .  For r e a s o n s . j u s t . m e n t i o n e d ,  . p e r i p h e r a l  runaways w i l l ,  

however, b e  mostly l o s t  t o  t h e  l i m i t e r  o r  t h e  w a l l  be fo re  ga in ing  
. . 

r e l a t i v i s t i c  energ ies .  This  e f f e c t  has  q u a l i t a t i v e l y  been confirmed by 
' . .  

p u l s e s , o f  s o f t  and.medium x ray  t h a t . h a v e  been de t ec t ed  a t  t h e s e  e a r l y  

t imes.  whenever' we' looked f o r  them. 



B. Runaways l o s t  dur ing  s t eady  s t a t e  

For d i scha rges  w i t h  mean e l e c t r o n  d e n s i t i e s  (n ) of 0 -5-2.0 x l o 1  e  
~ m - ~ ,  l a r g e  numbers of runaway e l e c t r o n s  a r e  generated a f t e r  t = 5 msec 

and a c c e l e r a t e d  t o  h igh  ene rg i e s .  They then gradual ly  d r i f t  i n t o  t h e  

l i m i t e r  from about mid-discharge on, wi'th p a r t i c u l a r l y  l a r g e  numbers 

be ing  l o s t  dur ing  c u r r e n t  decay. 

Maximum energy i s  p l o t t e d  vs  t ime f o r  two s e t s  of d i scharges  i n  

F ig .  6; t h e  p o i n t s  have b a s i c a l l y  t h e  same meaning a s  i n  F ig .  5. Since 

t h e  e l e c t r o n s  i n  Fig.  6  a r e  acce l e ra t ed  more s lowly dur ing  t h i s  ~ h a s e  of 

t h e  d i scha rge  and a r e  contained longer ,  t h e  i n t e r p r e t a t i o n  of t h e i r  

confinement i s  more open t o  d iscuss ion .  

The points a.l..nng c ~ ~ r v e  (a) in Fig. h fo1.l.n~ the free-fal.1. sl.npe. 

w i t h i n  90% + 10% i n  such a  way t h a t  i f  f r e e  f a l l  i s  assumed a l s o  f o r  

E < 5 MeV t h e i r  b i r t h t i m e s  would b e ' W 0  msec. The r a d i i  of t h e  measured 

runaways along t h i s  curve a s  computed from t h e  o r b i t  model range from 

16  t o  19 cm. Along w i t h  an e s t ima te  of t h e  absolute.runaway l o s s ,  a s  

shown a t  t h e  bottom of t h e  f i g u r e ,  t h i s  g ives  a  l o c a l  dens i ty  of =lo7 cm-3 

f o r  t h e s e  runaways. 

Although such nea r - f r ee - f a l l  behavior  has  been seen i n  most ca ses ,  

t h e  energy gain can sometimes be sma l l e r ,  a s  shown, f o r  example, by curve 

(b ) .  Here the  energy ga in  i s  60% k 10% of f r e e  f a l l .  A t  p r e s e n t ,  t h e r e  

i s  n,o convincing exp lana t ion  f o r  t h i s  r e s u l t ,  a l though t h e  most l i k e l y  

causes  a r e  an anomalous f r i c t i o n  o r  an enhanced r a d i a l  d i f f u s i o n  r a t e .  

Note t h a t  a  t i m e -  o r  radius-dependent f r i c t i o n  cannot be ru l ed  out  f o r  

runaways below 5 MeV i n  curve ( a ) ' a n d  could p l ace  t h e i r  b i r t h t i m e  anywhere 

between 0 and 10 msec. 

C.  Runaways l o s t  a t  c u r r e d t  decay 

A f t e r  t he  d r i v i n g  v o l t a g e  ends,  t h e  d ischarge  c u r r e n t  s t a r t s  decaying. 

A s  a  consequence of t h e  increased  o r b i t  s h i f t  [ s e e  E q .  ( 5 ) ] ,  a l l  t h e  

runaways w i l l  even tua l ly  h i t  t h e  l i m i t e r .  The r e s u l t s  p l o t t e d  i n  F ig .  7 

show t h a t  t h e  energy and i n t e n s i t y  can be c o n s i s t e n t l y  understood i n  terms 

of t h e  d r i f t  o r b i t  model. I n  p a r t i c u l a r ,  t h e  s t r o n g  inc rease  of brems- 

s t r a h l u n g  a t  t h e  o u t e r  limiter when t h e  cu r r en t  s t a r t s  decaying i s  



obta ined  because t h e  cu r r en t ,decay  term i n  Eq. ( 5 )  is  much l a r g e r  

than t h e  inward plasma s h i f t  w h i c h ~ o c c u r s  a t  t h i s  t ime ( see  F ig .  6 ) .  Note 

t h a t  t h e  l a s t  runaways t o  be dumped have sma l l e r  r a d i i  and lower ene rg i e s ,  

a s  would be expected f o r  runaways born l a t e r  i n  t h e  h o t  c e n t r a l  core  of 

t h e  discharge.  Note a l s o  t h a t  i n  t h e  h igh  c u r r e n t  d i scharge  descr ibed  i n  

Fig.  7,  runaways a r e  dumped r e l a t i v e l y  l a t e  i n  t ime.  General ly ,  t h e  

h igher  cu r r en t  d i scharges  show b e t t e r  runaway confinement dur ing  t h e  

s teady  s t a t e  and a l s o  a  l a r g e r  dump dur ing  t h e  l a t e r  phases of t h e  cu r r en t  

decay. This  behavior  i s  c o n s i s t e n t  w i th  t h e  111 s c a l i n g  implied by t h e  

d r i f t  o r b i t  model of confinement. 

The t o t a l  number of high energy runaways shown i n  F ig .  7  amounts t o  

1013 o r  an equ iva l en t  cu r r en t  of roughly 100 A f o r  t h e  sum of t h e s e  

maximum energy components. The u n c e r t a i n t y  i n  t h i s  number, which i s  

c a l c u l a t e d  on t h e  b a s i s  of t h e  abso lu t e  bremsstrahlung i n t e n s i t y ,  i s  a  

f a c t o r  of t h r e e  e i t h e r  way. I n  o t h e r  s i m i l a r  s h o t s  t h e  number can be 

s u b s t a n t i a l l y  h ighe r ,  depending on t h e  plasma d e n s i t y  ( a s  .discussed i n  

Sec. V ) .  I 

I n  ORMAK, t h e  t ransformer provid ing  t h e  e lec t romot ive .  f o r c e  (emf) 

i s  dr iven  by a c a p a c i t o r  bank f o r  t h e  f i r s t  15 msec. When t h i s  t ime has 

e lapsed ,  a  l e a d  c e l l  b a t t e r y  is  u s u a l l y  switched i n  t o  keep t h e  d ischarge  

cu r r en t  a t  a  cons t an t  l e v e l .  I n  t h e  s e r i e s  of experiments represented  i n  

Fig.' 8, only t h e  c a p a c i t o r  bank was used, and t h e  c a p a c i t o r  v o l t a g e  V 
C 

was v a r i e d  t o  change t h e  o v e r a l l  f l u x  swing I$ w i t h i n  t h e  d ischarge  ves se l .  

Each p o i n t  i n  t h e  f i g u r e  thus  corresponds t o  t h e  runaway behavior  observed 

f o r  a . p a r t i c u l a r  charging vo l t age .  The measured maximum ene rg ie s  can be 

shown t o  f o l l o w . t h e  f r e e - f a l l  ga in  i f  t h e  runaways a r e . a l 1  s t a r t e d  a t  

to 
3 msec, t hus . a l l owing  them t o  m i s s  a  f r a c t i o n  of t h e  f l u x  swing. 

As .be fo re ,  t h e  r e s u l t s  l eave  some room open f o r  specu la t ion  a s  t o  

what happens to.the.inaximum energy.runaways be fo re  they become d e t e c t a b l e ,  

t h a t  i s , . b e l o w  2.MeV. For example, i t  i s  p o s s i b l e  t h a t  e l e c t r o n s  start  

nea r  t = 0 msec bu t  t h e i r  energy ga in  i n  t h e  f i r s t  few mi l l i s econds  of 
0 . . 

t h e i r  l i f e t i m e  is  reduced by enhanced f r i c t i o n .  It i s  c l e a r ,  however, 

t h a t  t h e  1ate.dump (and thus  t h e  smal l  c a l c u l a t e d  o r b i t  r a d i i )  of t h e s e  

runaways d i s t i n g u i s h e s  them from t h e  group of breakdown runaways obtained 

a t  h i g h ~ . r  d e n s i t i e s  ( s ee  Set.. I1I.A). 



We n o t e  two i n t e r e s t i n g  f e a t u r e s  of t h i s  r e s u l t  w i th  r e spec t  t o  

runaway product ion.  F i r s t ,  f o r  t h e  group of d i scharges  a t  0.09 Wb i n  

F ig .  8 ,  t h e  p r e i o n i z a t i o n  pu l se  amplitude was v a r i e d  apprec iab ly  wi th  

appa ren t ly  no s y s t e m a t i c  e f f e c t  on e i t h e r  t h e  maximum energy o r  

i n t e n s i t y  of t h e  h igh  energy runaways. Second, t h e  number of h igh  energy 

runaways i s  seen  t o  dec rease  wi th  increased  vol tage .  Th i s  unexpected 

behavior  ( s ee  Sec.  V) i s  due t o  t h e  dependence o f  n (and probably Te) on e 
t h e  a p p l i e d  v o l t a g e  ( s e e  F ig .  8) and p o i n t s  ou t  t h e  d i f f i c u l t y  of pre- 

d i c t i n g  runaway product ion  i n  tokamak d ischarges .  

F i n a l l y ,  i t  may be  i n t e r e s t i n g  t o  n o t e  t h a t  i n  an  a d d i t i o n a l  s e r i e s  

of experiments t h e  f l u x  swing range w a s  f u r t h e r  extended up t o  0.8 Wb by 

swi t ch ing  t h e  b a t t e r y  i n t o  t h e  t ransformer  c i r c u i t  f o r  va r ious  l eng ths  of 

t i m e .  I n  t h e s e  experiments  t h e  maximum energy of runaways dumped a t  t h e  

end of t h e  d i scha rges  i nc reased  a t  on ly  one t h i r d  t h e  r a t e  expected from 

f r e e  f a l l  i n  t h e  e x t r a  f l u x  swing. No c lear -cu t  explana t ion  can be given 

f o r  t h i s  e f f e c t .  It i s  p o s s i b l e ,  though, t h a t  t h e  runaways d i d  cont inue  

i n  f r e e  f a l l ,  b u t  t h e i r  popula t ion  was n o t  d e t e c t a b l e  i n  t h e  presence of 

a l a r g e  number of  runaways born l a t e r .  

I V  . RUNAWAY TRANSPORT 

A. O v e r a l l  t r a n s p o r t  p r o p e r t i e s  

Runaway e l e c t r o n s  become r e l a t i v i s t i c  a f t e r  they  have passed through 

s e v e r a l  i n i t i a l  phases i n  t h e i r  l i f e t i m e .  Three major phases can be  

de f ined  by c r i t i c a l  energy ranges.  The f i r s t  concerns t h e  runaway b i r t h  

and can b e  de f ined  by T < W1, where t y p i c a l l y  W1 1 i s  on t h e  

o r d e r  of t h e  c r i t i c a l  runaway energy, implying t h a t  a t  W1 t h e  runaway 

becomes decoupled from t h e  plasma. Here Vei i s  t h e  c o l l i s i o n  frequency 

and Ec i s  given i n  Eq .  (14);  t hus  f o r  a normally h o t  plasma (n  = 3 e 
* x  1013 ~ r n - ~  , T~ = 1 keV), we o b t a i n  W1 " ' 4 0  keV. I n  t h i s  phase, t h e  

gene ra t ion  of runaways and t h e  f r i c t i o n  experiencLd by r e c e n t l y  born 

runaways may be most ly determined, i n  a d d i t i o n  t o  Coulomb c o l l i s i o n s ,  

by c o l l e c t i v e  i n t e r a c t i o n  modes. Th i s  may r e s u l t  i n  a reduced number of 

runaways and i n  p i t c h  ang le  s c a t t e r e d  o r  slowed-down runaways on one hand 



and i n  emission of enhanced e l e c t r o n  synchrotron and plasma r a d i a t i o n  on 

t h e  Cor re l a t ion  between runaway e f f e c t s  and enhanced h igh  

frequency r a d i a t i o n  has  been de t ec t ed  i n  many experiments12 and a l s o  i n  

ORMAK.13 In  t h i s  phase an enhanced t r a n s p o r t  of runaways may be  r e l a t e d  

t o  t h e  anomalously l a r g e  e l e c t r o n  energy l o s s  c h a r a c t e r i s t i c  of tokamak 

d ischarges .  

The second phase may be def ined  by t h e  k i n e t i c  energy i n t e r v a l  

(W1,. W2). Here W 2  i s  t h e  energy a t  which t h e  o r b i t  s h i f t  d  [Eq.  (5) 1 Y 
t y p i c a l l y  becomes equal  t o  t h e  r a d i a l  t h i ckness  A r  of d e f e c t s  i n  t h e  m 
magnetic con f igu ra t ion  ( i n  ORMAK, a t  ha l f  r a d i u s  wi th  A r m  1 cm, we have 

W 2  " 1 MeV). I n  t h i s  phase, t h e  d r i f t  v e l o c i t y  of runaway e l e c t r o n s  along 

magnetic f i e l d  l i n e s  i s  t y p i c a l l y  l a r g e r  by a  f a c t o r  of 100 than  t h a t  of 

t h e  bulk  of e l e c t r o n s  ca r ry ing  c u r r e n t ;  t hus  t h e  runaway e l e c t r o n s  sense  

drarnat i c a l l y  any e r g o d i c i t y  of t h e  magnetic topology. ~ e l a t i v e l y  l a r g e  

runaway l o s s e s  measured14 i n  sma l l e r  plasmas than  ORMAK's could be  due t o  - 
t h i s  e f f e c t .  Very sma l l  magnetic p e r t u r b a t i o n s  (BIB 10 '~ )  , which can 

be induced by experimental ly  observed d r i f t  waves ( e $ / k ~ ~ i  , l 5  can 

thus  enhance very  s u b s t a n t i a l l y  r a d i a l  t r a n s p o r t  of runaways i n  t h i s  

energy range. 

I n  a d d i t i o n ,  major d e f e c t s  i n  t h e  smooth magnetic topology,  such a s  

i s l a n d s  along mode r a t i o n a l  s u r f a c e s ,  i n t e r n a l  sawtooth o s c i l l a t i o n s ,  o r  

d i s r u p t i o n s ,  can a f f e c t  t h e  r a d i a l  t r a n s p o r t  of runaways much more than 

i n  t h e  previous  case .  I n  f a c t ,  d e t a i l e d  c o r r e l a t i o n  between such 

a c t i v i t i e s '  (ineasured'.by magnetic probes o r  by a  pos i t i ve - in t r in s i c -nega t ive  

diode a r r a y  sens2 t ive  t o  s o f t  x  r ays )  and t h e  hard x-ray s i g n a l  a t  t h e  

l i m i t e r '  ha s  r epea t ed ly  . . been measured.1° 

F i n a l l y ,  f o r  k i n e t i c  ene rg i e s  l a r g e r  than  W 2 ,  t h e  d r i f t  s u r f a c e s  

decouple p a r t i a l l y  from t h e  magnetic f l u x  s u r f a c e s ,  and t h e  i n e r t i a  of 

t h e ' e l e c t r o n s  i n c r e a s e s  by t h e  f a c t o r  y .  The runaways a r e  l e s s  a f f e c t e d  

by small-scale  and r e s o n a n t , e f f e c t s ,  and t h e i r  confinement t ime can g r e a t l y  

exceed t h e ' e l e c t r o n  energy containment time, a s  shown by our  experiments.  

For example, i n  t h e  d i scha rges .desc r ibed  i n  Secs.  1I.B and I I . C ,  t h e  

h igh  energy runaway containment t ime .can  exceed 50 msec, wh i l e  t h e  

e l e c t r o n  energy confinement t ime i s  t y p i c a l l y  65 msec. 



B. Normal l i m i t e r - t a r g e t  e f f e c t s  

According t o  our  model, under normal d ischarge  condi t ions  t h e  high 

energy runaways move on o r b i t s  t h a t  a r e  always s h i f t e d  outward along 

t h e  major r ad ius  wi th  r e s p e c t  t o  t h e  cu r r en t  d i s t r i b u t i o n  i n  t h e  plasma. 

The i n t e n s i t y  p l o t  g iven  i n  F ig .  9a indeed shows a s t r o n g  bremsstrahlung 

sou rce  a t  t h e  o u t e r  l i m i t e r  and no c l e a r l y  d e t e c t a b l e  source  a t  t h e  i n n e r  

l i m i t e r .  (The remaining i n t e n s i t y  roughly corresponds t o  t h e  es t imated  

background of r a d i a t i o n  t h a t  is  Compton-scattered i n t o  t h e  acceptance 

cone of t h e  co l l ima to r . )  

A conf i rmat ion  of t h e  b a s i c  l o s s  mechanism w a s  found dur ing  inspec- 

t i o n  of t h e  O W  l i m i t e r  a f t e r  more than  t h r e e  y e a r s  of ope ra t ion ,  dur ing  

which many s e r i e s  of runaway beam discharges  were a l s o  sus t a ined .  The 

main damage p a t t e r n  t h a t  might be a sc r ibed  t o  impact of h igh  energy 

e l e c t r o n s  i s  a s l i g h t  me l t i ng  a t  t h e  o u t e r  l i m i t e r  extending about 3 cm 

up and down from t h e  e q u a t o r i a l  symmetry p lane ,  t h a t  is ,  j u s t  where t h e  

d r i f t e d  and p e r f e c t l y  synunetric e l e c t r o n  o r b i t  should i n t e r s e c t  t h e  

l i m i t e r .  

The very  good containment of t h e s e  h igh  energy runaways wi th in  t h e  

plasma makes i t  p o s s i b l e  t o  s h i f t  t h e i r  o r b i t s  i n  t h e  machine along wi th  

t h e  plasma by changing t h e . v e r t i c a 1  f i e l d .  I f  t h e  o r b i t s  a r e  s h i f t e d  

inward ( a s ,  f o r  example, i n  Fig. 5 ) ,  t h e  runaways a r e  allowed t o  ga in  

more energy be fo re  h i t t i n g  t h e  l i m i t e r .  A s e r i e s  of such s h i f t  exper i -  

ments1°*13 a s  w e l l  a s  t h e  s i m i l a r  experiment documented i n  Fig.  5  

s u b s t a n t i a l l y  c o n f i r m . t h e  d r i f t  o r b i t  model. Recent experimental  r e s u l t s  

show t h a t  i n  a d d i t i o n  t o  t h e  v e l o c i t y  Ad / A t  w i th  which t h e  d r i f t  s u r f a c e s  
Y 

s h i f t  i n t o  t h e  l i m i t e r . [ f o r  which from E q .  (9) a  t y p i c a l  va lue  is  found 

t o  be  10' cm/sec] ,' an a d d i t i o n a l  (formal) d i f f u s i o n  process  wi th  d l o 2  
cm2/sec can be allowed. Th i s  process  i nc reases  somewhat t h e  t r a n s p o r t  of 

h igh  energy .runaways . n e a r  t h e  o u t s i d e  .of t h e  d ischarge  where, i n  f a c t ,  

a d d i t i o n a l  e f f e c t s  may p l ay  a  r o l e  ( s ee  Sec. 1V.A). 

C.  P o i n t  limiter e f f e c t s  

A . f u r t h e r . t e s t  of t h e ' . v a l i d i t y . o f  t h e  d r i f t  o r b i t  model was made wi th  

an  experiment i n .wh ich  an a d d i t i o n a l  movable l imiter  i n  t h e  form of a  



1-cm-diam tungs ten  rod was r a d i a l l y  poin ted  i n t o  t h e  d ischarge  chamber 

i n  t h e  e q u a t o r i a l  p lane  ( see  i n s e r t ,  F ig .  9b) .  A s  t h i s  l i m i t e r  was 

g radua l ly  i n s e r t e d  over  a  s e r i e s  of s h o t s ,  t h e  hard x-ray i n t e n s i t y  a t  

t h e  o u t e r  s e c t i o n  of t h e  ord inary  l i m i t e r ,  measured i n  t h e  usua l  way, 

was found t o  decrease  correspondingly (Fig. 9b);  however, t h e  i n t e n s i t y  

a t  t h e  inne r  s e c t i o n  of t h e  l i m i t e r ,  lower by about a  f a c t o r  of 100, 

remained roughly cons tan t  dur ing  such runs.  The i n t e n s i t y  a t  t h e  o u t e r  

l i m i t e r  was seen t o  decrease  g radua l ly  over  an i n s e r t i o n  d i s t a n c e  of 

52 cm, a s  shown i n  Fig.  9b. 

I n  a d d i t i o n ,  t h e  movable l i m i t e r ,  upon removal a f t e r  about 30 d i s -  

charges,  showed a  damage p a t t e r n  c o n s i s t e n t  wi th  high energy e l e c t r o n  

impact ( s ee  i n s e r t ,  Fig.  9b) .  I n  p a r t i c u l a r ,  t h e  f l a t  s u r f a c e  f ac ing  

t h e  plasma was n o t  damaged, a s  i t  would have been i f  t h e  o v e r a l l  l i m i t e r  

damage were due t o  h o t ,  normal conduction e l e c t r o n s  o r  i o n s ,  o r  t o  

runaways wi th  a  s u b s t a n t i a l  r a d i a l  v e l o c i t y .  

Both observa t ions  r e l a t i v e  t o  t h e  i n s e r t e d  movable l i m i t e r  i n d i c a t e  

t h a t  h igh  energy runaways can move r a d i a l l y  outward a s  much a s  d  = 1.5. cm d  
p a s t  t h e  t i p . o f  t h i s  l i m i t e r .  To e s t i m a t e  t h e  corresponding r a d i a l .  

d i f f u s i o n  v e l o c i t y  v  w e  no te  t h a t  t h e  i d e a l  r e l a t i v i s t i c  e l e c t r o n  moving r ' 
without  t r a n s v e r s e  energy on an o r b i t  w i th  mean r ad ius  r i s  l i k e l y  t o  

C 

h i t  t h e  tungs ten  rod wi th  diameter  2 r  only a f t e r  2nrc/2r t  t o r o i d a l  
t 

t r a n s i t s ,  each of which i s  completed i n  t h e  t ime 2nR / c ;  hence, 
0 .  

v = d ( r  /nrc)(c/2nRo),  s o  wi th  rc P 18  cm, i t  fo l lows  t h a t  vr 1 400 cmlsec. 
r d t  

It i s  obvious t h a t  t h i s . o u t w a r d . v e l o c i t y  could only be e f f e c t i v e  a s h o r t  

disrance from the l lml ter ,  i m p l y i n g . t h a t  t h i s  i s  a  s u r f a c e  r a t h e r  than a  

bulk  phenomenon, because .o therwise  the.mean l i f e t i m e  of e l e c t r o n s  would 

be  much l e s s  t han  t h a t . r e q u i r e d . t o  g a i n . r e l a t i v i s t i c  ene rg i e s .  

There a r e  s e v e r a l  e f f e c t s  t h a t  can exp la in  t h i s  enhanced d i f f u s i o n .  

The'most r e l e v a n t  w i th  r e s p e c t . t o . t h e  h igh  energy runaway experiment 

r e p o r t e d ' i n  Fig.  9b T s  a  s c a t t e r i n g  of t h e  e l e c t r o n s  a s  they  h i t  t h e  
. . 

po in t  l i m i t e r .  I n  f a c t ,  a s  t h e  runaways ( i n i t i a l l y  wi th  smal l  t r a n s v e r s e  

momentum) move outward wi th  t h e  slow d r i f t  o r b i t  motion d iscussed  i n  Sec. 

I V . B ,  they  shou ld . even tua l ly  h i t  t h e  po in t  l i m i t e r  w i t h i n  l e s s  than  a  

mi l l ime te r ' , o f  i t s  t i p .  I n  such a  c o l l i s i o n ,  t h e r e  i s  a  good chance t h a t  

t h e  e l e c t r o n  i s  n o t  absorbed bu t  i s  i n s t e a d  v i o l e n t l y  s c a t t e r e d .  I n  a  



p l a n e  tungs ten  t a r g e t ,  f o r  example, t h e  backsca t t e r ed  f r a c t i o n  of normally 

i n c i d e n t  4-MeV e l e c t r o n s  can be a s  h igh  a s  30%.16 E lec t rons  h i t t i n g  a  

c y l i n d r i c a l  l i m i t e r  can,  i n  add i t i on ,  be s c a t t e r e d  by t h e  curved s u r f a c e s  

and a l s o  through t h e  f l a t  s u r f a c e  f a c i n g  t h e  plasma; i t  i s  es t imated  t h a t  

20-30% of t h e s e  e l e c t r o n s  w i l l  be  n e a r l y  e l a s t i c a l l y  s c a t t e r e d  away, from 

t h e  l i m i t e r  i n t o  gyro-orb i t s  wi th  a p i t c h  ang le  of  more than  20'. The 

main consequence of such c o l l i s i o n s  i s  t h a t  t h e  o r b i t  of t h e  s c a t t e r e d .  

e l e c t r o n s  i s  d i s p l a c e d  by a mean s t e p  corresponding t o  t h e  Larmor r a d i u s  

[Eq .  ( I ) ]  o r  more i f  t h e  runaway becomes t rapped  ( t y p i c a l l y  f o r  s c a t t e r i n g  

a n g l e s  of more than  5 0 6 ) .  On consequent passages they may h i t  t h e  main 

l i m i t e r  (wi th  a chance of  be ing  d e t e c t e d  and thus  r epo r t ed  a s  i n  F ig .  9b) ,  

be  s c a t t e r e d  a  second t ime,  o r  be absorbed by t h e  po in t  l i m i t e r .  This  

e f f e c t  is  somewhat d i f f i c u l t  ' t o  express  i n  exac t  q u a n t i t a t i v e  terms, due 

t o  t h e  complex geometry of t h e  two t a r g e t s ,  bu t  s i n c e  e l a s t i c  s c a t t e r i n g  

p r e v a i l s  s o  s t r o n g l y  over  bremsstrahlung r a d i a t e d  i n t o  t h e  d e t e c t o r ' s  

h i g h  energy acceptance range,  t h e r e  remains an ample margin t o  cover t h e  

, expe r imen ta l  observa t ions .  Not ice  t h a t  a  s i m i l a r  s c a t t e r i n g  e f f e c t  a l s o  

e x i s t s  w i t h  only t h e  normal limiter i n  p l ace ;  however, due t o  i ts  l a r g e  

p o l o i d a l  ex t ens ion ,  t h e  r a d i a l  displacement of runaway impact w i l l  b e  

somewhat less pronounced. 

V. RUNAWAY PRODUCTION 

I n  r e c e n t  y e a r s ,  an  apprec i ab le  amount .of t h e o r e t i c a l  and numerical  

work on runaway product ion  r a t e s . h a s  been p r e s e n t e d , . g e n e r a l l y  based on 

i d e a l  plasma models and on Coulomb c o l l i s i o n s  only.  However, t h e s e  

r e s u l t s  a r e  s o  c r i t i c a l l y  a n d . s t r o n g l y  dependent on some plasma parameters ,  

such a s  e l e c t r o n . d e n s i t y  n and . fempera ture  T and a l s o  on c o l l e c t i v e  e  e  ' 
e f f e c t s  t h a t  have not.been.sufficient1y.taken i n t o  account ,  t h a t  a t  

p re sen t . some  doubts  e x i s t  about  t h e i r  a p p l i c a b i l i t y  t o  r e a l  plasmas. 

For t h e ' r e l a t i v e . r a t e  S /ne .of  e l e c t r o n s . r u n n i n g  away p e r  second i n  a  

. f u l l y  i on ized  plasma, w e  t a k e  he re  f o r  comparison wi th  t h e  experiments 

t h e '  r e s u l t  ,of Kulsrud e t  a1.17 and . r e w r i t e  i t  i n  t h e  approximate p r a c t i c a l  

form 



The c h a r a c t e r i s t i c  runaway f i e l d  

can be taken i n  t h e  form (with I n  A 15) 

where Te is measured i n  eV, ne i n  E and Ec i n  V-cm-l. 

There a r e  a t  l e a s t  t h r e e  b a s i c  e f f e c t s  t h a t  modify t h e  runaway r a t e s  

i n  r e a l  plasmas wi th  r e spec t  t o  what is  given above. Probably t h e  most 

'genera l  one i s  due t o  c o l l e c t i v e  plasma modes ( see  Sec. 1V.A). 

The second e f f e c t  concerns impur i ty  i ons  i n  t h e  plasma. According 

t o  an  express ion  by  ohe en,"* i n  a  t y p i c a l  ORMAK plasma ( E / E ~  < 0.1) wi th  

e f f e c t i v e  i o n i c  charge Z = 6 i n  t h e  s t eady- s t a t e  phase, t h e  runaway rate 

would be sma l l e r  by an o r d e r  of magnitude than  given by Eq. C13). On t h e  

o t h e r  hand, i m p u r i t i e s  a r e  known t o  i n d i r e c t l y  enhance runaway formation,  

p a r t i c u l a r l y  i n  t,he s t rqng  runaway type  of d i scharge ,  where runaway beams 

a r e  formed a t  e a r l y  t imes; t h i s  has  reproducib ly  been checked i n  ORMAK.' 

F i n a l l y ,  t h e r e  i s  an enhancement of runaway formation obta ined  dur ing  

breakdown19' i n  t h e  p a r t i a l l y  i o n i z e d . g a s ;  t h i s  i s  due t o  t h e  intermixed 

molecular  gas ,  which provides a  c o l l i s i o n a l  (momentum t r a n s f e r )  c ros s  

s e c t i o n  pe r '  molecule t h a t  i s  ' s m a l l e r 2  t han  twice  t h e  corresponding 

e lec t ron- ion  c r o s s  s e c t i o n  i n  t h e  e l e c t r o n  energy range up t o  about 50 eV. 

The very  e a r l y  breakdown runaways documented i n  F ig .  5 are most l i k e l y  

.genera ted . through t h i s  enhancement ,e f fec t .  I n  f a c t ,  u n l e s s  one assumes a  

pronounced s k i n  e f f e c t  w i t h . s t r o n g  l o c a l . h e a t i n g ,  t h e  h igh  f i l l i n g  p re s su re  

and low i n i t i a l  temperature . . c h a r a c t e r i z i n g  t h e s e  d ischarges  provide  

p r a c t i c a l l y  no d e t e c t a b l e  runaways through Eq. (13) .  



On t h e  b a s i s  of t h i s  express ion  and of measured n e y  Te '  
and E 

v a l u e s ,  a t y p i c a l  evo lu t ion  i n  t ime and r a d i u s  of runaway gene ra t ion  r a t e s  

i n  t h e  ORMAK d i scha rge  i s  obta ined  i n  F ig .  10 .  It is  c l e a r  t h a t  between 

t h e  "ear ly" and "steady-state"  runaways t h e r e  i s  a per iod  from about 10 

t o  20 msec dur ing  which runaway product ion i s  quenched because t h e  

e l e c t r i c  f i e l d  h a s  decreased  more than  t h e  temperature has  increased .  

Another r e s u l t  i s  t h a t  a t  a n  e a r l y  t ime (55  msec), a s  long a s  i n d u c t i v e  

e f f e c t s  reduce t h e  e l e c t r i c  f i e l d  i n s i d e  t h e  d ischarge ,  runaway produc- 

t i o n  may b e  h i g h e r  a t  o u t e r  r a d i i  t han  i n  t h e  cen te r .  With r e spec t  t o  

runaways genera ted  a f t e r  t h i s  t i m e ,  P ig .  1 2  shows a  d r a s t i c  i nc rease  i n  

runaway i n t e n s i t y  a s  t h e  mean e l e c t r o n  d e n s i t y  (measured a t  30 msec) 

becomes s m a l l e r  t han  about 1 .3 x 1013 The comparison wi th  t h e  

r e l a t i v e  t h e o r e t i c a l  curve shows t h a t  t h e  experimental  r e s u l t s  can roughly 

be understood i n  terms of t h e  d e n s i t y  dependence given by Eq. (13) .  . 
It i s  i n t e r e s t i n g  t o  a t tempt  a q u a n t i t a t i v e  comparison between t h i s  

c a l c u l a t e d  runaway product ion  and t h e  observed popula t ion  of h igh  energy 

runaways. It must be  kep t  i n  mind, however, t h a t  our  measurements r e f e r  

on ly  t o  t h e  h i g h e s t  energy components l o s t  t o  t h e  l i m i t e r  a t  any t ime,  

a s  shown, f o r  example, i n  F i g s .  6  and 7. 
- Because runaways wi th  t h e  l a r g e s t  ene rg i e s  a r e  predominantly formed 

i n  ORMAK a t  e a r l y  t imes ,  we can compare t h e  observed popula t ion  of %lo-MeV 

runaways l o s t  du r ing  t h e  c u r r e n t . d e c a y  t o  t h e  expected number born a t  t h e  

free-fall-extrapolated.birthtime of  t " 10  msec. From Fig .  10 ( co r r ec t ed  

f o r  O E W X  Z = 6 ) ,  w e  f i n d  an  expected runaway p.roduction dur ing  t h i s  t ime 

f o r  a  t y p i c a l  volume of 210' cm3 t o  . be  21015 e l e c t r o n s .  Th i s  can b e  

compared t o  t h e  observed popula t ion  .of %1013 e l e c t r o n s  f o r  t h i s  d e n s i t y  

(Fig.  1 1 ) .  Apparent ly,  e i t h e r  t h e  product ion r a t e  is l e s s  than  c l a s s i c a l  

o r  some .of t h e  .runaways a r e  l o s t  .be£ o r e  they  reach maximum energy,  

probably b e f o r e  becoming r e l a t i v i s t i c .  It must be kept  i n  mind, however, 

t h a t  t h e  u n c e r t a i n t i e s  involved a r e  a t  l e a s t  a  f a c t o r  of t h r e e  e i t h e r  way 

f o r  each f i g u r e .  

I n  a d d i t i o n ,  a  s t eady- s t a t e  product ion  r a t e  i s  i n  p a r t  r e f l e c t e d  i n  

t h e  l o s s  of lower energy components.during t h e  end of t h e  c u r r e n t  decay 

as desc r ibed  i n  Sec. 1 I I . C .  I n  t h e  h igh  c u r r e n t ,  h igh  temperature 

d i scha rge  of Fig.  7 ,  this.component.evident1y impl ies  a s i g n i f i c a n t  



product ion r a t e  i n  t h e  s teady  s t a t e ,  bu t  i n  t h i s  case  an anomalous 

f r i c t i o n a l  f o r c e  on e a r l i e r  born runaways cannot be r u l e d  ou t  a s  an 

explana t ion  f o r  t h e  r e l a t i v e l y  low energy. 

I n  l a r g e r  tokamaks, l y 2  t h i s  l a t t e r  type  of runaway may s t r o n g l y  

predominate due t o  t h e  increased  time of t h e  d ischarge  pulse .  A s teady  

s t a t e  i n  t h e  popula t ion  of runaway e l e c t r o n s  i n  a d i scharge  would be  

t h e  r e s u l t  of a ba lance  between.runaway genera t ion  and l o s s ;  i n  gene ra l ,  

t h e s e  processes  can be i n f e r r e d  only i n d i r e c t l y  from experimental  r e s u l t s .  

An enhanced l o s s  r a t e  f o r  low energy.runaway components can produce a 

s i m i l a r  r e s u l t .  21 

V I .  CONCLUSIONS 

The experimental  r e s u l t s  presented  and d iscussed  i n  t h i s  work show 

t h a t  i n  a v a r i e t y  of normal ORMAK dischargen&, runaway e le ' c t rons  can be 

acce l e ra t ed  a s  (nea r ly )  f r e e  e l e c t r o n s  up t o  maximum ene rg ie s  of 10 MeV. 

They thus  pass  through t h e  lower energy range (50.5 MeV) where they a r e  

c r i t i c a l l y  exposed t o  c o l l e c t i v e  plasma modes and d e f e c t s  of t h e  m,agnetic 

topology. 

A v a r i e t y  of i n d i r e c t  observat ions '  suggest  . . t h a t  t h e  dynamics of t h e s e  

h igh  energy runaways.can b a s i c a l l y  be  understood i n  terms of a simple 
, .. . , 

phys i ca l  model. 1n p a r t i c u l a r ,  t h e  surprisi,nngly good confinement ( f o r  
. .. . 

t imes o f . o v e r  50 m s e c . f o r . t h e ' h i g h e r  energy.components) which e x i s t s  i n  

s p i t e  of . t h e '  complex osc i l1a t ing .magne t i c  topology of .tokamaks may b e  

hypothesized a s . b e i n g . d u e  t o . t h e  s i z a b l e  s h i f t  of t h e  d r i f t e d .  o r b i t s  

away from the .magnet ic  f l u x  su r i aces .  
,,,I ~t: group - of h igh  energy .runaways can in f luence  t h e  phys ics  and t h e  

macroscopic c h a r a c t e r i s t i c s  of.tokamak d ischarges ,  p a r t i c u l a r l y  a t  e a r l y  
/ 

t imes. For  example, t h e  e a r l y  enhanced runaway format ion .should  i n  
. . 

most ca ses  g ive  r i s e . t o  an uns t ab le  p o s i t i v e  s l o p e  i n  t h e  e l e c t r o n  d i s t r i -  

. bu t ion  which would t e n d . t o  produce a wave spectrum. This  wave spectrum 

would s e l f - c o n s i s t e n t l y  determine fur ther . runaway product ion and acce lera-  

t i o n .  'Also, due t o  t h e  e l e c t r o n .  s t imu la t ed  . d e ~ o r ~ t i o n , ~ ~  t h i s  e a r l y  runaway 

dump might ' cause  i n f l u x  of n e u t r a 1 , g a s  and t h u s . h e l p  t o  determine t h e  char- 

a c t e r '  of t h e '  d i scharge .  High energy .runaways a l s o  have .  s e v e r a l  important . 



p r a c t i c a l  consequences l a t e r  i n  t h e  d ischarge ,  such a s  t h e  genera t ion  of 

l a r g e  f l u x e s  of p e n e t r a t i n g  hard x-rays t h a t  i n t e r f e r e  wi th  many 

d i a g n o s t i c  systems,  t h e  genera t ion  of neut rons  by photoreac t ions  i n  t h e  

l i m i t e r  m a t e r i a l  and/or  by Coulomb d i s s o c i a t i o n  of deuterium i n  t h e  

plasma, and poss ib ly  t h e  enhancement of h igh  Z impuri ty  i n f l u x  due t o  

runaway induced evapora t ion  of t h e  l i m i t e r .  One of t h e s e  e f f e c t s ,  

a n t i c i p a t e d  e a r l i e r 4  on t h e  b a s i s  of our  r e s u l t s ,  has meanwhile been 

d e t e c t e d  and s t u d i e d  i n  

The s tudy  of  h igh  energy e l e c t r o n s  has  allowed us  t o  i d e n t i f y  s e v e r a l  

d i s t i n c t  groups of runaways t h a t  can be c l a s s i f i e d  i n  accordance wi th  t h e  

t ime and cond i t i on  of b i r t h .  I n  t h i s  sense  t h e  runaway popula t ion ,  a s  

i n f e r r e d  from h i g h  energy r e s u l t s ,  q u a l i t a t i v e l y  agrees  wi th  t h e  theore-  

t i c a l  runaway r a t e ,  b u t  q u a n t i t a t i v e l y  tends  t o  be more than an o rde r  of 

magnitude sma l l e r  than  c a l c u l a t e d .  

I n  conclus ion ,  cons ider ing  t h e  phys i ca l  complexity of runaway 

phenomena i n  tokamak d i scha rges ,  i t  can be  seen  t h a t  h igh  energy runaway 

e f f e c t s  a r e  remarkably r ep roduc ib l e  and c o n t r o l l a b l e .  
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FIGURE CAPTIONS 

Fig.  1. Schematic c r o s s  s e c t i o n ' t h r o u g h  an ORMAK d i scha rge ,  where 

Ro = 80 cm and r = 23 cm. A runaway d r i f t  s u r f a c e  AB i s  shown s h i f t e d  
L 

outward d from a magnetic f l u x  s u r f a c e  which i s  i t s e l f  s h i f t e d  d i n s i d e  
Y P 

t h e  chamber a x i s .  

Fig.  2 .  Outer l i m i t e r  i n t e r s e c t i o n  cond i t i on  a s  a func t ion  of t o t a l  

plasma c u r r e n t  (I) and e l e c t r o n  energy ( IA) .  The "filament" c u r r e n t  curve 

corresponds t o  E q .  ( 8 ) ,  t h e  " f l a t "  curve t o  uniform cu r ren t  d e n s i t y ,  and 

t h e  " type B" curve t o  t h e  cu r r en t  d i s t r i b u t i o n  of Eq.  ( 7 ) .  I n s e r t  shows 

c a l c u l a t e d  o r b i t  w i th  100 kA of " type B" c u r r e n t  f o r  5-MeV (ou te r )  and 

10-MeV ( inne r )  e l e c t r o n s .  

Fig.  3 .  Hard (20.5-MeV) x-ray i n t e n s i t y  s i g n a t u r e s  f o r  d i f f e r e n t  

types  of ORMAK d ischarges  a s  monitored by an uncol l imated NaI d e t e c t o r .  

I n  d i scha rges  of i n t e rmed ia t e  d e n s i t y  both t h e  e a r l y  and l a t e  x-ray 

s i g n a l s  may appear i n  t h e  same d ischarge .  

F ig .  4. A t y p i c a l  s c i n t i l l a t o r  pu l se  he igh t  spectrum matched wi th  

t h e o r e t i c a l  curves.  The his togram r e p r e s e n t s  d a t a  obta ined  dur ing  a 5 msec 

i n t e r v a l  summed over  fou r  s i m i l a r  d i scharges  (90-95 msec i n  Fig. 7 ) .  The 

s o l i d  curve i s  t h e  expected spectrum f o r  0" emission from 2 x 1011 10-MeV 

e l e c t r o n s  normally i n c i d e n t  on tungs ten .  The broken curve inc ludes  an 

a d d i t i o n a l  component o t  4 x 1011 e l e c t r o n s  a t  5 MeV. 

Fig.  5. Ea r ly  t i m e  eva lua t ion  of t h e  maximum runaway energy i n  two 

. s e t s  .of d i scharges .  .The .curves  . r e p r e s e n t  f r e e - f a l l  energy ga in  from t = 0 

assuming an  L 0.5.pB appropr i a t e  f o r  e l e c t r o n s  a t  approximately r ,> 18  cm. 
C 

Plasma c u r r e n t  a n d . s h i f t  curves a r e  given f o r  t h e  90-WI case .  

Fig.  6 .  Maximum energy v s  t ime f o r  runaways h i t t i n g  t h e  l i m i t e r  

.dur ing  t h e . s t e a d y  s t a t e  of two d ischarges .  Plasma c u r r e n t ,  plasma s h i f t ,  

.number,of e l e c t r o n s . l o s t ,  and t y p i c a l  o r b i t . r a d i i  a r e  shown f o r  t h e  (a)  



Fig .  7 .  Maximum energy and i n t e n s i t y  of runaways h i t t i n g  t h e  l i m i t e r  

du r ing  t h e  d ischarge  c u r r e n t  decay. The number of runaways l o s t  and t h e  

c a l c u l a t e d  o r b i t  r a d i i  a r e  computed f o r  t h e  energy components shown a t  t h e  

t o p  of t h e  f i g u r e .  

F ig .  8. Maximum energy vs  t o t a l  f l u x  swing f o r  a  s e r i e s  of d i scharges  

i n  which t h e  c a p a c i t o r  charging v o l t a g e  V was va r i ed .  Also shown is  t h e  
C 

v a r i a t i o n  i n  plasma d e n s i t y  and i n  t h e  es t imated  number of h igh  energy 

runaways dur ing  t h i s  sequence. 

F ig .  9a. R e l a t i v e  bremsstrahlung i n t e n s i t y  (number of pu l se s  above a  

t h r e s h o l d  of 2  MeV) measured by t h e  co l l imated  d e t e c t o r  a s  i t  sweeps i n  

t h e  e q u a t o r i a l  p l ane  from t h e  i n n e r  t o  t h e  o u t e r  l i m i t e r .  The FWHM of t h e  

c o l l i m a t o r ' s  acceptance cone measured a t  t h e  l i m i t e r  is  6 cm. 

F i g . ' 9 b .  R e l a t i v e  bremsstrahlung i n t e n s i t y  measured a t  t h e  o u t e r  

l i m i t e r  f o r  v a r i o u s  i n s e r t i o n  d i s t ances  of t h e  po in t  l i m i t e r .  The 

me l t ing  of t he  p o i n t  l i m i t e r  i s  due t o  runaway impact. 

F ig .  10. Runaway r a t e  S f o r  a pure hydrogen plasma c a l c u l a t e d  v s  t ime 

and r a d i u s  from measured d e n s i t y  and temperature p r o f i l e s  i n  ORMAK. The 

e l e c t r i c  f i e l d  i s  c a l c u l a t e d  from t h e  loop vo l t age ,  us ing  L = 0.5 pH f o r  

t h e  o u t s i d e  ( r  1 5  cm) and L = 0.9 WH f o r  t h e  i n s i d e  ( r  0 ) .  Note t h a t  

t h e  s t eady- s t a t e  r a t e  i s  more commonly h ighe r  on a x i s  due t o  a  peaked 

tempera ture  p r o f i l e .  

F ig .  11. R e l a t i v e  i n t e n s i t y  of h igh  energy (?2-~eV) runaways from 

t h r e e  d i f f e r e n t  exper imenta l  s e r i e s  v s  mean e l e c t r o n  l i n e  d e n s i t y .  S o l i d  

l i n e  i s  obta ined  from Eq. (13) wi th  Te = 5UU eV and E = / x IU-~ V/cm 

and i s  normalized . a t  n = 1.2 x 1013 cm-3 wi th  t h e  experimental  p o i n t s .  
e  

Note t h a t  t h e s e  d a t a  r e f e r  t o  runaways l o s t  dur ing  t h e  s t eady- s t a t e  and 

c u r r e n t . d e c a y  phases of t h e  d ischarge ,  and s o  desc r ibe  runaway product ion 

c h a r a c t e r i s t i c ,  of t % .5-15 msec. 
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