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ABSTaACT 

The c i r c u i t  e q u a t i o n s  f o r  c u r r e n t - d r i v e  i n  a  s t a r t - u p  o r  r , m ~ p u p  plasma 

a r e  d e r i v e d  by f i n d i n g  a p p r o p r i a t e  r e s p o n s e  f u n c t i o n s  i n  t h e  p r e s e n c e  o f  an 

e l e c t r i c  f i e l d .  The e f f e c t  of  a r b i t r a r y  wave-induced f l u x e s  on runaway 

p r o d u c t i o n  and c u r r e n t  g e n e r a t i o n  c a n  t h e n  b e  determined.  An i n t e r p r e t a t i o n  

o f  t h e  r a t h e r  remarkable  PLT rmp-up  e f f  i c i e n c e s  , d i f f i c u l t  t o  e x p l a i n  us ing  

t h e  s t e a d y - - s t a t e  e f f i c i e n c y ,  i s  now p o s s i b l e ,  A p a r a n e t e r  r q i m e ,  avai1ahl.e 

a l s o  on r e a c t o r - g r a d e  d e v i c e s ,  i s  i d e n t i f i e d  wherein  q u i c k  ramp-up by  lower- 

hybr id  waves may b e  e f f i c i e n t ,  



Recen t  c u r r e n t - d r i v e  experi .ments  on  PLT' have  c o n v e r t e d  wave e n e r g y  t o  

p o l o i d a l  f  i e l d  e n e r g y  w i t h  t h e  r e m a r k a b l e  e f f i c i e n c y  o f  25%, P r e v i o u s  

e x p e r i m e n t s  2-5 have  c o n c e n t r a t e d  mare on  mainta in j -ng  an r f  c u r r e n t  t h a n  on  

ramping f i t  up. The PLT r m g - u p  e x p e r i m e n t s ,  however, have  b e e n  i n  a new 

p a r a m e t e r  regime, where in  t h e  d c  e l e c t r i c  f i e l d  domina te s  o v e r  c o L l i s i o n s  i n  

i n f l u e n c i n g  t h e  h o t ,  c u r r e n t - c a r r y i r ~ g  e l e c t r o n s ,  I n  o r d e r  t o  i n t e r p r e t  th .ese  

e x p e r i m e n t s ,  and i n  o r d e r  t o  d e t e r m i n e  whe the r  t h e s e  a u s p i c i o u s  r e s u l t s  c o u l d  

be  e x t r a p o l a t e d  t o  l a r g e r  tokamak e x p e r i m e n t s ,  s u c h  a s  TFCX, i t  i s  n e c e s s a r y  

t o  s o l v e  f o r  t h e  b e h a v i o r  o f  t h e  p lasma i n  t h e  p r e s e n c e  o f  b o t h  i n t e n s e  r f  

waves and a  s t r o n g  e lectr ic  f i e l d ,  

The c i r c u i t  e q u a t i o n s  t h a t  d e s c r i b e  t h e  r a m p u p  i n c l u d e  Maxwel l ' s  

e q u a t i o n ,  d L I / d t  = -V, and a  c o n s t i t u t i v e  r e l a t i o n ,  e.g.,  V = v ( I , P ) ,  where  V 

i s  t h e  l o o p  v o l t a g e ,  P  i s  t h e  i n p u t  p o w e r ,  L is t h e  tokamak i n d u c t a n c e ,  and I 

i s  t h e  t o r o i d a l  c u r r e n t .  To f i n d  t h e  c o n s t i t u t i v e  r e l a t i o n ,  which r e f l e c t s  

t h e  macroscop ic  p r o p e r t i e s  o f  t h e  p lasma medium, we d i s t i n g u i s h  I = IB + Id, 

where  IB i s  i n d e p e n d e n t  o f  t h e  r f  power, The d r i v e n  c u r r e n t ,  I d ( t ) ,  c o n t a i n s  

t h e  c u m u l a t i v e  e f f e c t s  o f  r f - i n  u c d  f l u x e s  a t  t i m e  T f o r  a l l  ~ < t .  

TO f i n d  Id, w e  g e n e r a l i z e  a p r e v i o u s l y  employed t e c h n i q u e O 6  L e t  j ( t , t , E )  
-p. 

b e  t h e  c u r r e n t  p a r a l l e l  t o  magne t i c  f i e l d  13 a s s o c i a t e d  a t  t i m e  t w i t h  an 

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

p a r a l l e l  e lectr ic  f i e l d  E. I n  p a r t i c u l a r ,  j (Q, ,El = qvll ( t  = 0 1, where  vll ( t )  

i s  t h e  e l e c t r o n  p a r a l l e l  v e l o c i t y ,  I n  t h e  a b s e n c e  o f  an  electric f i e l d ,  j + 0 

a s  t + a d u e  t o  c o b l i s i o n s  w i t h  t h e  background p lasma,  I n  t h e  p r e s e n c e  o f  an  

e lectr ic  f i e l d  l a r g e  enough t o  c a u s e  t h e  e l e c t r o n  t o  r u n  away, j  - t f o r  l a r g e  

t ,  and f o r  I3 > 0 ,  j + -qc as t 03; where  c is t h e  v e l o c i t y  o f  l i g h t .  

Suppose  t h a t  power P ( a ,  a t  t i m e  T i n  p u s h i n g  e l e c t r o n s  w i t h  
-b 

c o o r d i n a t e  3 i n  some d i r  t i o n  S i n  v e l o c i t y  s p a c e  t o  a  nea rby  l o c a t i o n .  The  



c u r r e n t  t h a t  r e s u l t s  a t  some l a t e r  t i m e  t may b e  e x p r e s s e d  a s  

2 where  t h e  g r a d i e n t  o p e r a t e s  i n  v e l o c i t y  s p a c e ,  where  E = m v  /2 i s  t h e  e n e r g y  

associa ted  w i t h  t h e  i n i t i a l  c o o r d i n a t e s  o f  t h e  e l e c t r o n s  pushed,  and where  F$ 

i s  . the  tokamak major  r a d i u s .  The  p h y s i c s  o f  t h e  rf c u r r e n t - d r i v e  i s  c o n t a i n e d  

i n  t h e  G r e e n ' s  f u n c t i o n  j ,  which we s h a l l  c a l c u l a t e  n u m e r i c a l l y ,  

B e f o r e  embarking o n  t h i s  program, w e  remark  b r i e f l y  on  t h e  ma jo r  

p r o c e s s e s  w e  e x p e c t  t o  d e s c r i b e ,  An e l e c t r o n  a b s o r b i n g  ene rgy  and nromentum 

from a s o u r c e  o f  rf power may s u b s e q u e n t l y  s l o w  down e i t h e r  b y  c o l l i s i o n a l  

i n t e r a c t i o n  with background p lasma,  o r  may h e  d e c e l e r a t e d  b y  t h e  e lectr ic  

f i e l d ,  I n  t h e  former  i n s t a n c e ,  a l l  t h e  r f  i n p u t  ene rgy  e v e n t u a l l y  g o e s  i n t o  

p l a sma  ene rgy ,  s o  none i s  c o n v e r t e d  t o  p o l o i d a l  f i e l d  energy .  The c o n v e r s i o n  

e f f i c i e n c y  of rf ene rgy  t o  e l e c t r o m a g n e t i c  ene rgy ,  g i v e n  b y  t h e  r a t i o  Pel/P, 

where  pel =: - V I d ,  i.s z e r o .  I n  t h e  l a t t e r  i n s t a n c e ,  t h e  e l e c t r o n  i s  

d e c e l e r a t e d  b y  t h e  f i e l d ,  s o  all. o f  i t s  ene rgy ,  i n c l u d i n g  t h e  i n c r e m e n t a l l y  

added r f  ene rgy ,  must ,  by  e n e r g y  c o n s e r v a t i o n ,  g o  i n t o  t h e  f i e l d .  E v i d e n t l y ,  

Pel/P + 1 .  T h i s  would b e  an  a u s p i c i o u s  r eg ime  f o r  r a m p u p ,  e x c e p t  f o r  two 

f u r t h e r  e f f e c t s  t h a t  a r e  worr i some,  

F i r s t ,  i f  t h e  e l e c t r i c  f i e l d  i s  v e r y  s t r o n g ,  t h e  d e e e l e r a t c d  e l e c t r o n  may 

e v e n t u a l l y  r u n  a.way i n  the d i r e c t i o n  o p p o s i t e  t o  t h e  o n e  d e s i r e d  f o r  c u r r e n t  

r a m p u p .  Such an e l e c t r o n ,  w h i l e  i n i t i a l l y  g i v i n g  up i t s  i n i t i a l  e n e r g y  t o  

t h e  f i e l d ,  s e r v e s  as an  immense d r a i n  o n  t h e  f i e l d  ene rgy  when it a c c e l e r a t e s  

i n  t h e  runaway d i r e c t i o n .  Second,  i f  t h e  e lectr ic  f i e l d  i s  weak, t h e  rf- 

d r i v e n  e l e c t r o n s ,  b e i n g  h o t  and r e l a t i v e l y  c o l l i s i o n l e s s ,  t e n d  t o  accumula t e  

and t o  form a  l a r g e ,  h o t ,  p l a sma  component. The c o n d u c t i v i t y  o f  t h i s  h o t  



component c a n  b e  much l a r g e r  t h a n  t h a t  of  t h e  background plasma, S i n c e  it i s  

d i f f i c u l t  t o  change t h e  t o t a l  plasma c u r r e n t  i n  l e s s  than  an L/R 

( i n d u c t a n c e / r e s i s t a n c e )  t ime ,  t h e  l a r g e ,  h o t  c o n d u c t i v i t y  may s i g n i f i c a n t l y  

impede c u r r e n t  rmp-up.  7 

I t  t u r n s  o u t  t h a t  between t h e  regimes,  h i g h  f i e l d  and low f i e l d ,  t h a t  

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

f o r  which h igh  e f f i c i e n c y  i s  p o s s i b l e .  Whether by  s e r e n d i p i t y  o r  a s t u t e  

d e s i g n ,  t h e  remarkable  PLT exper iment  a p p a r e n t l y  f a l l s  i n  t h e  i n t e r m e d i a t e  

regime. 

To c a l c u l a t e  t h e  e f f i c i e n c y ,  w e  need t h e  Green ' s  f u n c t i o n  j , b u t  it i s  

+ unwieldy and i m p r a c t i c a l  t o  s o l v e  comple te ly  f o r  j ( t , v ,  E ) ,  whose arguments 

s p a n  a  huge parameter  space .  I n s t e a d ,  by fo l lowing  s e p a r a t e l y  p a r t i c l e s  w i t h  

common c h a r a c t e r i s t i c s  (runaway o r  n o t )  , and making a p p r o p r i a t e  approximat ions  

f o r  each g roup ,  we can  c h a r a c t e r i z e  j by  s e v e r a l  f u n c t i o n s  o f  fewer 

arguments. Th i s  approach c a n  b e  implemented by  fo rmula t ing  t h e  normal ized 

Langevin equa t ions8  r 9  f o r  e l e c t r o n s  undergoing c o l l i s i o n s  i n  t h e  p r e s e n c e  o f  a  

d e c e l e r a t i n g  e l e c t r i c  f i e l d ,  namely 

2 
where F! = v,, /v. We normal ized T = v R t ,  u  = v/vR, and d e f i n e d  vR 5 

3 3 3 3 v t  V ~ ~ / / ~ E I  , vR = vtvt  /vR,  v: = T/m, v t  = w l o g  h /&nvt f  and Z is t h e  i o n  
P e  

c h a r g e  s t a t e .  The runaway t h r e s h o l d  v e l o c i t y ,  vR, i s  r e l a t e d  t o  vb d e f i n e d  by 

o r e i c e r g  by vb = vR ( 2 + ~ ) ~ / ~ .  ~t Ivl < vRf no e l e c t r o n s  run  away, and a t  v  > 

Vb, a lmost  a11 e l e c t r o n s  run  away ( s e e  Fig .  2 ) .  The term f h )  i s  a  s t o c h a s t i c  



s o u r c e  w i t h  t h e  p r o p e r t y  

where  r is a random n u d e r  u n i f o r m l y  d i s t r i b u t e d  be tween  -1 /2  and 1/2,  T h e s e  

e q u a t i o n s  a r e  e q u i v a l e n t  t o  t h e  Boltzrnann e q u a t i o n  i n  t h e  h i g h  v e l o c i t y  

l i m i t .  We c a n  use t h e n  t o  form a moment h i e r a r c h y  and p r o c e e d  t o  s o l v e  

a n a l y t i c a l l y ,  T h i s  c a n  b e  d o n e  f o r  E s m a l l  t o  r e c o v e r  t h e  s t e d d y - s t a t e  

ef f i c i e n c y 2  and t h e  r f - enhanced  c o n d u c t i v i t y ,  '7 

Note  t h a t  t h e  s o l u t i o n  i s  d e t e r m i n d  b y  t h e  t h r e e  d i m e n s i o n l e s s  

p a r a m e t e r s  Z, gr ( 0 )  , u ( O j ,  where 0 d e n o t e s  i n i t i a l  l o c a t i o n .  For  l ower -hybr id  

c u r r e n t - d r i v e  a t  h i g h  p h a s e  v e l o c i t i e s  w e  may res t r ic t  p ( 0 ) -  a 4 ,  where  6 

c o r r e s p o n d s  t o  ramp-up, I n t r o d u c i n g  a  s e p a r a t e  bookkeeping  f o r  runaway and 

non-runaway I s t o p p e d  1 e l e c t r o n s ,  w e  w r i t e  

where  R i s  t h e  p r o b a b i l i t y  t h a t  t h e  p a r t i c l e  r u n s  away, jS i s  t h e  c u r r e n t  d u e  

t o  t h e  p a r t i c l e s  which are s t o p p e d  b y  t h e  background p l a sma  ( v+O, a s  t- ) and 

jR i s  t h e  c u r r e n t  d u e  t o  p a r t i c l e s  which r u n  away (pv+-a,  a s  t + m ) .  T h i s  

s y s t e m  o f  bookkeeping  f a c i l i t a t e s  f u r t h e r  s i m p l i f  i c a t i o n s .  S p e c i f i c a l l y  , the 

f u n c t i o n  j (t,;) may b e  a d e q u a t e l y  c h a r a c t e r i z e d  b y  f u n c t i o n s  i n d e p e n d e n t  of 

t i m e ,  For  example,  s i n c e  s t o p p e d  e l e c t r o n s  c o n t r i b u t e  t o  t h e  c u r r e n t  w i t h i n  a 

slowing-down t i m e ,  which i s  s h o r t  compared t o  o t h e r  times o f  i n t e r e s t ,  a n  

-+ -+ e x c e l l e n t  app rox ima t ion  i s  j S ( v , t )  = x S ( v )  6 (t) , where 



S i m i l a r l y ,  t h e  runaway c o n t r i b u t i o n  may b e  c h a r a c t e r i z e d  b y  jR = x R 5 ( $ )  p l u s  a  

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

term r e q u i r e s  t h a t  w e  d e f i n e  a f o u r t h  f u n c t i o n ,  v ( O )  ($1, 

C h a r a c t e r i z i n g  t h e  c u r r e n t  j by  t h e  f o u r  t i m e i n d e p e n d e n t  f u n c t i o n s  R ,  

xS .  x R l  v (O)  i s  a d e q u a t e  f o r  t.he p u r p o s e s  o f  w r i t i n g  t h e  c i r c u i t  

I t  i s  a l s o  a g r e a t  s i m p l i f i c a t o n  o f  t h e  problem. These  f u n c t i o n s  a r e  found by  

a Monte C a r l o  s o l u t i o n  o f  Eq. ( 2 ) ,  u s i n g  10,000 e l e c t r o n s  a t  each  i n i t i a l  

c o n d i t i o n .  Depending o n  t h e i r  t ime-asymptot ic  b e h a v i o r ,  t h e  e ~ e c t r o n s  a r e  

t h e n  c l a s s i f i e d  a s  s t o p p e d  o r  runaway, For o u r  p u r p o s e s  h e r e ,  however,  w e  

need  o n l y  R and xS; a  d i s c u s s i o n  o f  xR and v ( O )  w i l l  b e  r e s e r v e d  for  a more 

2 Lengthy r e p o r t .  I n  F ig .  1 w e  p l o t  G ( u , p  ) / u  , where  t h e  arguments  a r e  now 

u n d e r s t o o d  t o  mean i n i t i a l  p o s i t i o n  and where G ( u , y  ) = vRxS/qvR i s  f i t t e d  

a p p r o x i m a t e l y  b y  

2 For  ~1 = 1 ,  a s  u .tm , G ( u , l )  + u /2 and Pel/P .t 1 ,  b u t  this e f f i c i e n c y  a p p l i e s  

o n l y  t o  power abso rbed  b y  s t o p p e d  e l e c t r o n s ;  f o r  l a r g e  u ,  t h e  runaway 

c o n t r i b u t i o n  d o m i n a t e s ,  

I n  F ig .  2 w e  show t h e  runaway f r a c t i o n  R(u,v = p 1 ) . For ramp-up w i t h  u 

+ m ,  R 60% f o r  Z = 1 and R = 85% f o r  Z = 5. Note  t h a t  R = 0 f o r  u l e s s  t h a n  

some t h r e s h o l d  and t h e  t r a n s i t i o n  t o  f i n i t e  R i s  a b r u p t .  A s  p o i n t e d  o u t  b y  

Valeo  and Eder,1° even i f  o n l y  a s m a l l  f r a c t i o n  ( R  = 1 % )  o f  t h e  r e s o n a n t  

e l e c t r o n s  r u n  away, t h e r e  may b e  a s i g n i f i c a n t  d i m i n i s h i n g  o f  t h e  e f f i c i e n c y  

i f  t h e s e  e l e c t r o n s  a r e  n o t  l o s t ,  T h i s  c a n  b e  s e e n  as f o l l o w s :  I f  t h e r e  a r e  



many Dreicer times ( 1  / vR)  o v e r  t h e  d u r a t i o n  T o f  t h e  expe r imen t ,  t h e n  j ft  = -qc 

and w e  m % y  app rox ima t@ 

where  

Successfu l ,  s t a r t - u p 1 '  o r  ramp-up1 e x p e r i m e n t s  on  PET have  b e e n  i n  t h e  r e g i m e  

uRT N- 30,  c /vR  = 3, and G 4 ( 1  ) .  Thus ,  R--1% c a n  s e r i o u s l y  a f f e c t  t h e  e f f i c i e n c y  

i f  t h e  runaways a r e  c o n f i n e d .  I f  t h e  runaways a r e  l o s t  i n  t i m e  .rc, where  

1& r c u R  << 'INRI t h e n  qR must  be r e d u c e d  i n  Eq. ( 7 )  b y  a b o u t  .rc/Ta 

Using F i g s .  1 and 2 ,  a n  i n t e r p r e t a t i o n  o f  t h e  PLT d a t a  i s  p o s s i b l e .  The 

h i g h  e f f i c i e n c y  i m p l i e s  t h a t  q R  i s  s m a l l ,  e i t h e r  b e c a u s e  t h e  spec t rum i s  

r e s t r i c t e d  t o  u s m a l l  o r  b e c a u s e  runaways a r e  n o t  c o n f i n e d .  Taking  nR = 0 i n  

Eq. ( 6 a )  g i v e s  t h e  f o l l o w i n g  t a b l e  o f  e f f i c i e n c i e s ,  Pel/P, upon p u s h i n g  a n  

e l e c t r o n  from some l o c a t i o n  u, t o  u2 :  

Depending o n  t h e  a s sumpt ion  c o n c e r n i n g  runaways,  t h i s  t a b l e  r e v e a l s  two 

p o s s i b l e  i n t e r p r e t a t i o n s  o f  t h e  d a t a .  I f  runaways a r e  c o n f i n e d ,  t h e n  t o  

e x p l a i n  a  25% e f f i c i e n c y ,  w e  must  r e s t r i c t  Z - 1 and r e q u i r e  a  s p e c t r u m  

e x t e n d i n g  from u = 0.5 t o  u = 1.4.  'I)n t h e  o t h e r  hand,  i f  runaways a r e  n o t  



c o n f i n e d 8  t h e n  Z=5 i s  a l lowed,  b u t  t h e  spect rum must extend t o  t~ - 2 ,  

Convent ional  wisdom, which s a y s  Z - 1 is u n l i k e l y ,  should  t h e n  p r e d i c t  t h a t  

t h e  runaways a r e  n o t  long c o n f i n e d .  

T h a t  t h e  PET exper iment ,  w i t h  e i t h e r  e x p l a n a t i o n ,  i s  i n  t h e  regime u - I 

comports w e l l  w i t h  o t h e r  exper imenta l  d a t a ,  The r e p o r t e d  ramp-up of  f20kA/sec 

a t  a  d e n s i t y  o f  2x l o q 2  cm-3 and a t  a  t e m p e r a t u r e  o f  about  1 keV cor responds  t o  

6vt  = vR c / 4 *  A spectrum o f  p a r a l l e l  phase  v e l o c i t i e s  ex tend ing  from t h e  

e l e c t r o n  t a i l  ( s a y  3vt)  t o  c/2 i s  c o n s i s t e n t  b o t h  w i t h  s u b s t a n t i a l  a b s o r p t i o n  

and w i t h  t h e  waveguide phasing.  S e v e r a l  t h e o r i e s  e x i s t  f o r  precise1.y why t h e  

spect rum should  b e  s o  broad.  l 2 , l 3  What i s  i m p o r t a n t  h e r e ,  however, i s  t h a t  

such  a spect rum cor responds  e x a c t l y  t o  u  ex tend ing  from 0.5 to 2 ,  

Note  t h a t  t h e  e f f i c i e n c y  o f  c o n v e r t i n g  wave energy t o  pobo ida l  f i e l d  

energy depends o n l y  on u ,  s o  t h a t  t h e  f a v o r a b l e  regime on PLT i s  a v a i l  

TFCX o r  o t h e r  l a r g e  exper iments  i f  w e  keep t h e  r a t i o  vR/vt c o n s t a n t ,  and 

employ a  s i m i l a r  spectrum o f  waves. For example, t o  ramp t h e  c u r r e n t  t o  10 MA 

i n  15 seconds ,  t a k e  E = 0.13 V / m ,  n  = 9 x 1 0 j 2  ~ m - ~ ,  and T  = 1 keV, s o  t h a t  

b o t h  vR and vR/vt a r e  unchanged from t h e  PLT exper iment ,  Moreover, we t a k e  

Z = 1 . Assuming, t h e n ,  a  33% e f f i c i e n c y ,  we r e q u i r e  an  average  r f  power of 

abou t  30 MW. S i m i l a r l y ,  ramp-up might b e  achieved w i t h  less power o v e r  a 

l o n g e r  t i m e ,  b u t  a t  lower d e n s i t y ,  o r  w i t h  f a s t e r  waves. 

I n  t h e  above c a l c u l a t i o n ,  c a r e  i s  t a k e n  no t  t o  produce runaways. T f  some 

method o f  removing t h e s e  runaways were  p o s s i b l e ,  t h e n  even h i g h e r  e f  f i c i e n c i e s  

might b e  o b t a i n e d  by  t a k i n g  w/k,, vR - 2.  

Note t h a t  much o f  o u r  i n t u i t i o n  d e r i v e d  from e f f i c i e n c y  cal .cmlat ions  i n  

t h e  s t e a d y  s t a t e l 4  is n o t  s u i t a b l e  f o r  ramp-up. For example, t h e  s t e a d y - s k a t e  

e f f i c i e n c y  , I / P  , i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  d e n s i t y  , whereas f o r  q u i c k  

r a m p u p ,  a h igh  e f f i c i e n c y  i s  p o s s i b l e  a t  h i g h  d e n s i t y ;  i n  f a c t ,  t o o  bow a 



d e n s i t y  may b e  undes i rab le .  Also, whereas i n  t h e  s teady  s t a t e ,  e lec t ron-  

cyc lo t ron  waves are about as  e f f i c i e n t  i n  producing c u r r e n t  as  a r e  lower- 

hybrid waves,6 i n  ramp-up t h e s e  waves would appear t o  b e  a  poor c u r r e n t  

d r i v e r ,  because l i t t l e  p a r a l l e l  energy flows i n t o  t h e  s t rong  e l e c t r i c  f i e l d .  

Although some crude es t imates  were made here ,  i t  i s  c l e a r  t h a t  more 

p r e c i s i o n  i s  e a s i l y  a v a i l a b l e  w i th in  t h e  framework of  t h i s  ana lys i s .  A t  t h e  

l e v e l  of  p r e c i s i o n  attemped he re ,  t h e  PLT r e s u l t s  a r e  amenable t o  

i n t e r p r e t a t i o n  and "c ex t r apo la t i on .  TFCX wi th  quick ramp-up appears t o  b e  

reasonable  i f  t h e  PLT parameter regime of  vR/vt and w/kllvR is kept. 
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FIGURE CAPTIONS 

Fig.  1  The f u n c t i o n 6 ( u , l ) / u 2  v s  u  and ~ ( u , - l ) / u ~  v s  -u f o r  ( a )  Z = 1 and ( b )  

5 = 5. The p o i n t s  show t h e  r e s u l t s  o f  t h e  Monte Car lo  s o l u t i o n  o f  t h e  

Langevin e q u a t i o n s ,  t h e  l i n e s  show t h e  a n a l y t i c  f i t ,  E q .  8. Here, u  < 

0  corresponds t o  i n i t i a l  c o n d i t i o n s  w i t h  p = -1 . 

Fig.  2 The runaway f r a c t i o n  ~ ( u , l  ) vs u  and R(u,-1 ) v s  -u f o r  Z = 1 ( c l o s e d  

c i r c l e s )  and Z = 5 (open c i r c l e s ) .  The p o i n t s  show t h e  r e s u l t s  of t h e  

Monte Car lo  method, t h e  c u r v e s  show approximate  a n a l y t i c  f i t s  nea r  t h e  

" tu rn-on"reg ion  p = 1 ,  u  2 1 .  The form o f  t h e  c u r v e s  i s  

R = a  [ ( ~ - b ) ~ - c ~ ] ' / ~  -c f o r  u  > b ,  R = 0 o t h e r w i s e .  For Z = (1,5) we 

have a  = (0 .12 ,0 ,3 ) ,  b  = (1 .4 ,1 .3 ) ,  c  = 0.4. 








