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A b stract

EXPERIMENTAL STUDY OF RUNAWAY ELECTRONS AND PLASMA 

RESISTIVITY IN A PLASMA BETATRON

by

Mark W. Grossman 

A dvisor* P r o f e s s o r  Lawrence A. F e r r a r i

A plasm a b e t a t r o n  has been c o n s t r u c t e d  to  s tu d y  runaway 

e l e c t r o n s  and p lasm a e l e c t r i c a l  r e s i s t i v i t y  i n  a  m agnet­

iz e d  t o r o i d a l  p lasm a . The 40KHz b e t a t r o n  i n d u c t io n  f i e l d  

has  a  maximum a m p li tu d e  which can  be v a r i e d  from  l , 5v/cm to  

12 .5v /cm . The a z im u th a l  m agne tic  f i e l d  has an a m p li tu d e  i n  

th e  ran g e  o f  300 gauss  t o  2000  gauss  and i s  e s s e n t i a l l y  con­

s t a n t  d u r in g  th e  tim e o f  p lasm a  f o r m a t io n  and a p p l i c a t i o n  

o f  th e  b e t a t r o n  f i e l d .

Argon and hydrogen  d i s c h a r g e s  a r e  formed w ith  th e  u se  of

a  sm a ll  c o - a x i a l  p lasm a gun . The p lasm a gun was deve lo ped

f o r  use  i n  th e  b e t a t r o n .  I n  b o th  ty p e s  o f  p lasm as th e
12 -1t y p i c a l  te m p e ra tu re  and d e n s i t y  a r e  15ev and 8x 10 cc 

r e s p e c t i v e l y .  D isc h a rg e s  w i th  c u r r e n t  maxima a s  h ig h  as  

2 .5  k iloam ps and as  low as  5x10 k ilo am ps ( f o r  th e  same 

c y c le  o f  th e  b e t a t r o n  f i e l d )  have b een  s tu d i e d  in  hydrogen
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d i s c h a r g e s .  The c u r r e n t  ran g e  i n  a rg o n  d i s c h a r g e s  i s  

r e s t r i c t e d  t o  v a lu e s  o f  around  1 k iloam p f o r  r a p id  p lasm a 

f o r m a t io n .

E n e r g e t i c  X - ra y s ,  75 Kev, a r e  o b se rv ed  b e fo r e  th e  end of 

th e  i n i t i a l  a c c e l e r a t i o n  c y c le  i n  hydrogen  and a rg o n  

p la sm a s .  At low enough c u r r e n t s  i n  h yd rog en , e n e r g e t i c  

X -rays  a p p e a r  a t  ev e ry  c y c l e .  The c a l c u l a t e d  energy  o f 

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 ,  so  c a l l e d  runaw ays, would be 

?9 Kev. Thus th e  e n e r g e t i c  X -ray s  a r e  B re m s tr e l lu n g  

e m it te d  by runaways h i t t i n g  th e  vacuum chamber w a l l .  To 

w i th in  th e  e x p e r im e n ta l  e r r o r ,  th e  X -ray  e m iss io n  tim e  

depends i n v e r s e l y  on th e  maximum e l e c t r i c  f i e l d  s t r e n g t h  

and i s  in d e p e n d e n t  o f  th e  a z im u th a l  m agne tic  f i e l d  

s t r e n g t h .  T h is  c o r re sp o n d s  t o  a ,  so  c a l l e d ,  r e s i s t i v e  

i n s t a b i l i t y  i n  which th e  e q u i l i b r iu m  o r b i t  o f  th e  runaways 

i s  d i s p l a c e d  i n t o  th e  vacuum chamber w a l l  due t o  th e  

p re s e n c e  o f  a  l a r g e  c o n d u c t io n  c u r r e n t .  When X -ray s  a r e  

n o t  d e t e c t e d  th e  e q u i l i b r iu m  o r b i t  l i e s  i n i t i a l l y  o u t  o f 

th e  vacuum cham ber. C a l c u l a t i o n s  show t h a t  when t h i s  i s  

th e  c a s e ,  th e  runaways re a c h  th e  vacuum chamber w a l l  w ith  

e n e r g ie s  o f  a b o u t  2 Kev. The X -ray s  which a r e  e m it te d  

by t h e s e  runaways a r e  to o  low i n  energy  to  be d e t e c t e d  w ith  

o u r  X -ray  equ ip m en t.



The m easured plasm a c o n d u c t iv i t y  i n  hydrogen  and a rg o n  

i s  ab o u t  100 t im e s  s m a l l e r  t h a n  p r e d i c t e d  by th e  F o k k e r -  

P lanck  7 law  ( T  i s  th e  e l e c t r o n  p lasm a t e m p e r a t u r e ) . I t  

i s  shown t h a t  t h i s  anomolous c o n d u c t iv i t y  may be due to  th e  

grow th  o f  io n  a c o u s t i c  waves w i th  wavenumbers l e s s  th a n  an 

in v e r s e  Debye l e n g t h .  The p lasm a c o n d u c t io n  c u r r e n t  h a s ,  

t y p i c a l l y ,  a  n o n - l i n e a r  form , which becomes more n o n - l i n e a r  

as  th e  c o n d u c t io n  c u r r e n t  i s  lo w e re d .  D i f f e r e n t  com puter 

m odels were d ev e loped  to  t r y  t o  p r e d i c t  th e  c u r r e n t  a m p l i ­

tu d e ,  c u r r e n t  column s i z e ,  p lasm a t e m p e r a tu r e ,  phase  between 

th e  e l e c t r i c  f i e l d  and c u r r e n t ,  and th e  o v e r a l l  n o n - l i n e a r  

wave fo rm . F o r  l a r g e  c u r r e n t s ,  where th e  wave form s a r e  

n e a r  l i n e a r  i n  a p p e a ra n c e ,  a  l i n e a r  c i r c u i t  model o f  th e  

p lasm a b e t a t r o n  gave good q u a n t i t a t i v e  e s t im a t e s  f o r  th e  

p lasm a te m p e ra tu re  and column s i z e  c o r r e s p o n d in g  to  meas­

u red  phase  d i f f e r e n c e  and c u r r e n t  a m p l i tu d e .  A n o n - l i n e a r  

c i r c u i t  model u s in g  a  phenom eno log ica l  t im e  d e p en d e n t  

p lasm a r e s i s t a n c e  te rm , q u a l i t a t i v e l y  p r e d i c t s  th e  ob­

se rv e d  n o n - l i n e a r  c u r r e n t  fo rm s.

I o n i z a t i o n  r a t e s  by runaways were s tu d i e d  by th e  d i r e c t  

summation o f  th e  number o f  e l e c t r o n s  produced  i n  an  i o n i z ­

in g  c a s c a d e .  A ls o ,  c e r t a i n  p a ra m e t r ic  r e l a t i o n s  among 

th e  e x t e r n a l  f i e l d s  and th e  t o t a l  runaway c u r r e n t  a r e  found.
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CHAPTER I 
INTRODUCTION

The t o r o i d a l  m agnetic  f i e l d  c o n f i g u r a t i o n  i s  one o f  

th e  c l a s s i c  m agne tic  f i e l d  shap es  used f o r  f u s io n

r e s e a r c h .  E xp erim en ts  r e l a t e d  to  f u s i o n  r e s e a r c h  such  a s
1 2  1 4 5t u r b u l e n t  h e a t i n g ,  * anomolous r e s i s t i v i t y ,  and

Tokamak e x p e r im e n ts^  u t i l i z e  t o r o i d a l  m agnetic  f i e l d s  i n

o r d e r  to  p re v e n t  th e  plasm a from coming i n t o  c o n ta c t  w ith

th e  vacuum chamber w a l l s .  However, t h i s  c o n f i g u r a t i o n  i s

i n h e r e n t l y  a  n o n -e q u i l ib r iu m  one due to  th e  f a c t  t h a t  th e

m agne tic  f i e l d  p r e s s u r e  w i l l  be l a r g e r  on th e  i n n e r  s u r f a c e
7

o f  th e  t o r o i d a l  p lasm a th a n  th e  o u t e r  s u r f a c e .  A lso ,  

p a r t i c l e  d r i f t s  w i l l  cau se  p lasm a l o s s .  To p ro v id e  f o r  

p lasm a column s t a b i l i t y  th e  t o r o i d a l  m agnetic  f i e l d  must be 

tw i s t e d  i n t o  a h e l i c a l  c o n f i g u r a t i o n .  T h is  i s  accomp­

l i s h e d  i n  th e  S t e l l a r a t o r  c l a s s  o f  d e v ic e s  by a  s u i t a b l e  

a r ran g em en t o f  e x t e r n a l  c o n d u c to rs  which p ro v id e  th e  

h e l i c a l  m agne tic  f i e l d .  I n  Tokamak d e v ic e s  l a r g e  t o r o i d a l  

c u r r e n t s  p ro v id e  a  p o l o id a l  f i e l d  which i n  a d d i t i o n  to  th e  

t o r o i d a l  f i e l d  r e s u l t s  i n  a  h e l i c a l  m agne tic  f i e l d .  From 

th e  p o i n t  o f  view  o f  a  s i n g l e  p a r t i c l e ,  t h e  g r a d i e n t  i n  th e  

t o r o i d a l  m agne tic  f i e l d  p rod uces  a  p a r t i c l e  d r i f t  a c r o s s  

th e  l i n e s  i n t o  th e  vacuum chamber w a l l s .  The a d d i t i o n a l
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t w i s t i n g  o f  th e  m agne tic  f i e l d  l i n e s ,  a s  measured by th e  

r o t a t i o n a l  t r a n s f o r m ,  c a u se s  th e  d r i f t  m otion  f o r  a  c e r t a i n  

p o r t i o n  o f  th e  p lasm a p a r t i c l e s  to  be d i r e c t e d  toward th e  

c e n t e r  o f  th e  vacuum chamber r a t h e r  th a n  i n  a  c o n s ta n t  

v e r t i c a l  d i r e c t i o n .

I n  o r d e r  to  h e a t  t h e  p lasm a l a r g e  c u r r e n t s  a re  

employed i n  Tokamak d e v ic e s .  To p ro v id e  f o r  s t a b l e  

e q u i l i b r iu m  of th e  c u r r e n t  column two schemes have been 

employed. The f i r s t  method u se s  good c o n d u c t in g  w a l ls  

s u r ro u n d in g  th e  t o r o i d a l  vacuum cham ber. Image c u r r e n t s  

p roduced i n  t h e s e  w a l l s  p ro v id e  th e  needed r e s t o r i n g  f o r c e s  

to  m a in ta in  th e  c u r r e n t  r i n g  w i th in  th e  vacuum chamber.

A second e q u iv a le n t  method employs a  v e r t i c a l  m agnetic  

f i e l d  w i th  th e  p ro p e r  m agnitude  and f i e l d  in d e x  f o r  s t a b l e  

e q u i l i b r iu m .  F o r  s t a b i l i t y  i n  t h e  v e r t i c a l  d i r e c t i o n  th e  

f i e l d  in d e x ,  nq , d e f in e d  by /V1  ® must be g r e a t e r

th a n  0 and f o r  s t a b i l i t y  i n  th e  h o r i z o n t a l  d i r e c t i o n  th e
O

f i e l d  in d e x  must be l e s s  th a n  3/ 2 .

As Tokamak s t u d i e s  have p ro g re s s e d  a  s ta n d a rd  r e g io n
9

o f  s t a b l e  o p e r a t io n  has been  e s t a b l i s h e d .  T h is  r e g io n  

i s  bounded by a  maximum and minimum t o r o i d a l  c u r r e n t  

r e g io n  and an u p p e r  and low er p lasm a d e n s i t y  r e g io n .

The f i r s t  t h r e e  r e g io n s  a r e  r e l a t e d  to  th e  K ru s k a l -  

S h a fran o v  l i m i t .  T h is  l i m i t  d e f i n e s  th e  maximum p o s s ib l e  

t o r o i d a l  c u r r e n t  f o r  a  g iv e n  t o r o i d a l  m ag ne tic  f i e l d .
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Beyond t h i s  maximum th e  plasm a column becomes k ink  

u n s t a b l e .  To avo id  t h i s  l i m i t  th e  q - f a c t o r  must be g r e a t e r  

th a n  1 .  T h is  f a c t o r  i s  th e  r a t i o  o f  th e  t o r o i d a l  m inor 

d ia m e te r  t o  th e  t o r o i d a l  m ajo r  d ia m e te r  t im e s  th e  r a t i o  o f  

t h e  t o r o i d a l  f i e l d  t o  th e  p o l o id a l  f i e l d .  A t th e  low er 

p lasm a d e n s i t y  l i m i t  v e ry  e n e r g e t i c  e l e c t r o n s  a r e  p ro d u ced . 

These runaway e l e c t r o n s  c a r r y  most o f  th e  l o n g i t u d i n a l  

c u r r e n t .  A s s o c ia te d  w ith  th e  runaway e l e c t r o n s  i s  a  d i s ­

r u p t i v e  i n s t a b l i t y  which may be r e l a t e d  to  th e  runaway 

e l e c t r o n  p r o d u c t io n .

The e x p e r im e n ta l  d e v ic e  employed i n  t h i s  s tu d y  

re sem b le s  a  Tokamak. I t  has been  d e s ig n e d  t o  p ro v id e  

s u i t a b l e  c o n d i t i o n s  f o r  p lasm a c o n fin em en t and p ro d u c t io n  

o f  runaway e l e c t r o n s .  A P yrex  t o r o i d a l  vacuum chamber i s  

used  and c o n d u c t in g  c o i l s  e n c i r c l e  t h e  vacuum chamber 

m inor c i r c u m fe re n c e  i n  o r d e r  t o  p ro v id e  th e  t o r o i d a l  

m ag ne tic  f i e l d .  P a i r s  o f  c o - a x i a l  c o n d u c t in g  lo o p s  whose 

p la n e s  a r e  p a r a l l e l  t o  th e  t o r o i d a l  p la n e  a r e  l o c a te d  

above and below th e  t o r o i d a l  p l a n e .  These lo o p s  p roduce  a  

b e t a t r o n - t y p e  f i e l d .  The induced  v o l t a g e  i s  i n  t h e  

t o r o i d a l  d i r e c t i o n  w h i le  th e  a s s o c i a t e d  v e r t i c a l  m agne tic  

f i e l d  p ro v id e s  s t a b l e  e q u i l i b r iu m  o r b i t s  f o r  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 p o s i t i o n  o f  t h e  c o i l s  i s  

a d ju s te d  a s  i s  th e  c o i l  c u r r e n t  d i s t r i b u t i o n  so  t h a t  th e  

b e t a t r o n  e q u i l i b r iu m  c o n d i t i o n  i s  s a t i s f i e d  and so  t h a t



th e  f i e l d  in d e x  i s  be tw een 0 and 1 o v e r  a  l a r g e  p o r t i o n  

o f  th e  vacuum cham ber. The b a s i c  d i f f e r e n c e  betw een  th e  

p lasm a b e t a t r o n  and th e  Tokamak i s  t h a t  i n  Tokamaks th e  

v e r t i c a l  s t a b i l i z i n g  f i e l d  and t h e  t o r o i d a l  ohmic h e a t in g  

e l e c t r i c  f i e l d  a r e  in d e p e n d e n t  o f  each  o t h e r  w h i le  i n  th e  

p lasm a b e t a t r o n  th e y  a r e  n o t  in d e p e n d e n t .  The Tokamak 

f i e l d s  a r e  d e s ig n e d  to  s t a b l i z e  th e  c o n d u c t io n  c u r r e n t  

column w h ile  t h e  b e t a t r o n  i s  d e s ig n e d  t o  s t a b l i z e  th e  

runaway c u r r e n t  i n  phase  w i th  th e  b e t a t r o n  m agne tic  f i e l d .  

The " c l a s s i c a l "  p lasm a r e s i s t i v i t y  found from  an 

a n a l y s i s  o f  th e  F o k k e r-F lg '.c k  e q u a t io n s  y i e l d s  th e  w e l l  

knownT ^form ula.*®  T h is  fo rm u la  has been  used  to  

p r e d i c t  e l e c t r o n  p lasm a t e m p e ra tu re s  from  measured
11 12 nr e s i s t i v i t y .  E x p e r im e n ta l  and t h e o r e t i c a l  s t u d i e s  * ’ J

have shown t h a t  f o r  l a r g e  enough e l e c t r i c  f i e l d s  a p p l ie d  to  

t h e  p lasm a , th e  p lasm a r e s i s t i v i t y  can  be much h i g h e r  th a n  

p r e d i c t e d  by t h e T  /z F o k k e r -P la n c k  f o r m u l a . I n
1 1 7

a d d i t i o n  o t h e r  e x p e r im e n ta l  c o n d i t i o n s  g iv e  ' ' r e s i s -
-r'Vi

t i v i t y  v a lu e s  which do n o t  f o l lo w  th e  I law . T h is  

anomolous r e s i s t i v i t y  i s  c au sed  by th e  enhanced s c a t t e r i n g  

o f  e l e c t r o n s  from  e x c i t e d  p lasm a waves p roduced  i n  an  

u n s t a b l e  p la sm a . Our e x p e r im e n ta l  s t u d i e s  s u g g e s t  th e  

e x i s t e n c e  o f  anomolous r e s i s t i v i t y  u n d e r  c e r t a i n  e x p e r ­

im e n ta l  c o n d i t i o n s  due to  th e  e x i s t e n c e  o f  io n  a c o u s t i c  

w aves . Some a s p e c t s  o f  th e  e x p e r im e n ta l  r e s i s t i v i t y
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r e s u l t s  a g re e  w ith  known t h e o r e t i c a l  r e s u l t s .

Runaway e l e c t r o n s  can  be produced  when a  l a r g e  

enough e l e c t r i c  f i e l d  i s  a p p l i e d  to  th e  p la sm a . Above a 

c r i t i c a l  e l e c t r i c  f i e l d  s t r e n g t h  th e  p lasm a r e s i s t a n c e  

i s  d r a s t i c a l l y  reduced  due t o  th e  i n v e r s e  v e l o c i t y  

cubed dependence  o f  th e  e l e c t r o n  Coulomb c o l l i s i o n  

f r e q u e n c y .  I n  t h i s  reg im e th e  F o k k e r -P la n c k  e q u a t io n  i s  

no l o n g e r  obeyed s in c e  th e  dynam ica l f r i c t i o n  does n o t  

b a la n c e  th e  e le c t r ic  f o r c e .  The c r i t i c a l  f i e l d ,  £ c , 

needed f o r  t h i s  runaway c o n d i t i o n  i s  p r o p o r t i o n a l  t o  th e  

r a t i o  o f  p lasm a d e n s i t y  to  e l e c t r o n  p lasm a t e m p e ra tu re ,
-< X  ^

t h a t  i s ,  €. = \o -=^ . Due to  J o u le  h e a t i n g ,  e l e c t r i cC- I ev
f i e l d s  much l e s s  th a n  th e  c r i t i c a l  f i e l d  may e v e n tu a l ly  

p roduce  runaway e l e c t r o n s .

P re v io u s  runaway e l e c t r o n  e x p e r im e n ts  have 

shown t h e  d i s r u p t i o n  o f  t h e  runaway beam b e fo r e  th e  end of 

th e  a c c e l e r a t i o n  c y c l e  even though  th e  vacuum f i e l d s  sh o u ld  

have p ro v id ed  f o r  s t a b l e  e q u i l i b r iu m  o r b i t s .  I n  o u r  s tu d y  

o f  runaway e l e c t r o n s  we have o b se rv ed  a  p a r t i c u l a r  d epend­

ence  o f  runaway d i s r u p t i o n  t im e  on e x p e r im e n ta l  p a ra m e te r s .  

T h is  dependence  has  n o t  been  p r e v io u s ly  r e p o r t e d .

In  summary, t h i s  s tu d y  d e a l s  w ith  an  e x p e r im e n ta l  

i n v e s t i g a t i o n  o f  p lasm a r e s i s t i v i t y  and runaway e l e c t r o n  

p r o d u c t io n  i n  a  low b e t a  t o r o i d a l  p la sm a . The m ajor
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e x p e r im e n ta l  f i n d in g s  a r e  d i s c u s s e d  w i t h in  th e  framework 

o f  e x i s t i n g  t h e o r i e s  and w i th  r e s p e c t  t o  p re v io u s  e x p e r ­

im e n ta l  r e s u l t s .  C e r t a in  e x p e r im e n ta l  d a t a  a r e  e x p re s se d  

and d i s c u s s e d  i n  te rm s o f  t y p i c a l  Tokamak f u s i o n  r e a c t o r  

p a r a m e te r s .  C h a p te r  I I  d i s c u s s e s  th e  t h e o r i e s  which a r e  

r e l e v e n t  t o  t h i s  e x p e r im e n ta l  s t u d y .  They in c lu d e  th e  

s i n g l e  p a r t i c l e  t h e o r y ,  th e  g u id in g  c e n t e r  t h e o r y ,  

m agnetohydrodynam ic t h e o r y ,  and k i n e t i c  t h e o r y .  I n  

c h a p t e r  I I I  a  d e s c r i p t i o n  o f  th e  e x p e r im e n ta l  a p p a r a tu s  i s  

g iv e n  a s  w e l l  a s  some o f  th e  f a b r i c a t i o n  d e t a i l s .  C h a p te r  

IV d e s c r i b e s  th e  m easurem ents o f  t h e  e x t e r n a l  f i e l d s  and 

th e  r e s u l t s  o f  t h e s e  m easurem ents . A lso  a  d e s c r i p t i o n  o f 

t h e  te c h n iq u e  used  to  shape  th e  b e t a t r o n  f i e l d  i s  

in c lu d e d .  C h a p te r  V c o v e rs  th e  various p lasm a d i a g n o s t i c s  

used  and t h e  b a s i c  m a th em a tica l  r e l a t i o n s  needed f o r  th e  

u se  o f  t h e s e  p lasm a d i a g n o s t i c s .  I n  some c a s e s  a  d e t a i l e d  

d e s c r i p t i o n  o f  th e  c o n s t r u c t i o n  o f  th e  d i a g n o s t i c  i n s t r u ­

m ents i s  g iv e n .  C h a p te r  VI rev ie w s  th e  r e s u l t s  o f  th e  

d i a g n o s t i c  m easurem ents and i n  c h a p t e r  VII two t h e o r e t i c a l  

m odels a r e  d e v e lo p e d .  The f i r s t  model d e a l s  w i th  i o n i z ­

a t i o n  by runaway e l e c t r o n s  w h ile  th e  second  d e a l s  w i th  th e  

p lasm a c o n d u c t io n  c u r r e n t .  I n  c h a p t e r  V I I I  th e  m easurem ents 

a r e  d i s c u s s e d  and th e  p r i n c i p a l  f i n d i n g s  a r e  sum m arized.
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CHAPTER I I  

THEORY

I n  t h i s  c h a p t e r  d i f f e r e n t  d e s c r i p t i o n s  o f  th e  p lasm a 

s t a t e  w i l l  be a p p l i e d  t o  th e  phenomena r e l e v e n t  to  t h i s  

s tu d y .  I n  p a r t i c u l a r ;  t h e  s i n g l e  p a r t i c l e  th e o ry  and 

g u id in g  c e n t e r  th e o r y  a r e  used to  p r e d i c t  runaway e l e c t r o n  

o r b i t s  i n  t h e  p lasm a b e t a t r o n .  The g u id in g  c e n t e r  th e o r y  

i s  a l s o  used  to  d i s c u s s  p a r t i c l e  t r a p p i n g .  A one compon­

e n t  f l u i d  th e o r y  i s  used to  d i s c u s s  p lasm a s t a b i l i t y  and 

some r e f e r e n c e  i s  made t o  p a ra m e te r s  im p o r ta n t  i n  Tokamajc 

s t a b i l i t y .  The V lasov  e q u a t io n ,  i ,  e . .  k i n e t i c  t h e o r y ,  i s  

used  t o  d e r i v e  t h e  io n  a c o u s t i c  wave d i s p e r s i o n  r e l a t i o n  

and grow th  r a t e s .  I n  a  more g e n e r a l  way k i n e t i c  th e o r y  i s  

used  t o  d e s c r i b e  p r e v io u s  r e s u l t s  o f t h e o r e t i c a l  and e x p e r  

im e n ta l  i n v e s t i g a t i o n s  o f  p lasm a r e s i s t i v i t y .  I n  c h a p t e r  

VII a  two-com ponent p lasm a i s  s t u d i e d  by t a k i n g  moments o f  

th e  F o k k e r -P la n c k  e q u a t io n  f o r  io n s  and t h e  F o k k e r -P la n c k  

e q u a t io n  f o r  e l e c t r o n s .

C o n s id e r  th e  m o tio n  o f  a  s i n g l e  ch a rg ed  p a r t i c l e  i n  a  

combined b e t a t r o n  m ag ne tic  f i e l d  B*) and a z im u th a l

f i e l d  (Oj f t ^ O )  a s  shown i n  f i g u r e  I . * ' 2 B oth  f i e l d s  a r e  

c y l i n d e r i c a l l y  sym m etric  and sym m etric  w i th  r e s p e c t  t o  th e
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Z -  O  p l a n e ,  o r  m edian p l a n e .  The p a r t i c l e  m o tion  i s  

c o n s id e r e d  i n  a  r e g io n  i n  which th e  s o u r c e s  o f  t h e s e  

f i e l d s  a r e  a b s e n t  so  t h a t  th e  r e l e v e n t  M ax w e ll 's  e q u a t io n s  

a r e i  v * B ^ O
-w.

v *  b ~ o
«V A /

The n o n - r e l a t i v i s t i c  e q u a t io n s  o f  m otion  a r e

0

v*a a$
where a  d o t  i n d i c a t e s  d i f f e r e n t i a t i o n  w i th  r e s p e c t  t o  t im e ,  

i s  t h e  mass o f  t h e  p a r t i c l e ,  c  i s  th e  speed  o f  l i g h t .

At and f i ,  s a t i s f i e s  th e  e q u i l i b r iu m  e q u a t io n i

^  <* 6 ,0if® c
T hese e q u a t io n s  a r e  r e l a t i v i s t i c a l l y  c o r r e c t  when m  i s  th e  

r e l a t i v i s t i c  mass and one c o n s id e r s  s m a l l  energy  p e r  t u r n  

g a i n s .  L e t  x = £ - £ o  . We expand th e  components o f  th e

m ag ne tic  f i e l d  a b o u t  th e  p o i n t s  £ =-° and * = o  s

U sing  M ax w e ll 's  e q u a t io n s  and symmetry c o n d i t i o n s  we have

3 *  K ^ )0 
* f t * .  -  *

6 .  * » «  * S * ) .*

U sing  t h e  f o l lo w in g  d e f i n i t i o n s



we may w r i t e  t h e  e x t e r n a l  f i e l d s  and th e  e q u a t io n s  o f  m otion  

n e a r  t h e  2=©j R = r e g io n  a s  f o l l o w s »
e*-- *

I t  i s  n o te d  t h a t  Ampere’s  law  i s  n o t  s a t i s f i e d  by th e  

b e t a t r o n  f i e l d s  i n  t h e  a p p ro x im a t io n  u se d ,  b u t  th e  fo rm  i s  

a  good a p p ro x im a t io n .
* *<** %

X + 0 - * )  *  ~ ° c  z
2  ̂ ^Tt * n  ?-^>o =

Assuming s o l u t i o n s  t o  t h e s e  e q u a t io n s  o f  m o tion  o f  th e  

form  n* «* , t h e  two p o s s i b l e  v a lu e s  o f  a r e

^  ± \ ( t *  £ ) * ■ * ( » - ' )  j

We s e e  from  t h e  l i n e a r i z e d  e q u a t io n s  o f  m otion  t h a t  th e  8$

f i e l d  h as  t h e  e f f e c t  o f  c o u p l in g  m otion  in  t h e  x and t

d i r e c t i o n s .  F o r  s t r o n g  enough v a lu e s  o f  t h e  m otion

a b o u t  t h e  e q u i l i b r iu m  p o s i t i o n  (Zst\> /?=*•} i s  composed o f  a

r a p id  g y r a t i o n  a b o u t  th e  g u id in g  c e n t e r  superim posed  on a

s lo w e r  e l l i p t i c a l  d r i f t  o f  th e  g u id in g  c e n t e r  a s  shown i n

f i g u r e  2 .  The r a t i o  o f  th e  l e n g t h  o f  t h e  m a jo r  a x i s  t o  th e
f n 1

l e n g th  o f  t h e  m inor a x i s  i s  . We n o te  t h a t  th e

s o l u t i o n s  t o  t h e  e q u a t io n s  o f  m o tion  a r e  harm onic  i f  n\ 

s a t i s f i e s  t h e  c o n d i t i o n  0<CT)Z . \ .
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W hether t h e  o r b i t  o f  an e l e c t r o n  i s  s t a b l e  o r  n o t  can  

be i n v e s t i g a t e d  by c o n s id e r in g  th e  e q u a t io n  o f  m otion

F o r  O th e  c o n d i t i o n  f o r  s t a b i l i t y ,  t o  f i r s t  o r d e r  i n

X, i s  t h a t  A 4 has  a  minimum a t  *=0  and 2*0 . When Be i s  

n o t  e q u a l  to  z e r o ,  t h e  c o n d i t i o n  f o r  s t a b i l i t y  i s  t h a t  th e  

v e c t o r  p o t e n t i a l  h a s  an  extremum. The above e q u a t io n s  a r e  

r e l a t i v i s t i c a l l y  c o r r e c t  a s  lo n g  as  t h e  energy  g a in e d  p e r  

r e v o l u t i o n  i s  s m a l l  and i s  r e p la c e d  by th e  r e l a t i v i s t i c  

m ass .

Runaway e l e c t r o n  e x p e r im e n ts  u s in g  a  t o r o i d a l  device-* 

have i n d i c a t e d  a  p a ra m e t r ic  dependence  o f  beam d i s r u p t i o n  

t im e  t *  on e x t e r n a l  f i e l d s .  The f o l lo w in g  mechanisms 

a r e  d ep en d en t  on th e  e x t e r n a l  f i e l d s  and have been  c o n ­

s i d e r e d  r e s p o n s i b l e  f o r  runaway beam d i s r u p t i o n i
<  . -  JL o , 0 5 ^  x ' 7*- PkA-

N e g a tiv e  mass i n s t a b i l i t y  ^  •" -SAsr**

e x p re s s e d  i n  te rm s  o f  th e  v e c t o r  p o t e n t i a l  A  (A*> 

The e q u a t io n s  o f  m otion  c an  be w r i t t e n  as

L oss o f  v e c t o r  p o t e n t i a l  minimum^

R e s i s t i v e  c u r r e n t  i n s t a b i l i t y ^ 2T\n.b 
. . 8 , ,ft V

F i e l d - F r i e d  io n  a c o u s t i c  wave i n s t a b i l i t y

where



t*?= f re q u e n c y  o f  th e  b e t a t r o n  f i e l d  

bfs  a z im u th a l  m agn e tic  f i e l d  

e*= a z im u th a l  e l e c t r i c  f i e l d  

1  = maximum a z im u th a l  c u r r e n t

maximum b e t a t r o n  m agnetic  f i e l d  a t  th e  e q u i l ib r iu m  

o r b i t

f i e l d  in dex  

b= m inor r a d i u s  o f  th e  vacuum chamber 

a = m ajo r  t o r o i d a l  r a d i u s  o f  th e  e q u i l i b r iu m  o r b i t  

L= p lasm a c u r r e n t  in d u c ta n c e  

T= p lasm a te m p e ra tu re  

*n= e l e c t r o n  mass

The r e s i s t i v e  c u r r e n t  i n s t a b i l i t y  a p p e a rs  to  p la y  an 

im p o r ta n t  r o l e  i n  th e  o b se rved  ab sen ce  o f  runaway 

e l e c t r o n s  d u r in g  th e  l a r g e  c u r r e n t  d i s c h a r g e s j  t h e r e f o r e ,  

th e  d e t a i l s  o f  t h i s  e f f e c t  w i l l  now be g iv e n .  I n  a d d i t i o  

to  th e  runaway c u r r e n t ,  t h e r e  w i l l  be c u r r e n t  due to  

e l e c t r o n s  o u t  o f  phase  w ith  th e  b e t a t r o n  m agnetic  f i e l d .  

T h is  c o n d u c t io n  c u r r e n t  p ro d u ces  a  s h i f t  i n  th e  p o s i t i o n  

o f  th e  e q u i l i b r iu m  o r b i t .

The d is p la c e m e n t  o f  th e  e q u i l i b r iu m  o r b i t  due to  th e  

c o n d u c t io n  c u r r e n t  c an  be found i n  th e  f o l lo w in g  way*-'



and *■*.= (>-*.) 
so t h a t  \ - SX2-  ̂-  A*

O j i  A  •  1 j x .

A^can be expanded ab o u t  th e  e q u i l i b r iu m  o r b i t

a ‘;'=  a .k .i  * i

where ^  )0- o

The te rm  can  be e v a lu a te d  by c o n s id e r in g

Dn { 3 a

^ ♦ )  £*M + 1 a * )  
/  D a  J o  j C - L

= -*■ & k >
Ao

where one u se s  AJ ^ S B, 0* 0

Thus A^tA) = + (»-«}**

to  second o r d e r  i n  X*

To f i r s t  o r d e r  i n  X Al$= 20

and 0 - —̂) -  ^ao 0 ~Xo^

o r  £A* = b 2o 3~- (•-*)
>n. ° fe

F o r  th e  vacuum f i e l d s  — * - Bi o C\~n\ iL
d a  j i »

w h ile  f o r  th e  f i e l d s  c r e a t e d  by th e  c u r r e n t  f lo w

A  = A

where $s = LX , H* t o t a l  c u r r e n t  f lo w , L* in d u c ta n c e  o f

th e  c u r r e n t  colum n.
DA* —& j, J-

Thus H  - m 2  i h « . 3 i

The runaways e x p e r ie n c e  a  v e c t o r  p o t e n t i a l  g iv e n  by 
A* - A*V + A*
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where - jj? )0zC>? o r  s t a b l e  o r b i t s .  A t th e  e q u i l i b r iu m  o r b i t  

th e  s e l f  f i e l d  w i l l  be ze ro  p ro v id e d  t h a t  th e  c u r r e n t  i s  

u n ifo rm ly  d i s t r i b u t e d  a b o u t  t h e  e q u i l i b r iu m  o r b i t  and

t o r o i d a l  c o r r e c t i o n s  a r e  n e g le c te d ,
£ < £

'o
■>> A* ~  L-lThus n e a r  th e  e q u i l i b r iu m  o r b i t  — ~J  <*V

a  = JL ( £$L\ SO

and O = ba© l»-*0 /»d TnX*
V -  - t s   , vo r  x “

which r e p r e s e n t s  th e  d is p la c e m e n t  o f  th e  e q u i l i b r iu m  

o r b i t .

The v e c t o r  p o t e n t i a l  w e l l  d e p th ,  6 , a l lo w s  one to  f i x

th e  v a lu e s  o f  and /Y\ S in c e  rv must be betw een 0 and

1 ,  an  e s t im a te  o f  G f o r  s t a b l e  o r b i t s  w i t h in  th e  vacuum

chamber w a l l s  can  be made.
C  -  A » ^  -

S A* 1*0
Thus from  th e  e x p re s s io n  f o r  A$(a) d e r iv e d  above

'T-obo X J*.
I n  t h i s  ex p er im en t

K - 2 * Cffs
\* \  0*v\

and we w ish  r<\ t o  be y i  = 0,5"

Thus S  = i  7 .

The m easurem ent o f  £  i s  d i s c u s s e d  i n  c h a p t e r  IV .

I n  th e  p re s e n c e  o f  a  s t r o n g  t o r o i d a l  f i e l d ,  t h e  

g u id in g  c e n t e r  a p p ro x im a tio n  p r e d i c t s  th e  same m o tion  a s
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does t h e  s i n g l e  p a r t i c l e  t h e o r y .  The g u id in g  c e n t e r  

a p p ro x im a tio n  c o n s id e r s  p a r t i c l e  m otion  to  be made up o f  a 

r a p id  g y r a t i o n  ab o u t  th e  m agne tic  f i e l d  l i n e s  p lu s  a  

s lo w e r  d r i f t i n g  o f  th e  c e n t e r  o f  g y r a t i o n .  The v e l o c i t y  

o f  th e  g u id in g  c e n t e r  p e r p e n d ic u la r  t o  th e  m agnetic  f i e l d  

i s  g iv e n  by ^

where £ u  i s  th e  f o r c e  p e r p e n d i c u l a r  t o  & . M otion 

p a r a l l e l  t o  th e  m agne tic  f i e l d  i s

-_L 
*  rr>

F o r  f r e e l y  a c c e l e r a t e d  p a r t i c l e s  i n  a  combined b e t a t r o n  

p lu s  a z im u th a l  f i e l d  th e  d r i f t  v e l o c i t y  i s  g iv e n  by
x =• jOo n i

The x d r i f t  and th e  te rm  l i n e a r  i n  x i n  th e  x d r i f t  a r e  

due to  th e  b e t a t r o n  r e s t o r i n g  f o r c e s .  The second te rm  i n  

th e  % d r i f t  i s  due t o  th e  g r a d i e n t  B - d r i f t .  The 

c h a r a c t e r i s t i c  l e n g t h  o f  t h e  g u id in g  c e n t e r ,  th e  c y c l o ­

t r o n  r a d i u s ,  i s  th e  d i s t a n c e  betw een th e  c e n t e r  o f  

g y r a t i o n  and th e  charg ed  p a r t i c l e s i  th e  c y c l o t r o n  r a d i u s  

i s  Rc -  ~ J-

The c h a r a c t e r i s t i c  t im e  s c a l e  i s  one o v e r  th e  c y c l o t r o n  

f re q u e n c y  ~ ^Tc.

The m ag ne tic  moment o f  t h e  g y r a t i n g  c h a rg ed  p a r t i c l e  i s

B
W ith r e s p e c t  t o  slow  changes i n  th e  m agn e tic  f i e l d ,  t h e  

m ag ne tic  moment i s  c o n s t a n t ,  i . e . ,  an a d i a b a t i c  i n v a r i a n t .
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Plasma p a r t i c l e s  i n  th e  same e x t e r n a l  f i e l d s  may have 

v e ry  d i f f e r e n t  modes o f  m otion  due to  th e  t r a p p i n g  o f  

p a r t i c l e s  i n  e x t e r n a l  m agne tic  f i e l d  w e l l s .  I n  th e  

t o r o i d a l  c o n f i g u r a t i o n s  o f  t h i s  s tu d y  one c a n  d i s t i n g u i s h  

betw een t r a p p e d  p a r t i c l e s  and u n tra p p e d  p a r t i c l e s .

P a r t i c l e  t r a p p i n g  o c c u rs  a lo n g  th e  l o n g i t u d i n a l  d i r e c t i o n .  

T h is  can  be due to  w e l l s  caused  by th e  f i n i t e  number o f  

a z im u th a l  f i e l d  c o i l s  o r  by th e  g r a d i e n t  i n  th e  h e l i c a l  

f i e l d  l i n e s  which a r e  p roduced  by th e  a z im u th a l  f i e l d  p lu s  

th e  p o l o id a l  f i e l d  g e n e ra te d  by th e  p lasm a c u r r e n t  f lo w .

A t o r o i d a l  f i e l d  can  be viewed a s  c o n s i s t i n g  o f  two 

r e g i o n s . T h e  i n n e r  r e g io n  i s  composed o f  c o n t in u o u s  

m agnetic  f i e l d  l i n e s  which do n o t  b ran ch  and which may be 

fo l lo w ed  a lo n g  th e  t o r o i d a l  a x i s  f o r  an  unbounded number 

o f t u r n s .  These l i n e s  do n o t  i n t e r s e c t  th e  w a l l s .

The e x t e r n a l  r e g io n ,  n o t  h a v in g  t h e s e  p r o p e r t i e s ,  i s  

s e p a r a t e d  from  th e  i n t e r n a l  r e g io n  by th e  s e p a r a t r i x  s u r ­

f a c e .  S in c e  i n  m agnetohydrodynamic e q u i l i b r iu m  th e  

p r e s s u r e  i s  c o n s t a n t  a lo n g  m agne tic  f i e l d  l i n e s ,  t h e  

i n n e r  r e g io n  o f  a  t o r o i d a l  f i e l d  i s  im p o r ta n t  f o r  p lasm a 

c o n f in e m e n t .  T h is  i s  t h e  r e g io n  to  be c o n s id e re d  i n  th e  

f o l lo w in g  d i s c u s s i o n .

F ig u re  3 shows a  p la n e  P p e r p e n d i c u l a r  t o  th e  t o r o i d a l  

a x i s  i n s i d e  th e  t o r o i d a l  volum e. A f i e l d  l i n e  i n t e r s e c t s  

th e  p la n e  P a t  a  p o i n t  which i s  c a l l e d  an image p o i n t .  A



18

f i e l d  l i n e  may c lo s e  on i t s e l f  a f t e r  n c i r c u i t s  a b o u t  t h e  

t o r u s  p ro d u c in g  n image p o i n t s  o r  n e v e r  c lo s e  on i t s e l f  

p ro d u c in g  an  i n f i n i t e  number o f  image p o i n t s .  F o r  sym­

m e t r ic  f i e l d s  th e  image p o i n t s  l i e  on a  c lo s e d  c u rv e  in  th e  

P p l a n e .  A m agnetic  s u r f a c e  i s  t h a t  s u r f a c e  where a  mag­

n e t i c  l i n e  o f  f o r c e  p a s s e s  a r b i t r a r i l y  c lo s e  to  any p o i n t  

on th e  s u r f a c e .  F o r  s m a l l  p e r t u r b a t i o n s  o f  th e  symmetry 

on ly  p a r t  o f  th e  l i n e s  o f  f o r c e  form a  m agnetic  s u r f a c e .

The m ag n e tic  a x i s  i s  t h a t  l i n e  o f  f o r c e  which i s  su r ro u n d e d  

by a  m agn e tic  s u r f a c e  and t r a n s fo r m s  i n t o  i t s e l f  each  tim e  

around th e  t o r u s .  A g iv e n  m agne tic  f i e l d  c o n f i g u r a t i o n  

can  have more th a n  one m ag ne tic  a x i s .

The r o t a t i o n a l  t r a n s f o r m ,R  , i s  t h e  a n g le  o f r o t a t i o n  

o f  an image p o i n t  a f t e r  one t o r o i d a l  r o t a t i o n .  A g iv e n  

m ag ne tic  s u r f a c e  i s  s e e n  t o  be composed o f  c lo s e d  f i e l d
j>

l i n e s  i f  ^  i s  a  r a t i o n a l  number. One d e f i n e s  th e  

l o n g i t u d i n a l  f l u x  J? and th e  a z im u th a l  f l u x  ^  as  t h e  mag­

n e t i c  f l u x  th ro u g h  a  t o r o i d a l  s e c t i o n  t r a n s v e r s e  t o  th e  

m ajo r p la n e  ( c o n s t a n t  £ ) and th e  m agne tic  f l u x  th ro u g h  

th e  r e g io n  bounded by t h e  m agne tic  a x i s  and th e  l i n e  &  * 

c o n s t a n t  ( •& i s  t h e  p o l o id a l  a n g le )  r e s p e c t i v e l y .  The 

r o t a t i o n a l  t r a n s fo r m  may be w r i t t e n  i n  te rm s o f  t h e  lo n g ­

i t u d i n a l  f l u x  and th e  a z im u th a l  f l u x  • F o r

th e  r a t i o  o f  th e  t o r o i d a l  m inor a x i s  t o  t o r o i d a l  m ajo r  

a x i s  much l e s s  th a n  1 ,  a  c y l i n d r i c a l  geom etry  i s  o f t e n
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used  to  ap p ro x im a te  th e  t o r o i d a l  geo m e try . F o r  th e  c a se  

o f  a  s t r a i g h t  c i r c u l a r  c y l i n d r i c a l  c o n d u c to r  o f  l e n g t h  L 

c a r r y i n g  a u n ifo rm  c u r r e n t  a lo n g  a  u n ifo rm  a x i a l  m agnetic  

f i e l d ,  &0 , c an  be e a s i l y  e v a l u a t e d .  The a z im u th a l  mag­

n e t i c  f i e l d  i s  E>$=B<k7vT , where fea. i s  th e  m agnetic

f i e l d  a t  t h e  o u t e r  edge o f  t h e  c u r r e n t  colum n. I n t e g ­

r a t i n g  o v e r  t h e  a z im u th a l  f l u x  betw een a. = o  to  

and 2. = o  t o  2 = L  f o r  a  f i x e d  £  we have th e  az im ­

u t h a l  f l u x  g iv e n  by X r ^
'  £.OL

The l o n g i t u d i n a l  f l u x  i s  g iv e n  by <£ = TT-n.l b 0 

Thus X ■- x -  ^

F o r  L s2 -TrR , R i s  th e  m ajo r  r a d iu s  o f  t h e  t o r o i d a l  

f i e l d ,  f o r  °7R , and f o r  a  u n ifo rm  c u r r e n t

f lo w in g  p a r a l l e l  t o  a  u n ifo rm  t o r o i d a l  f i e l d  we have t h a t
o -  2  "IT R. e * .

*  *  E>0
S in c e  th e  c i r c u l a r  a z im u th a l  m agn e tic  f i e l d  l i n e s  and th e  

l o n g i t u d i n a l  m agn e tic  f i e l d  l i n e s  must l i e  on m agne tic  

s u r f a c e s ,  t h e s e  s u r f a c e s  w i l l  be c o a x i a l  and c i r c u l a r  i n  

c r o s s  s e c t i o n .  Thus one e x p e c ts  a  t o r o i d a l  f i e l d  t o  be 

o f  t h i s  n a t u r e .  The e f f e c t  o f  b e in g  g r e a t e r  th a n  O

i s  to  s h i f t  t h e  c e n t e r s  o f  t h e s e  s u r f a c e s .* ^

The e x i s t e n c e  o f  p a r t i c l e  t r a p p i n g  by a  c o r ru g a te d  

m agne tic  f i e l d  r e p r e s e n te d  by 5  = B0 ( l - £ a 

e a s i l y  shown. F o r  no e l e c t r i c  f i e l d ,  th e  g u id in g  c e n t e r  

m otion  p a r a l l e l  t o  & i s  +>u.fco ( i - f c c s * . 0 -  E -
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Here £  i s  th e  c o n s t a n t  energy  a lo n g  th e  f i e l d  l i n e ,  i s  

th e  w av e len g th  o f  c o r r u g a t io n ,  6 i s  t h e  d e p th  o f  c o r r ­

u g a t io n ,  and S i s  th e  d i s t a n c e  t r a v e l e d  a lo n g  th e  f i e l d  

l i n e .  P a r t i c l e s  a r e  t ra p p e d  i f  t h e i r  p a r a l l e l  v e l o c i t y  i s  

z e ro  a t  any m agne tic  f i e l d  s t r e n g t h  up t o  th e  maximum 

v a lu e .  T h is  g iv e s  a  r e l a t i o n s h i p  be tw een th e  d e p th  o f  

c o r r u g a t io n  and t h e  maximum v e l o c i t i e s  i n  t h e  p a r a l l e l  and

p e r p e n d ic u la r  d i r e c t i o n  f o r  t r a p p i n g  to  o c c u r , i . e . ,
V 0> l.  1 2 !  'L . |

=  \J / -\J /"  £
A t o r o i d a l  f i e l d ,  composed o f  a  l o n g i t u d i n a l  f i e l d  

p lu s  a  weak p o l o id a l  f i e l d ,  has  th e  a p p ro x im a te  form  

5 =  & . U - - * - )  =  E > .  ( i -  =  B a 0 - £ c o s « - )

p ro v id ed  t h a t  i s  much l e s s  th a n  1 .  L e t  th e  z - a x i s  be 

a lo n g  a  t o r o i d a l  m agne tic  f i e l d  l i n e .  A f t e r  one c i r c u i t  

th e  a n g le  t h e  f i e l d  l i n e  r o t a t e s  i s  d en o te d  by , the  

r o t a t i o n a l  t r a n s f o r m .  L e t  £  d e n o te  th e  a n g le  th e  f i e l d  

l i n e  r o t a t e s  a f t e r  t r a v e l i n g  a  d i s t a n c e  S . Then one

SKS
-

^  h as  been  e v a lu a te d  f o r  t h i s  s i t u a t i o n .  Thus

a  — °  -where a r. i s  th e

s a f e t y  f a c t o r .  So when B  i s  viewed a lo n g  th e  z - a x i s  one 

may w r i t e  »  ’  *>•<■'- £ « & $ )  = i-  

where - <A T h is  means a

t o r o i d a l  f i e l d  o f  th e  ty p e  b e in g  d i s c u s s e d  i s  c o r ru g a te d



and t h e r e f o r e  p a r t i c l e  t r a p p in g  can  o c c u r .  The p r o j e c t i o n  

o f  th e s e  t ra p p e d  o r b i t s  on a  p la n e  t r a n s v e r s e  t o  th e  

t o r o i d a l  p la n e  has a banana sh a p e ,  e x p la in in g  why th e s e  

a r e  c a l l e d  banana o r b i t s .  These t r a p p e d  p a r t i c l e s  d i f f u s e  

a t  a  d i f f e r e n t  r a t e  th an  u n trap p e d  p a r t i c l e s  due to  the  

d i f f e r e n t  s t e p  s i z e s  i n  t h e i r  m o tion , t h a t  i s ,  th e  d i f f ­

e re n c e  betw een th e  w id th  o f  a  banana o r b i t  and th e  w id th  

of a  c y c l o t r o n  r o t a t i o n .

The second method o f  d e s c r i b i n g  a  p lasm a i s  th ro u g h  a 

f l u i d  o r  m acroscop ic  m odel. The p lasm a i s  c o n s id e re d  to  

be a  c o n d u c t in g  f l u i d .  The f i r s t  and second moments o f  

th e  M axwell-Boltzm ann e q u a t io n  g iv e  r i s e  to  f l u i d - l i k e
h,

e q u a t io n s  f o r  th e  p lasm a o f  th e  form
* v - t e v > ‘ 0

O  p  - t  f

p  i s  th e  f l u i d  d e n s i t y ,  v  th e  v e l o c i t y ,  p  th e  p r e s s u r e ,  

and $  th e  e x t e r n a l  f o r c e  a c t i n g  on th e  f l u i d .  S in c e  

p lasm as g e n e r a l l y  have v e ry  h ig h  e l e c t r i c a l  c o n d u c t iv ­

i t i e s ,  i t  i s  a  common a p p ro x im a t io n  to  n e g l e c t  th e  d i s ­

p lacem en t c u r r e n t  w i th  r e p e c t  to  th e  p lasm a c o n d u c t io n  

c u r r e n t  and assume t h a t  th e  sp a ce  c h a rg e  i n s i d e  th e  p lasm a 

i s  z e r o .  The a d d i t i o n a l  e q u a t io n s  used to  d e s c r i b e  th e  

p lasm a f l u i d  a re
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V  • B = o  f  = 1 Z * B^ ,<1 6
F o r  an i n f i n i t e l y  c o n d u c t iv e  plasm a and an i s o l a t e d  plasm a

one can  show t h a t  t h e  energy  o f  th e  p lasm a f l u i d , E , i s

*  ‘ £ > i y " E 
and E i s  a  c o n s t a n t .  Here one assumes an a d i a b a t i c

e q u a t io n  o f  s t a t e  g iv e n  by pp r co**Wt ,

F o r  p lasm a f l u i d  e q u i l ib r iu m  p ~°

o r  ~ ~ ~ r

I n  a  r e g io n  i n  which £ =0 • 2 p * ° o r  p  i s  a  c o n s t a n t .

I f  ^  i s  n o t  equa l  t o  ze ro  th an  f o r  sys tem s i n  e q u i l i b ­

rium  . J * ” °
B ■ V p _ o

which means t h a t  th e  c o n s t a n t  p  s u r f a c e s  a r e  a l s o  

s u r f a c e s  o f  c o n s t a n t  m agne tic  f i e l d .  U sing  A m pere 's  law 

and th e  r e l a t i o n s h i p  betw een , ft and p i n  e q u i l i b ­

rium  one o b t a i n s  V ( p  + .~ r gj\ J 4 rt ~
One can  e a s i l y  show t h a t  a  t o r o i d a l  p lasm a o f  i n f i n i t e

c o n d u c t iv i t y  c a n n o t  be i n  e q u i l ib r iu m  i n  th e  p re s e n c e  o f  

o n ly  a  l o n g i t u d i n a l  m agne tic  f i e l d .  F o r  t h i s  c a se

th e  m agne tic  f i e l d  v a n is h e s  i n s i d e  th e  p lasm a so  t h a t  

3L ? z ® f o r  e q u i l i b r iu m  everyw here  i n s i d e  th e  p lasm a .

In  p a r t i c u l a r ,  on th e  i n n e r  s u r f a c e  where R. i s  s m a l l e r  

and on t h e  o u t e r  s u r f a c e ,  where R i s  l a r g e r ,  p  i s  th e  

same. The term(B*v)B i s  ze ro  s in c e  we assume & i s  

c y l i n d r i c a l l y  sy m m etr ic .  Thus = ^
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a lo n g  th e  plasm a s u r f a c e  i f  i t  i s  i n  e q u i l i b r iu m .  S in c e
B *V p  i s  ze ro  th e  g r a d i e n t  o f  must be z e ro ,  b u t  b

v a r i e s  a s  so  t h a t  e q u i l ib r iu m  i s  n o t  p o s s ib l e  w ith  a  

l o n g i t u d i n a l  f i e l d  a lo n e .

A t o r o i d a l  p lasm a which i s  c o n d u c t in g  a  c u r r e n t  

can n o t  be i n  e q u i l i b r iu m  u n le s s  a  m agnetic  f i e l d  p e rp e n ­

d i c u l a r  t o  th e  p la n e  o f  th e  c u r r e n t  r i n g  i s  p r e s e n t .

The m agnitude  o f  th e  r e q u i r e d  f i e l d  i s
B 'AO -  f v ^ r *

where _A = 4TT x A 1 - I
z l  ** ^

&*= i t *
<*- = m inor p lasm a r a d iu s  

= m ajo r  p lasm a r a d iu s

Xp = l o n g i t u d i n a l  c u r r e n t  f low  __

= i n t e r n a l  in d u c ta n c e  p e r  u n i t  l e n g th  = i t  

B* = p o l o id a l  m agnetic  f i e l d  =

I f  one knows th e  a z im u th a l  m agnetic  f i e l d ,  an e s t im a te  o f  

th e  p lasm a p r e s s u r e  i s  s e e n  to  be p o s s i b l e .

The r a d i a l  f o r c e  a c t i n g  on th e  c u r r e n t  r i n g  i s  g iv e n  by

Knowing Bj_ a s  a  f u n c t i o n  o f  t im e ,  one can  compute th e  

d i s t a n c e  ae  a  f u n c t i o n  o f  t im e  t h a t  th e  p lasm a r i n g  moves 

due to  t h e  mismatch betw een and %x.* .

In  o r d e r  f o r  th e  p lasm a column to  be s t a b l e  a g a i n s t  

d is p la c e m e n t  i n  th e  v e r t i c a l  and r a d i a l  d i r e c t i o n  th e
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f i e l d  in d ex  '*1 must have a  v a lu e  o ^ ^ n .^ V z  . I n  o r d e r  to
17m a in ta in  th e  p ro p e r  shape o f  th e  m agnetic  f i e l d  s u r f a c e s

th e  p o l o id a l  £  , , must s a t i s f y  th e  c o n d i t i o n
-  -  gTTVn ( T«+ T )  £  R/a_gr—

To avo id  k in k  i n s t a b i l i t i e s  (and o t h e r  m agnetohydrodynamic 

i n s t a b i l i t i e s )  th e  s o - c a l l e d  s a f e t y  f a c t o r , q ,  must be 

g r e a t e r  th a n  one f o r  a l l  v a lu e s  o f  th e  p o l o id a l  *«-
q O l )  E  1 _

©

The p a r t i c u l a r  minimum v a lu e  o f  depends on th e  e x a c t
17n a tu r e  o f  th e  c u r r e n t  d i s t r i b u t i o n .

K in e t i c  th e o ry  i s  a  m ic ro sc o p ic  app ro ach  to  p lasm a 

phenomena which i s  v e ry  s u i t a b l e  f o r  s tu d y in g  c o l l e c t i v e  

e f f e c t s .  Here a b r i e f  o u t l i n e  o f  th e  l i n e a r  th e o ry  o f  th e  

g row th o f  i o n - a c o u s t i c  waves i s  p r e s e n t e d .  The l i n e a r i z e d

V lasov  e q u a t io n  f o r  e l e c t r o s t a t i c  p e r t u r b a t i o n s  i n  th e
18a b sen ce  o f  m agne tic  f ie ld *  may be w r i t t e n  as

Each ch arg ed  p a r t i c l e  s p e c i e s  i n  th e  p lasm a ( r e p r e s e n te d  by 

a  d i f f e r e n t  °<> ) obeys th e  V lasov  e q u a t io n .  The d i s t r i b ­

u t i o n  f u n c t i o n  i s  . "f0 i s  th e

i n i t i a l  e q u i l i b r iu m  d i s t r i b u t i o n  f u n c t i o n  and "f, i s  a  

sm a ll  d e p a r t u r e  from  'C . E t i s  th e  e l e c t r i c  f i e l d

produced by th e  p e r t u r b a t i o n  i n  th e  p la sm a . One n o te s  

t h a t  — 1 “  ^

and

/ V  *

\r>, - -
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The plasm a waves t h a t  a r e  g e n e ra te d  a r e  p e r i o d i c  v a r i a ­

t i o n s  i n  . By t a k i n g  th e  L a p la c e  t r a n s fo r m  and 

F o u r i e r  t r a n s fo r m  o f  th e  V lasov  e q u a t io n  one a r r i v e s  a t  

th e  c o n d i t i o n  t h a t  th e  d i e l e c t r i c  f u n c t i o n ,  ,

must be z e ro  f o r  s o l u t i o n s .  T h is  g iv e s  a  r e l a t i o n s h i p  

betw een  '**> and 3k- . F o r  a  one d im e n s io n a l  p lasm a com­

posed o f  a  s t a t i o n a r y  io n  background on which i s  su p e r im ­

posed a  d r i f t i n g  M axw ellian  d i s t r i b u t i o n  o f  e l e c t r o n s ,  one 

f i n d s  t h a t  th e  norm al modes o f  o s c i l l a t i o n  a r e  io n  sound 

waves and e l e c t r o n  p lasm a w aves. These modes w i l l  grow 

p ro v id ed  t h a t  and ^e/T{. a r e  l a r g e  enough. The

s u f f i c i e n t  c o n d i t i o n  f o r  grow th  o f  io n  a c o u s t i c  waves i s  

and c s . F o r  e l e c t r o n  p lasm a waves

a r e  u n s t a b l e  o v e r  a  wide range  o f  t e m p e r a tu r e s .  The e q u i l ­

ib r iu m  d i s t r i b u t i o n  f u n c t i o n s  a r e  o f  th e  form

f.. = (sc&S I
I n  o r d e r  t o  be a b le  t o  a n a l y t i c a l l y  e v a lu a t e  th e  

d i e l e c t r i c  f u n c t i o n  = I4 ^  ^ r "  I Jju-

one must c o n s id e r  waves o f  f r e q u e n c ie s  su c h t h a t  

f l T  and

The e f f e c t  o f  t h e s e  c o n d i t i o n s ,  a s  s e e n  by i n s p e c t i o n  o f
^ vOn.f i g u r e  4 ,  i s  as fo l lo w s*  F o r  io n s  3Xc. when >-*-

I  ~  _L ( I + \
so  t h a t  uj-.iL V- ~ ^/k- and f o r  th e  e l e c t r o n s

I I /  uP \
when -u - -  so t h a t  • T h is  g iv e s  th e
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f o l lo w in g  e x p re s s io n s  f o r  and >̂L i

r~ i /

and w i s ~1 “'a I v -y 
-) ll*7-.

where -W  * J d . r e p r e s e n t s  th e  im ag inary  p a r t  o f

th e  wave f r e q u e n c y .  The te rm  r e p r e s e n t s  a  wave

grow th  te rm . T h is  com petes w i th  th e  o t h e r  te rm s which 

c au se  wave dam ping. The a p p l i c a t i o n  o f  t h i s  a n a l y t i c  

r e s u l t  t o  e x p e r im e n ta l  f i n d in g s  o f  t h i s  s tu d y  w i l l  be made 

in  c h a p t e r  V I I .

I n  a  v e ry  weakly io n iz e d  p lasm a , th e  p lasm a e l e c t r i c a l  

r e s i s t i v i t y  i s  due p r i m a r i l y  t o  e l e c t r o n  n e u r a l  c o l l i s i o n s .  

Runaway e l e c t r o n s  do n o t  o c c u r  s i n c e  th e  s c a t t e r i n g  c ro s s  

s e c t i o n ,  (Tx , i s  in d e p e n d e n t  o f  th e  e l e c t r o n  v e l o c i t y .  In  

t h i s  c a se  th e  C o l l i s i o n  f r e q u e n c y ,  V  , i s  g iv e n  by

where /V\ i s  th e  p lasm a d e n s i t y  and V  i s  th e  e l e c t r o n

e r a t u r e  o f  20 ev , one o b ta in s  a  c o l l i s i o n  f re q u e n c y  of

t i v i t y  due to  e l e c t r o n - i o n  e n c o u n te r s .  S in c e  th e  Coulomb

c o l l i s i o n  f re q u e n c y  w i l l  d e c r e a s e  a s  s/ v s . Thus f o r  

s t r o n g  enough e l e c t r i c  f i e l d s  th e  d r i f t  v e l o c i t y  i s  n o t

•y) - -V\Qly_ V

v e l o c i t y .  Assuming h a rd  sp h e re  s c a t t e r i n g  i n  hydrogen
14 -iw i th  a  n e u t r a l  d e n s i t y  o f  1x10 CL and a p lasm a tem p-

~ 4x10^. F o r  a  f u l l y  io n iz e d  p lasm a a  F o k k e r-
1 2F lan ck  c o l l i s i o n  te rm  * i s  used  t o  e v a lu a t e  th e  r e s i s -

s c a t t e r i n g  c r o s s  s e c t i o n  d e c r e a s e s  a s  Vv4 f th e  Coulomb
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b a lanced  by c o l l i s i o n s  and th e  c o l l i s i o n  f re q u e n c y  

app ro ach es  z e r o .  The F o k k e r-F la n ck  t r e a tm e n t  o f  e l e c t r i ­

c a l  c o n d u c tv i ty  in c lu d in g  e f f e c t s  fo r e l e c t r o n - e l e c t r o n

i n t e r a c t i o n s  y i e l d s  th e  f o l lo w in g  e x p re s s io n  f o r  e l e c t r i -
•c a l  c o n d u c t iv i t y  _ \ ,4 *to <<«*>

~  -  ~  • * “

-A—
i—i * n  £ . C x  IO  i

p ro v id ed  t h a t  H LL I where T = —j ^ j \ _

z - C  ( 3 £  T
The c o n d i t i o n  t h a t  P  i s  much l e s s  th a n  one a l lo w s  th e  

d e f i n i t i o n  o f  a c r i t i c a l  f i e l d  s t r e n g t h ,  E cetT,cAl_» F o r  

e l e c t r i c  f i e l d  s t r e n g t h s  c lo s e  t o  th e  c r i t i c a l  f i e l d  

s t r e n g t h ,  th e  c l a s s i c a l  c o n d u c t iv i t y  fo rm u la  i s  i n v a l i d  

due to  th e  g e n e r a t i o n  o f  runaway e l e c t r o n s . ^  S e t t i n g  P  

e q u a l  to  one g iv e s  th e  d e f i n i t i o n  o f  th e  c r i t i c a l  f i e l d  

s t r e n g t h  StmcAl- 6. (, xid* -r-
Only f o r  e l e c t r i c  f i e l d  s t r e n g t h s  w e l l  below th e  c r i t i c a l  

f i e l d  s t r e n g t h  does one e x p e c t  t h e  v a lu e  o f  th e  c l a s s i c a l  

c o n d u c t iv i t y  to  a g re e  w ith  o b se rv ed  c o n d u c t i v i t y .  (See 

r e f e r e n c e  15 i n  c h a p t e r  I . )  F o r  e l e c t r i c  f i e l d  s t r e n g t h s  

n e a r  o r  above th e  c r i t i c a l  f i e l d  one e x p e c ts  f r e e  e l e c ­

t r o n  a c c e l e r a t i o n  and a  r e s u l t i n g  in c r e a s e  o f  p lasm a 

c u r r e n t  w i th  t im e .  I t  i s  no ted  t h a t  i n  a  p a r t i a l l y  i o n ­

iz e d  gas one must ta k e  i n t o  a c c o u n t  e l e c t r o n - n e u t r a l  

i n t e r a c t i o n s  i n  o r d e r  to  compute t h e  c l a s s i c a l  r e s i s t i v i t y
ll

c o r r e c t l y .
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Flasm a r e s i s t i v i t y  has been s tu d ie d  i n  d e v ic e s  i n  which 

plasm a c u r r e n t s  a r e  formed by e x t e r n a l  e l e c t r i c  f i e l d  

s t r e n g t h s  i n  e x c e ss  o f  th e  c r i t i c a l  f i e l d  s t r e n g t h .  The 

r e s i s t i v i t y  i s  o b se rv ed  to  be one o r  more o r d e r s  o f  mag- 

n i tu d e  h i g h e r  th a n  p r e d i c te d  by th e  c l a s s i c a l  \ law . 

C o n s i s t a n t  w ith  t h i s  i s  th e  a p p a r a n t  l a c k  o f  runaway e l e c ­

t r o n s  and o b se rved  d i s r u p t i o n  o f  runaway s t r e a m s  i n  some 

e x p e r im e n ts .  The d e c r e a s e  i n  c o n d u c t iv i t y  i s  due to  an 

enhancem ent o f  t h e  e l e c t r o n  momentum l o s s  th ro u g h  wave- 

p a r t i c l e  i n t e r a c t i o n s  a s ,  f o r  exam ple , i n  th e  g e n e r a t i o n  

o f  io n  a c o u s t i c  waves.

Anomolously low e l e c t r i c a l  c o n d u c t iv i t y  has been  ob­

se rv e d  i n  v a r io u s  t o r o i d a l  d e v ic e s  i n  which th e  a p p l i e d  

e l e c t r i c  f i e l d  i s  g r e a t e r  th a n  th e  c r i t i c a l  f i e l d .  I n  

t h e s e  c a s e s  a  l o n g i t u d i n a l  m agnetic  f i e l d  i s  used to  

r e s t r i c t  p lasm a t r a n s p o r t  to  th e  vacuum chamber w a l l s .  

Demidov, e t  a l . , ^  showed th e  p re s e n c e  o f  an  anom olously

low c o n d u c t iv i t y  p l a t e a u  f o r  a  one e l e c t r o n  v o l t  p lasm a
12 -1e l e c t r o n  t e m p e r a tu r e ,  a  d e n s i ty  o f  1x10 cc , and an

e l e c t r i c  f i e l d  s t r e n g t h  betw een O.^v/cm and 20v/cm. F o r

an e l e c t r i c  f i e l d  l a r g e r  th a n  20v/cm a  c o n t in u e d  f a l l  o f f

o f  c o n d u c t iv i t y  was o b s e rv e d .  These m easurem ents were

perform ed i n  a  hydrogen  p lasm a formed by p lasm a gun
7

i n j e c t o r s .  Hamberger and Friedm an s tu d i e d  th e  v a r i a t i o n  

o f  c o n d u c t iv i t y  f o r  f i e l d  s t r e n g t h s  from  O.^v/cm to
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300v/cm. T h e i r  r e s u l t s  d id  n o t  show th e  Demidov, e t  a l . ,  

p l a t e a u  though  t h e i r  c o n d u c t iv i t y  v a lu e s  appea red  to  

a g re e ,  w i th in  a f a c t o r  o f  two o r  t h r e e ,  w i th  th e  Demidov, 

e t  a l . ,  v a lu e  n e a r  th e  p l a t e a u  r e g io n .  The Hamberger and 

Friedm an c o n d u c t iv i t y  d e c re a se d  m o n o to n ic a l ly  w i th  e l e c ­

t r i c  f i e l d  s t r e n g t h  u n t i l  t h e  e l e c t r i c  f i e l d  s t r e n g t h  

reach ed  lOOv/cm and th e n  a  second p l a t e a u  was re a c h e d .  

Hamberger and F riedm an c la im ed  t h a t  th e  c o n d u c t iv i t y
/  W  V ts c a le d  a s  f n , where " ' i  = io n  m ass, = e l e c ­

t r o n  m ass, and 'n  ■ p lasm a d e n s i t y .  T h is  a g re e s  w i th  th e

c o n d u c t iv i t y  t h a t  would r e s u l t  from  a  two s t re a m  e l e c t r o n -
8 9io n  i n t e r a c t i o n .  Kah, e t  a l . ,  s t u d i e d  anomolous r e s i s ­

t i v i t y  f o r  e l e c t r i c  f i e l d  s t r e n g t h s  i n  t h e  ran g e  o f  38v/cm 

t o  71v/cm. They found v a lu e s  which d e c re a se d  w ith  

i n c r e a s i n g  f i e l d  s t r e n g t h ,  a s  d id  Hamberger and F riedm an , 

b u t  t h e i r  n u m erica l  v a lu e s  seemed to  a g re e  b e s t  w ith  th e  

th e o ry  o f  Dupree*® p ro v id ed  th ey  chose  th e  i n v e r s e  o f  th e  

io n  a c o u s t i c  wave number t o  be e q u a l  t o  one Debye l e n g t h .  

The dependence o f  th e  obse rved  r e s i s t i v i t y  on th e  a p p l ie d

e l e c t r i c  f i e l d  s t r e n g t h  was n o t  e x p la in e d .  I n  th e  e x p e r -
11im en t o f  Hamberger and J a n c a r i k  c o n d u c t iv i t y  f o r  f i e l d  

s t r e n g t h s  from lOOv/cm to  500v/cm were s t u d i e d .  Here 

reg im es c o r re s p o n d in g  to  two s t r e a m  i n s t a b i l i t y  and io n  

a c o u s t i c  i n s t a b i l i t y  were found d ep en d in g  on th e  r a t i o  o f
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e l e c t r o n  d r i f t  v e l o c i t y  t o  io n  a c o u s t i c  speed  ^  and 

th e  r a t i o  o f  e l e c t r o n  d r i f t  v e l o c i t y  to  th e  a v e rag e
U -t

th e rm a l  v e l o c i t y  ^  . F o r  and '^ • / j7e io n

a c o u s t i c  waves were b e l ie v e d  r e s p o n s i b l e  f o r  th e  m easured

r e s i s t i v i t y .  F o r  I th e  c o n d u c t iv i t y  was found to

a g re e  w i th  th e  r e s u l t s  o£ Hamberger and F r iedm an . T ab le  1

sum m arizes t h e s e  e x p e r im e n ta l  r e s u l t s .

T h e o r e t i c a l  e s t im a te s  o f  p lasm a r e s i s t i v i t y  have been

made f o r  e l e c t r i c  f i e l d s  g r e a t e r  th a n  th e  c r i t i c a l  f i e l d .

The e le c t r o n - p la s m a  wave reg im e , o r  two s t r e a m  i n s t a b i l i t y
12reg im e , has  been  i n v e s t i g a t e d  by Buneman and S izen en ko  

13and S tep an o v  . T h e i r  e x p re s s io n s  f o r  c o n d u c t iv i t y  a r e  

Buneman« ( p .  I  (

S izen enko  and S tepanov i (p -

where and a r e  th e  e l e c t r o n  p lasm a f re q u e n c y  and ion  

p lasm a f req u e n cy , r e s p e c t i v e l y .  The e l e c t r o n - i o n  a c o u s t i c  

wave i n t e r a c t i o n  has  been  i n v e s t i g a t e d  by Sagdeev ,**  

D u p r e e , a n d  S izenenko  and Stepanov***. The e x p re s s io n s  

f o r  c o n d u c t iv i t y  i n  th e s e  c a s e s  a r e  g iv e n  by 

Sagdeev . CT= I©

S izenenko  and S tep an o v i <T= £*>
8  VT tv\«

Dupree i (p - (s2)v*

where i s  th e  Debye l e n g th  and i s  th e  io n  a c o u s t i c

wave number o f  g r e a t e s t  grow th  r a t e .
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EXPERIMENTAL RESULTS OF OTHER RESEARCHERS

Demidov e t  
a l .  196?

Hamberger 
and F r i e d ­
man 1968

Mah e t  a l . 
1970

Hamberger 
and J a n -  
c a r i k  1972

0 .4  to40 0 .7  to200 38 ,50 ,71 100to500

*  ec
10 12 1011t o l 0 13 3x1011 1011t o l 0 13

O th e r  r e ­
p o r te d  

m easure­
ments

102MHz plasm a c o l ­
umn s i z e

f o r
f i r s t  p a r t  
o f t r i a l

wave s p e c ­
trum  u s in g  
h ig h  f r e q ­
uency 
p robe

&S.O

n o t  m eas­
u r a b le

7 .5 x l0 11a t
p l a t e a u

l . l x l O * 2 
5 .4x 10“ , 
1 .1x10

£  “ 2 5 to 5Pe.

2 .8 x l 0 12 
a t  p l a t e a u

5x10:}'2 t o  
3x10 a t  
p l a t e a u

n o t  r e p o r t ­
ed

n o t  r e p o r t  
ed

Assumed 
th e o ry  to  
f i t  d a t a

e l e c t r o n -  
io n  a c o u s ­
t i c

Buneman 
2 - s t r e a m

Dupree D i f f e r e n t
reg im es
found

20♦ H iro s e ,  e t  a l . , ( 1 9 7 0 )  m easured p lasm a f l u c t u a t i o n s  n e a r  
200 MHz.
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CHAPTER I I I  

EXPERIMENTAL APPARATUS

The a p p a r a tu s  used* i s  shown i n  f i g u r e  1 and c o n s i s t s  

o f  a  t o r o i d a l  vacuum chamber made from two Pyrex  se m i­

c i r c l e s .  These s e c t i o n s  were b e n t  from s ta n d a rd  5.08cm 

i n n e r  d ia m e te r  Pyrex  t u b in g .  The m ajor d ia m e te r  i s  t h i r t y -  

e i g h t  c e n t i m e t e r s .  Two 3.81cm i n n e r  d ia m e te r  s t r a i g h t  

s e c t i o n s  o f  Pyrex  tu b in g  a r e  co n n ec ted  th ro u g h  th e  w a l l s  

o f  t h e  t o r u s  and s e rv e  a s  a c c e s s  p o r t s .  The s e m i c i r c u l a r  

c o n s t r u c t i o n  was n e c e s s a ry  i n  o r d e r  t o  a l lo w  f o r  tw e lv e  

c o i l s ,  s i x  on each  s e m i c i r c l e ,  to  be p la c e d  around th e  

m inor c i r c u m fe re n c e  o f  th e  t o r u s .  The c o i l s  o f  15.2cm 

o u t e r  d ia m e te r ,  10.0cm i n n e r  d ia m e te r  and 3.^0cm t h ic k n e s s  

have a  2 .8 7  m ic roh en ry  in d u c ta n c e  and su p p ly  an  a p p ro x ­

im a te ly  s i x  m i l l i s e c o n d  wide l o n g i t u d i n a l  m agnetic  f i e l d  

p u l s e .  F i e l d  s t r e n g t h s  i n  e x c e s s  o f  two k i lo g a u s s  have 

e a s i l y  been  o b ta in e d .

The c o i l s  were c o n s t r u c te d  by f i r s t  w ind ing  160 t u r n s  

o f  number 12 A. W. G. s i n g l e  c o t t o n ,  s i n g l e  p o ly th e r m a l iz e  

c o p p e r  magnet w ire  on a  s p i n d l e .  The wound c o i l  was th e n  

p lac ed  on a  form  which was f i l l e d  w i th  epoxy . T h is  was 

p la c e d  i n t o  a  vacuum oven which was s lo w ly  e v ac u a ted  to
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a l lo w  any a i r  b u b b le s  t o  e scap e  from  th e  epoxy. H e a t in g  

th e  epoxy d e c re a se d  i t s  v i s c o s i t y  h e lp in g  i t  to  f low  

betw een th e  w ire  l a y e r s  and d e c r e a s in g  t h e  c u r in g  t im e .

The l o n g i t u d i n a l  m agnetic  f i e l d  c o i l s  a r e  h e ld  i n  

p la c e  by two s h e e t s  o f  B enelex  (6 l ,0 c m  x 6 1 .0cm x 2.54cm) 

w i th  concave w e l l s  machined i n t o  th e  s h e e t s .  The p la n e  o f  

th e  s h e e t s  a r e  p a r a l l e l  to  th e  t o r o i d a l  p la n e  and a r e  h e ld  

i n  p la c e  by tw e lv e  2.54cm p l a s t i c  r o d s ,  tw e lv e  t u b u l a r  

s p a c e r s  and n u t s .  The t o r o i d a l  g l a s s  chamber was s e a le d  

by w rapp ing  th e  j o i n t s  i n  f i b e r g l a s s  c l o t h  and a p p ly in g  

s u c c e s s iv e  l a y e r s  o f  epoxy.

Two c o a x i a l  lo o p s  o f  L i t z  w ire  a r e  embedded i n t o  each  

s h e e t  o f  B e n e lex .  The i n n e r  lo o p  has a  m ajo r  d ia m e te r  o f  

24.0cm and th e  o u t e r  lo o p  has a  m ajo r  d ia m e te r  o f  5 2 . 0cm. 

The i n n e r  lo o p  i s  made up o f  se v en  b u n d le s  o f  f i f t y - n i n e  

lo o p s  o f  number 36 w ire  wound 8 0 .5  t im e s  around  a  q u a r t e r -  

in c h  T e f lo n  rod i n  t h e  form  o f  a  h e l i x .  The o u t e r  lo o p  i s  

composed o f  se v en  b u n d le s  o f  s i x t y  lo o p s ,  each  o f  number 

40 c o p p e r  w i r e .  With t h e s e  c o i l s  we ex p ec te d  a  c u r r e n t  

d i v i s i o n  o f  1 .0 0 0  t o  0 .775  betw een th e  c u r r e n t  i n  th e  

i n n e r  t u r n  and th e  o u t e r  t u r n .

U sing  t h e  a n a l y t i c  form  f o r  t h e  m agnetic  f i e l d  due to
2

a  c i r c u l a r  lo o p  o f  w ire



and u s in g  t h e  po ly nom ia l  a p p ro x im a t io n  fo rm u la s  f o r  e l l i p ­

t i c a l  in te g r a l s - ^  one can  c a l c u l a t e  th e  m agnetic  f i e l d ,  

v e c t o r  p o t e n t i a l ,  and f i e l d  in d ex  ✓n, a t  any p o i n t  w i th in  

th e  t o r o i d a l  vacuum cham ber. F ig u r e s  2 and 3 show th e  

c a l c u l a t e d  v a r i a t i o n  o f  th e  v e c t o r  p o t e n t i a l  a s  a  f u n c t i o n  

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

m agne tic  f i e l d  a s  a  f u n c t i o n  o f  p o s i t i o n .  The computed 

v a lu e  o f  th e  f i e l d  in d ex  m. n e a r  th e  v e c t o r  p o t e n t i a l  

minimum i s  0 .3 6 .  The c o i l  d im en sio n s  were o r i g i n a l l y  

computed by S k a rsg a n rd  and Gore1 f o r  a  s i m i l a r  e x p e r i ­

m en ta l  d e v ic e .

The p lasm a i s  formed by th e  u se  o f  a  p lasm a gun. 

S e v e r a l  ty p e s  o f  p lasm a i n j e c t i o n  d e v ic e s  were i n v e s t i g ­

a te d  . The f i r s t  ty p e  s tu d i e d  i s  a  s i n g l e  e lem en t gun a s  

shown i n  f i g u r e  4 .  A number 18 c o p p er  w ire  i s  p la c e d  

th ro u g h  a  l a v i t e  c y l i n d e r  p la c e d  i n  th e  c e n t e r  o f  a  b r a s s  

p l a t e .  The p l a t e  f i t s  o n to  a  t h r e e  in c h  P yrex  p ip e  

assem bly  which i s  ev ac u a ted  by a  d i f f u s i o n  pump. Back­

ground p r e s s u r e s  i n  th e  10“^ T o r r  r e g io n  a r e  a t t a i n e d .  A 

s p a rk  form s betw een th e  c o p p e r  w ire  and b r a s s  p l a t e  when a 

c a p a c i t o r  i s  d i s c h a rg e d  th ro u g h  th e  gun. T h is  c a u se s  a  

p lasm a to  be e j e c t e d  down th e  P yrex  p ip e .  A doub le  

Langm uir probe-' was b u i l t  t o  t r y  t o  m easure  th e  p lasm a
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d e n s i t y  and te m p e ra tu re  b u t  c o u ld  n o t  be s u c c e s f u l l y  u se d .

A p o s s ib l e  cau se  o f  d i f f i c u l t y  was t h e  la c k  o f  D. C. 

i s o l a t i o n  betw een th e  gun and p robe  c i r c u i t s .  T h is  

a p p a r e n t ly  r e s u l t e d  i n  d i r e c t  c o n d u c t io n  o f  c h a rg e  from th e  

c a p a c i to r  t o  th e  ground o f  t h e  p robe  c i r c u i t .
l

A second ty p e  o f  gun t h a t  was b u i l t  i s  a  b u t to n  gun. 

P a r a l l e l  w ire s  were i n s e r t e d  i n t o  a  c y l i n d e r  o f  L a v i te  a s  

shown i n  f i g u r e  5 . A gain  th e  L a v i t e  was mounted i n t o  a 

f l a n g e  and a t t a c h e d  to  a  Pyrex  tu b e  a sse m b ly .  A sp a rk  

form s betw een th e  two w ire s  i o n i z i n g  some o f  th e  w ire  and 

p r o p e l l i n g  plasm a fo rw a rd .  Both  t u n g s t e n  and c o p p er  e l e c ­

t r o d e s  were u se d .  D esigns  h a v in g  d i f f e r e n t  w ire  d ia m e te r s  

and d i f f e r e n t  s p a c in g s  o f  th e  w ire s  were t e s t e d .  A l l  

d e s ig n s  l a s t e d  n o t  more th a n  $0 t o  100 d i s c h a r g e s .  A d i f f ­

e r e n t  d e s ig n  was r e q u i r e d  which would l a s t  f o r  many more 

d i s c h a r g e s .

A t h i r d  ty p e  o f  p lasm a gun t h a t  was b u i l t  was a  sm a ll  

c o a x ia l  gun . F ig u r e  6 shows t h e  f i n a l  gun d e s ig n  u se d .

The gun i s  s i m i l a r  t o  t h a t  o f  F u e n te s  and F o r s e n .^  A 

m ajo r d i f f e r e n c e  i s  t h a t  i n s t e a d  o f  u s in g  an  o cc lu d ed  

hydrogen e l e c t r o d e  a  co p p er  e l e c t r o d e  was f i r s t  u s e d .  I t  

was found t h a t  gun breakdown would n o t  o c c u r  w ith  b a ck ­

ground p r e s s u r e s  below 10x10” ^ T o r r  o f  a rg o n .  F eed ing  gas 

th ro u g h  t h e  gun i n t o  th e  vacuum chamber d id  n o t  improve
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t h i s  perfo rm ance  a p p r e c i a b ly .  However, when a s t a i n l e s s  

s t e e l  screw  i s  i n s e r t e d  th ro u g h  th e  o u t e r  c o p p e r  tu b e  and 

p lac ed  0.013cm from  t h e  i n n e r  e l e c t r o d e  r e g u l a r  breakdown 

o c cu rs  a t  n e u t r a l  p r e s s u r e s  a s  low a s  3x10”^ T o r r ,  (The 

l i m i t  o f  th e  d i f f u s i o n  pump.) With t h e  f i r s t  w orking 

model on ly  a b o u t  500 d i s c h a r g e s  were c r e a t e d  b e fo r e  th e  

c e n t e r  e l e c t r o d e  came lo o s e  due to  i n s u l a t i o n  f a i l u r e  of 

th e  epoxy s e a l .  The c o a x ia l  gun d e s ig n  was m o d if ied  to  

p re v e n t  t h e  e j e c t i o n  o f  th e  c e n t e r  e l e c t r o d e .  The gun 

c a b le  was a l s o  b e n t  a b o u t  45 d e g re e s  so  t h a t  th e  i n j e c t e d  

plasm a would be t r a v e l i n g  p a r a l l e l  t o  th e  l o n g i t u d i n a l  

a x i s  r a t h e r  th a n  p e r p e n d i c u l a r  to  i t  a s  i n  th e  f i r s t  

c o a x i a l  d e s ig n .  Both co p p er  and hydrogen  o cc lud ed  t i t a n ­

ium c e n t e r  e lec trodes  a r e  u se d .  The u s e f u l  gun l i f e  i s  

v e ry  lo n g .  A f t e r  s e v e r a l  tho usand  d i s c h a r g e s  th e  s t a r t i n g  

screw  may be r e s e t ,  t h e  gun c le a n e d  o u t  w i th  a  s o l v e n t ,  

and r e u s e d .

The hydrogen  o cc luded  t i t a n iu m  gun i n j e c t e d  l a r g e  

amounts o f  p lasm a i n t o  th e  t o r o i d a l  vacuum chamber f o r  th e  

f i r s t  s e v e r a l  hundred  d i s c h a r g e s .  Two guns mounted i n  

each  a c c e s s  p o r t  were i n i t i a l l y  used  t o  t r y  t o  i n j e c t  a  

u n ifo rm  amount o f  p lasm a i n t o  th e  vacuum cham ber. Ob­

s e r v in g  microwave t r a n s m i s s io n  c u t o f f  we c o u ld  e s t im a te  

th e  speed  and d e n s i t y  o f  th e  i n j e c t e d  p lasm a. The i n j e c ­

t e d  p lasm a t r a v e l e d  w i th  a  l o n g i t u d i n a l  speed  o f  ab o u t
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2x10^ cm/s and d i f f u s e d  to  t h e  vacuum chamber w a l l s  a f t e r  

30 m ic ro se c o n d s .  The r a p id  d i f f u s i o n  may be e x p la in e d  by
O

an a n a l y s i s  o f  th e  g u id in g  c e n t e r  m o tion  o f  th e  i o n s .  Due 

t o  th e  d r i f t  m otion  o f  th e  i n j e c t e d  p la s m a 's  e l e c t r o n s  and 

io n s  i n  th e  cu rved  l o n g i t u d i n a l  m agne tic  f i e l d  th e  io n s  

t r a v e l  t o  th e  vacuum chamber w a l l s  w i th  a r a d i a l  v e l o c i t y  

g iv e n  by

where & i s  t h e  m ajo r  t o r o i d a l  d i a m e te r ,  i s  th e

l o n g i t u d i n a l  io n  sp e ed ,  i s  th e  r a d i a l  io n  sp e e d ,  andv^ 

i s  t h e  io n  m otion  p e r p e n d ic u la r  to  th e  l o n g i t u d i n a l  mag­

n e t i c  f i e l d .  I f  t h a n  —*■ ~ and th e
A* R *.

p lasm o id  i s  c o n f in e d  t o  c i r c u l a r  m o tio n .  However, i f  —
. x

i s  com parab le  t o  v n , t h e n  th e  p lasm oid  has an  a c c e l -
v  2e r a t i o n  which i s  g r e a t e r  th a n  -jg- and w i l l  move tow ard

t h e  vacuum chamber w a l l  a c r o s s  th e  m agne tic  f i e l d  l i n e s .

The r a d i a l  a c c e l e r a t i o n  i s  g iv e n  by
_  v f  _ v l  ~x ~ nr

and nt v jt - -%-T2
Thus we can  e s t im a te  t h e  r e q u i r e d  io n  t e m p e r a tu re  needed to  

p roduce  th e  obse rv ed  d i f f u s i o n  t im e .  T h is  t u r n s  o u t  t o  be 

o f  th e  o r d e r  o f  0 ,5  e l e c t r o n  v o l t s .  So one would e x p e c t  

th e  r a p i d  d i f f u s i o n  o f  t h e  i n j e c t e d  p lasm a to  o c c u r  f o r  an 

io n  te m p e ra tu re  o f  a b o u t  0 .5 e v .

C a p a c i to r s  were d i s c h a rg e d  a t  d i f f e r e n t  t im e s  i n  o r d e r
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to  p ro v id e  th e  b e t a t r o n  f i e l d ,  a z im u th a l  m agnetic  f i e l d ,  

and gun d i s c h a r g e .  The t im in g  o f  th e  d i s c h a r g e s  i s  shown 

i n  f i g u r e  7 . I g n i t r o n  s w i tc h e s  a r e  used t o  a c t i v a t e  th e  

c a p a c i t o r  d i s c h a r g e s .  I n  o r d e r  to  p ro v id e  th e  s e v e r a l  

hundred v o l t  p u l s e  needed to  c lo s e  t h e s e  s w i tc h e s ,  a m p l i ­

f y in g  ne tw orks were used  c o n s i s t i n g  o f  a  p u l s e  g e n e r a t o r ,  a  

Schm idt t r i g g e r  c i r c u i t ,  and a  hydrogen  t h y r a t r o n  c i r c u i t .  

F ig u re  8 shows a  sc h em a tic  d iag ram  o f  th e  t r i g g e r i n g  n e t ­

work. T here  was c o n s id e r a b le  d i f f i c u l t y  i n  o b t a in in g  a 

c o n s i s t e n t  sequence  o f  f i r i n g  o f  t h e s e  c i r c u i t s .  I s o l a t ­

in g  th e  i n d i v i d u a l  c i r c u i t s  a s  much a s  p o s s ib l e  r a t h e r  

th a n  u s in g  a  common ground seemed to  p ro v id e  a  more r e ­

l i a b l e  f i r i n g  se q u e n c e .  I s o l a t i o n  t r a n s f o r m e r s  were used 

betw een t h e  p u l s e  g e n e r a t o r s  and Schm idt t r i g g e r  c i r c u i t s  

and betw een  th e  t h y r a t r o n s  and i g n i t r o n s . The p a r t i c u l a r  

c h o ic e  o f  120v a .  c .  o u t l e t s  used  and w he ther  th e  a .  c .  

g rounds were f l o a t i n g  o r  n o t  a f f e c t e d  th e  seq uence  o f 

f i r i n g s .  A lso  th e  r e l i a b i l i t y  was v a r i a b l e  from  day to  

day even though  no changes  were made i n  th e  sy s te m . A f t e r  

th e  equ ipm ent hookups were a r ra n g e d  to  m inim ize i n c o r r e c t  

seq uences  o f  d i s c h a r g e s  i t  was found t h a t  by b u i ld i n g  more 

e f f i c i e n t  t r a n s f o r m e r s  betw een  t h e  t h y r a t r o n s  and i g n i ­

t r o n s  a  r e d u c t io n  i n  t h e  t h y r a t r o n  c a p a c i t o r  v o l t a g e  was 

p o s s i b l e .  T h is  ap p ea re d  to  red u c e  e r r o r s  i n  th e  t im in g  of 

th e  d i s c h a r g e s .
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CHAPTER IV 

MEASUREMENT OF EXTERNAL FIELDS

From th e  c a l c u l a t i o n s  d i s c u s s e d  i n  c h a p t e r  I I I ,  i t  i s  

known t h a t  i n  o r d e r  to  a t t a i n  th e  p r o p e r ly  shaped b e t a t r o n  

f i e l d  th e  c u r r e n t  d i v i s i o n  betw een th e  i n n e r  c o i l s  and 

o u t e r  c o i l s  shou ld  be 1 .0 0 0  to  0 .7 7 5 .  F ig u r e  1 shows th e  

c i r c u i t  used  to  t r y  to  d e te rm in e  th e  c u r r e n t  d i s t r i b u t i o n  

betw een th e  i n n e r  c o i l s  and o u t e r  c o i l s .  An e x t e r n a l  r e ­

s i s t a n c e ,  K© , i s  p la c e d  i n  s e r i e s  w i th  th e  o u t e r  c o i l ,

L© . S i m i l a r l y  , a n o th e r  e x t e r n a l  r e s i s t a n c e ,  i s  

p la c e d  i n  s e r i e s  w ith  th e  i n n e r  c o i l ,  \_i,. U sing an 

a p p ro x im a te ly  100 KHz o s c i l l a t o r  s i g n a l  and m easu rin g  

th e  v o l t a g e  d ro p s  a c r o s s  Ri and Ro one o b ta in s
J* .  _w . &

'  I'o ~rc 
From t h i s  m easurement i t  i s  found t h a t

T h is  i s  i n  agreem ent w ith  t h e  a p p a r a n t  l a c k  o f  a  v e c t o r  

p o t e n t i a l  minimum as m easured by a  r a d i a l  p r o b e ( to  be 

d i s c u s s e d  l a t e r  i n  t h i s  c h a p t e r ) . I n  o r d e r  to  r e d i s t r i b  

u t e  th e  c u r r e n t ,  sm a ll  i n d u c t i v e  c o i l s  a r e  p la c e d  in  

s e r i e s  w i th  th e  o u t e r  lo o p s .  The needed c o i l  i n d u c t io n  

s i z e  i s  e s t im a te d  to  be a p p ro x im a te ly  0 .1  m ic r o h e n r ie s .
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The c o r r e c t i o n  c o i l  d im en sion s  a r e  1.27cm lo n g  and 0.64cm 

i n  r a d i u s .  C o i l s  w i th  f o u r  t u r n s ,  s i x  t u r n s ,  and e ig h t  

t u r n s  a r e  c o n s t r u c t e d  and t e s t e d  w ith  r e s p e c t  to  a c h ie v in g  

a  v e c t o r  p o t e n t i a l  minimum. F ig u re  2 shows th e  c i r c u i t  

used to  m easure th e  c o i l  in d u c ta n c e .  A known r e s i s t a n c e ,

R , i s  p la c e d  i n  s e r i e s  w i th  a  v a r i a b l e  f r e q u e n c y  s i n e -  

wave g e n e r a t o r  and th e  c o i l  to  be t e s t e d .  The c o i l  imped­

ance  i s  g iv e n  by Z e#i, * ^  . By p l o t t i n g

2 ,#i, a g a i n s t  th e  o s c i l l a t o r  f re q u e n c y  squ ared  ( o r  

v e r s u s  f re q u e n c y )  and d e te rm in in g  th e  s lo p e  o f  t h i s  

s t r a i g h t  l i n e ,  th e  c o i l  in d u c ta n c e  can  be fo u n d . F r e q ­

u e n c ie s  from 0.1MHz to  2.0MHz a r e  u s e d .  I t  i s  n o ted  t h a t  

any change i n  a m p li tu d e  o f  th e  o s c i l l a t o r  v o l ta g e  i s  comp­

e n s a te d  f o r  i n  t h i s  m easurem ent. The measured in d u c ta n c e  

o f  t h e  e i g h t -  and s i x - t u r n  c o i l s  a re  a p p ro x im a te ly  0 .42uh  

and 0 .1 7 u h .  From t h i s  we can  e s t im a te  th e  f o u r - t u r n  c o i l s  

to  have an in d u c ta n c e  o f  ab o u t  O .lu h . The in d u c ta n c e  o f  a

s i n g l e  c o i l  making up the  b e t a t r o n  p r im ary  i s  a p p ro x im a te ly

lu h .

The e x p e r im e n ta l  d e te r m in a t io n  o f  and B, i s

c a r r i e d  o u t  by two m ethods. The f i r s t  method u se s  a  r a d i a l

p ro b e .  The ^  (a z im u th a l )  c o o r d in a te  and ?  ( v e r t i c a l )

c o o rd in a te  a r e  f i x e d  ( 2* * is  ta k e n  to  be a t  th e  median 

p la n e ,  w h i le  ^  i s  v a r i e d  f o r  d i f f e r e n t  s e t s  o f  r a d i a l  

m e a su re m e n ts ) . The r a d i a l  p robe  i s  composed o f  a  ,64cm
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sq u a re  n y lon  form  wound w ith  100  t u r n s  o f  number 40 w i r e .  

T h is  i s  mounted on a  p l e x i g l a s s  r u le d  ro d ,  which s l i d e s  on a 

wood t r a c k .  The assem bly  i s  d e s ig n e d  so  t h a t  th e  c e n t e r  o f 

th e  p ic k -u p  lo o p  i s  i n  th e  median p l a n e .

I n  o r d e r  to  m easure th e  f i e l d  c o n f i g u r a t i o n ,  a  l a r g e  

enough c u r r e n t  must be s e n t  th ro u g h  th e  b e t a t r o n  c o i l s .

Both a v a r i a b l e  f re q u e n c y  o s c i l l a t o r  and a  power a m p l i f i e r  

a r e  used  to  p roduce  a  h ig h  f re q u e n c y  (50 KHz and 116 KHz) 

c u r r e n t  o f  s u i t a b l e  a m p l i tu d e .  The p robe  v o l ta g e  was 

f i r s t  measured by means o f  T e c h t ro n ix  551 o s c i l l o s c o p e  

u s in g  a  D i f f e r e n t i a l  C om parator A m p lif ie r -T y p e  W p l u g - i n  

u n i t .  was sampled a t  1 . 00cm i n t e r v a l s  from th e

common a x i s  o f  th e  b e t a t r o n  c o i l s  and i n  th e  m edian p l a n e .  

The v a lu e  o f  B i. averaged  o v e r  th e  a r e a  o f  th e  p ick u p  

lo o p ,  B* , i s  = uTa H where £  i s  th e

ind uced  p robe  v o l t a g e ,  i s  th e  d r i v i n g  f r e q u e n c y ,  A i s  

t h e  p ro b e  lo o p  a r e a ,  and M i s  th e  number o f  t u r n s  i n  t h e  

p ro b e .  A$  and a r e  r e l a t e d  a s  f o l lo w s i

I n t e g r a t i n g  t h i s  e q u a t io n  o v e r  th e  a r e a  o f  th e  median

S in c e  A  i s  a z im u th a ly  sym m etric  and th e  t o t a l  f l u x  i s

One can  c a l c u l a t e  $  from th e  S 2 m easurem ents by

p la n e  o f  r a d iu s  A* 

o r

we have t h a t '  2/7/?
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d i v id i n g  th e  a r e a  IT i n t o  c i r c u l a r  s t r i p s  and c a l ­

c u l a t i n g  th e  a v e ra g e  f l u x  th ro u g h  each  s t r i p .  The a v e rag e  

f l u x  th ro u g h  each s t r i p  i s  p r o p o r t i o n a l  to

( *>C ♦•fee,.') C^t*. * P i )

and th e  t o t a l  f l u x  up to  r a d iu s  i s  m
S  CW * 2 ( + t ^ i t i  "“ t*o

j  » t
and jfo- Z-^  <*i*« - R0

When t h i s  was f i r s t  a t te m p te d  i t  was found t h a t  &«. cou ld  

n o t  be d e te rm in ed  p r e c i s e l y  enough u s in g  th e  d i f f e r e n t i a l  

c o m p a ra to r .  T h is  was due to  th e  d r i f t  o f  th e  o s c i l l o s c o p e  

t r a c e  and a m p li tu d e  f l u c t u a t i o n s  o f  th e  s i g n a l  o s c i l l a t o r .  

The a m p l i tu d e  f l u c t u a t i o n s  w ere , i n  p r a c t i c a l  te rm s ,  e l im ­

in a t e d  by th e  use  o f  a  v o l ta g e  l i n e  r e g u l a t o r  co nn ec ted  

betw een th e  power a m p l i f i e r  and th e  120 v o l t  a .  c .  l i n e .  

The o s c i l l o s c o p e  d r i f t  cou ld  n o t  be e l i m in a t e d ,  t h e r e f o r e  

two vacuum tube  v o l t  m e te rs  (V.T.M .) were used i n s t e a d .

One V.T.M. m easures th e  induced  v o l t a g e  on a  p robe  c o i l  

f i x e d  n e a r  th e  c e n t e r  o f  th e  b e t a t r o n ,  th e r e b y  m o n ito r in g  

any changes  i n  th e  power a m p l i f i e r  o u tp u t .  The o t h e r  

V.T.M. i s  co nnec ted  to  th e  r a d i a l  p ro b e .  These m easu re ­

ments a l lo w  d e te r m in a t io n  o f  changes i n  A *  to  s e v e r a l  

t e n t h s  o f  a  p e r c e n t .  I t  i s  found t h a t  th e  p re s e n c e  o f  

th e  c o i l s  a f f e c t  th e  shape  o f  A$ . F ig u r e  3 shows

th e  r a d i a l  p robe  m easurem ents o f  w i th  a l l  th e

c o i l s  i n  p la c e  f o r  d i f f e r e n t  s i z e  c o r r e c t i o n  c o i l s  and a t
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two f r e q u e n c i e s  o f  th e  b e t a t r o n  f i e l d .  S e v e ra l  d i f f e r e n t  

a z im u th a l  p o s i t i o n s  a r e  s e l e c t e d  and th e  v e c t o r  p o t e n t i a l  

i s  rem easu red .  The v e c t o r  p o t e n t i a l  dependence  i s  found 

to  be v e ry  s i m i l a r .  U sing  th e  r a d i a l  p robe  m easurem ents , 

t h e  / 'rl  v a lu e s  f o r  th e  e i g h t - t u r n  c o r r e c t i o n  c o i l  a r e  

shown a s  a  f u n c t i o n  o f  r a d i a l  p o s i t i o n  i n  f i g u r e  4 .  One 

sh o r tc o m in g  o f  th e  r a d i a l  p robe  te c h n iq u e  i s  th e  f a c t  t h a t  

o n ly  r e g io n s  be tw een t h e  a z im u th a l  f i e l d  c o i l s  can  be 

sa m p le d .

One can  m easure A4> more d i r e c t l y  by c o n s t r u c t i n g

c i r c u l a r  lo o p s  o f  w ire  which l i e  i n  th e  median p l a n e .  The

lo o p s  e n c lo s e  m agnetic  f l u x ,  $  , i n  an  a r e a  o f  IT**' and 
s

A<t * • The c i r c u l a r  p robe  i s  c o n s t r u c t e d  by m i l l i n g

o u t  sev en  c i r c u l a r  c o n c e n t r i c  g ro o v es  i n  a  s h e e t  o f  

p l e x i g l a s s  and p l a c in g  f i v e  t u r n s  o f  number 40 w ire  i n  each 

g ro o v e .  The r a d i i  a r e  16cm, 17cm, 18cm, 19cm, 20cm, 21cm 

and 22cm. U sing  a  V.T.M. and a  h ig h  g a in  d i f f e r e n t i a l  

a m p l i f i e r ,  th e  shape  o f  th e  v e c t o r  p o t e n t i a l  can  be found 

by th e  fo l lo w in g  p ro c e d u re i  The v o l ta g e  a c r o s s  one loop  

i s  used  a s  a  r e f e r e n c e  p o t e n t i a l .  The p o t e n t i a l s  a c ro s s  

th e  o t h e r  lo o p s  a r e  s u b t r a c t e d  from  t h i s  r e f e r e n c e  p o te n ­

t i a l ,  and from t h e s e  d i f f e r e n c e s  and th e  r e f e r e n c e  p o te n -  

i a l  v a lu e  th e  shape  o f  (X) c an  d e te rm in e d .  One has 

. | t w  = . and A . (. R . V  ^ e#

where th e  s u b c r i p t  o r e f e r s  to  th e  r e f e r e n c e  p o t e n t i a l ,  o>



61

i s  th e  s i g n a l  f r e q u e n c y ,  £  i s  th e  induced  p rob e  v o l t a g e ,  

and R i s  t h e  r a d i a l  p o s i t i o n .  The change i n  from  

t o  i s  AACRO= A#(.«?•>- («•'**

The r e l a t i v e  changes i n  A$ , a s  m easured w ith  r e s p e c t  to  

th e  r e f e r e n c e  v a lu e ,  • a **® p l o t t e d  i n  f i g u r e  5 . D a ta

f o r  th e  e i g h t - t u r n  and f o u r - t u r n  c o r r e c t i o n  c o i l  ta k e n  a t  

l l 6KHz w ith  th e  c i r c u l a r  p robe  a r e  shown. I t  i s  no ted  

t h a t  t h e  v e c t o r  p o t e n t i a l  m easurem ents u s in g  t h e  e i g h t -  

t u r n  c o r r e c t i o n  c o i l  when c a r r i e d  o u t  w i th  th e  r a d i a l  

p robe a g re e ,  q u a l i t a t i v e l y ,  w i th  th o s e  done w i th  t h e  c i r ­

c u l a r  p ro b e .  The f o u r - t u r n  c o r r e c t i o n  c o i l  m easurem ents 

a p p e a r  t o  be i n  d is a g re e m e n t  i n  t h a t  t h e  r a d i a l  p robe  

m easurem ents i n d i c a t e  a  l a c k  o f  v e c t o r  p o t e n t i a l  minimum, 

w h ile  th e  c i r c u l a r  p robe  i n d i c a t e s  th e  p re s e n c e  o f  a  m in­

imum. T h is  d is a g re e m e n t  may be due t o  th e  changes  i n  th e  

v e c t o r  p o t e n t i a l  c r e a t e d  by th e  p re s e n c e  o f  th e  a z im u th a l  

c o i l s  and by th e  m easurement e r r o r  i n  t h e  c i r c u l a r  p robe  

m ethod .

The v a lu e  o f  th e  a z im u th a l  m agne tic  f i e l d  a t  th e  

e q u i l i b r iu m  o r b i t  i s  de te rm in ed  by u s in g  th e  same r a d i a l  

p robe  a s  i n  th e  v e c t o r  p o t e n t i a l  m easurem ent. The c e n t e r  

o f  th e  p robe  i s  p o s i t io n e d  a t  th e  e q u i l i b r iu m  o r b i t  

p o s i t i o n  (assumed to  be 1 9 . 0cm) w i th  a l l  th e  2>$ c o i l s  i n  

p la c e  and co n n ec te d  t o  a  5^uf c a p a c i t o r .  The c a p a c i t o r  

i s  charged  by a  h ig h  v o l ta g e  power su p p ly  and th e n  d i s ­
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ch arg ed  by means o f  an i g n i t r o n  s w i tc h .  The induced  probe  

v o l t a g e  i s  i n t e g r a t e d  and d i s p la y e d  on th e  T e c h tro n ix  551 

o s c i l l o s c o p e .  The o s c i l l o s c o p e  t r a c e  i s  pho tog raph ed  and 

from  th e  m easured v o l ta g e  and p robe  d im ensio ns  i t  i s  d e t e r  

mined t h a t  th e  B* v a lu e  i s

| fbt| = 0 - L8  /  ICr+tt

so t h a t  a l . O k i l o v o l t  v o l t a g e  a c r o s s  th e  c a p a c i t o r  g iv e s  

an e q u i l i b r iu m  o r b i t  o f  0 .6 8  k i l o g a u s s .  The measured

h a l f  p e r io d  o f  th e  ?>$ f i e l d  i s  a p p ro x im a te ly  6 ms.

I n  a  s i m i l a r  f a s h i o n  th e  b e t a t r o n  m agnetic  f i e l d  

s t r e n g t h  i n  th e  z - d i r e c t i o n  i s  fo u n d .  Here a  10 u f  c a p ­

a c i t o r  i s  u se d .  U t i l i z i n g  th e  same 1 0 0 - tu rn  r a d i a l  p robe

as  above , i t  i s  found t h a t  th e  peak v a lu e  o f  a t  th e

e q u i l i b r iu m  o r b i t  i s

\ * “2.S.O /* " • !+

to  w i t h in  ab o u t  t e n  p e r c e n t .  A t e n - t u r n  lo o p  g iv e s  th e

v a lu e  o f  2 3 .1  gauss/fcv , b u t  t h i s  d e te r m in a t io n  i s  n o t  

c o n s id e r e d  t o  be a s  p r e c i s e  as  th e  above v a lu e  due t o  th e  

r e l a t i v e l y  l a r g e  a r e a  su b ten d ed  by th e  p robe  le a d s  i n  th e  

t e n - t u r n  lo o p  compared t o  th e  1 0 0 - tu r n  lo o p .  A s i n g l e  

lo o p  o f  w ire  p a r a l l e l  t o  th e  a z im u th a l  d i r e c t i o n  i s  a l s o  

u s e d .  I n  t h i s  c a s e  th e  i n t e g r a t e d  induced  v o l t a g e  i s  

p r o p o r t i o n a l  to  th e  a v e rag e  m agnetic  f i e l d  o v e r  th e  

e n t i r e  a r e a  o f  th e  e q u i l ib r iu m  o r b i t .  H a lf  o f  t h i s  v a lu e  

i s  e q u a l  t o  th e  v a lu e  o f  th e  b e t a t r o n  m agne tic  f i e l d  a t
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t h e  e q u i l i b r iu m  o r b i t .  These r e s u l t s  a r e  i n  ap p ro x im a te  

ag reem en t w ith  th e  r a d i a l  p robe  r e s u l t s .

The tim e  dependence o f  th e  v e r t i c a l  b e t a t r o n  f i e l d  can  

be o b ta in e d  by a n a ly z in g  th e  induced  v o l ta g e  a c r o s s  th e  

r a d i a l  p ro b e .  One assumes t h a t  th e  p r im ary  c i r c u i t  o f  th e  

b e t a t r o n  ( f i g u r e  6 ) i s  composed o f  a  c a p a c i t o r ,  C j 

ch arg ed  to  an i n i t i a l  v o l t a g e ,  V0 i a  r e s i s t o r ,  R i and 

an  in d u c ta n c e ,  L . When th e  s w i tc h ,  5  , i s  c lo s e d ,  a 

c u r r e n t ,  X  , f lo w s  in  th e  p r im a ry .  The m utua l in d u c ta n c e ,  

, l i n k s  th e  p r im ary  c i r c u i t  t o  th e  se co n d a ry  c i r c u i t  

which c o n s i s t s  o f  th e  t o t a l  p lasm a in d u c ta n c e ,  £  , and 

th e  t o t a l  p lasm a r e s i s t a n c e ,  a  . The t o t a l  p lasm a c u r r e n t  

i s  -*• . The co up led  c i r c u i t  e q u a t io n s  a r e  ( f i g u r e  6 ) 
p r im a ry  a / c  * I K .  L “ / «  .  M  " / . ,  = o

se c o n d a ry  ^  A  ^

where O, = CV i s  th e  ch a rg e  on th e  p r im ary  c a p a c i t o r .

The c o u p l in g  c o n s t a n t ,  ■&. i s  d e f in e d  a s
\PA

* s j i t - '
and i s  a  m easure o f  how much o f  th e  p r im a ry  f l u x  p a s s e s  

th ro u g h  th e  se co n d a ry  c i r c u i t .  F o r  two o v e r la p p in g  

c i r c u i t s  o ccupy ing  th e  same r e g io n  o f  sp a c e  -k -  would be

1 .  We se e  t h a t  t h e  I'A te rm  i n  th e  se co n d a ry  c i r c u i t

e q u a t io n  i s  e q u iv a le n t  t o  a  d r i v i n g  v o l ta g e  te rm .  By 

d e te r m in in g  th e  e l e c t r i c  f i e l d  i n  th e  r e g io n  o f  th e  e q u i l ­

ib r iu m  p la n e ,  a s  i s  d e s c r ib e d  above , one cam c a l c u l a t e  th e
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th e  m utual in d u c ta n c e  o f  th e  c i r c u i t  by knowing .

From th e  L  o f  th e  e n t i r e  b e t a t r o n  c i r c u i t  and th e  c a l c u ­

l a t e d  it o f  th e  p lasm a column th e  c o u p l in g  c o n s t a n t  can  be

e s t im a te d .  When no p lasm a i s  p r e s e n t  th e  p r im a ry  c i r c u i t  

obeys th e  e q u a t io n 1
.. *  * 9  t S. = o  

«*** i- **• «-

Assuming <?o« one f i n d s  t h a t  ~l i l  LwJ

where S '3 £ / 2L- and =
-XjL

Thus d? - co-sCu*-*) where /C*ci£ and = */u>

T h is  g iv e s

where < C <+>*■»■*l ) £  and <p' = 4 ' — = ~ - j\jJ W
.  /

The e x p r e s s io n  f o r  <p u se s  th e  f a c t  t h a t  8  ^  , a s

w i l l  be shown.

As m entioned  above, th e  i n t e g r a t e d  indu ced  v o l t a g e  

a c r o s s  th e  r a d i a l  p robe  i s  p r o p o r t i o n a l  t o  , which

i n  t u r n  i s  p r o p o r t i o n a l  to  . T h e re fo re ,  by p l o t t i n g

lo g  a s  a  f u n c t i o n  o f  tim e  f o r  th e  peak v a lu e s  

( A t  — ) =c> )» one can  d e te rm in e  . The f re q u e n c y  i s
9,% . A-fc

o b ta in e d  by a v e ra g in g  th e  ze ro  c r o s s in g  t im e s .  From t h i s
S T  * 4one g e t s  ^  = 2-S2 xioio.oSxto£*i and \S- * Aosr/o s  .

Thus one computes L and / .̂ t o  be

L = 3 .2 x 1 0 “^ h e n r i e s  and & = 0 .077  ohms.

U sing  a  b r id g e  c i r c u i t  i t  i s  found t h a t  th e  d . c .  r e s i s t a n c e  

o f  th e  f o u r  b e t a t r o n  c o i l s  a lo n e  i s  0 .052  ohms. To e s t i ­

mate th e  m utua l in d u c ta n c e  i t  i s  assumed t h a t
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^  covio£ where ^c>~ I _^  tA
<A Jt

R e f e r r in g  back  to  f i g u r e  6 ,  one s e e s  t h a t  when i s  

c lo s e d ,  C c an  be c o n s id e r e d  as  a  v o l t a g e  so u rc e  f o r  \ -  

and K . I n  g e n e r a l ,  t h e  c u r r e n t  and v o l ta g e  i n  th e  

c t a u i t  c an  be r e p r e s e n te d  a s  F o u r i e r  i n t e g r a l s 2
(• -4U>£ .

* l*>r A T-»C ^  and ^  U) *

F o u r i e r  a n a l y s i n g  th e  c i r c u i t  e q u a t io n

a x
V -  X K +  L. -3CF 

and n o t in g  t h a t  I = o  a t  one f i n d s  t h a t

vo 311»> where -2«> = t

I n  t h i s  c a s e  i t  i s  assumed t h a t  3 ( 0  andVC*) a r e  com­

posed o f  one F o u r i e r  com ponent, t h a t  i s ,  th e  p r im a ry  

c i r c u i t  i s  n e a r l y  s i n u s o i d a l .  F o r  Vo = 6 .05x10^  v o l t s  

and 2  = v) >*»*'-'■v *■*’ 1 = 0 ,81  ohms one g e t s  l o — ^

= 7 .^ x l0 ^  amps. The m easured e l e c t r i c  f i e l d  s t r e n g t h  i s  

7 .0  v o l t s / c m .  Thus t h e  induced  v o l t a g e  i n  th e  se c o n d a ry  i s

V s  * E = 8 .4 x l 0 2 v o l t s
— 7The m utual in d u c ta n c e  i s  found t o  be tA  = ^ .5 x 1 0  hen ry

and th e  c o u p l in g  c o n s t a n t  i s  -̂ 2. = 0 .3 ^ .  The v a lu e  o f  th e
2

se co n d a ry  in d u c ta n c e  i s  found from  th e  e x p re s s io n

J }  . Assuming t h a t  th e  se co n d a ry  

c u r r e n t  column has th e  f o l lo w in g  d im e n s io n s i

b  = m a jo r  r a d i u s  = 1 9 .0  cm and = m inor r a d i u s  =

2 .5 0  cm. I t  a l s o  m ust be assumed t h a t  th e  c u r r e n t  i s  

u n i fo rm ly  d i s t r i b u t e d  th ro u g h  th e  vacuum cham ber.
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CHAPTER IV 

FIGURE CAFTIONS

F ig u re  Page C a p tio n

1 67 C i r c u i t  Used f o r  C u r r e n t  D i s t r i b ­

u t i o n  M easurements

2 68 C i r c u i t  Used f o r  C o i l  In d u c ta n c e

Measurement

3 69 Measured V a r i a t i o n  o f  /\(> V ersus

R a d ia l  P o s i t i o n  v i a  R a d ia l  P robe 

U 70 F i e ld  Ind ex  in  Median P la n e  as  a

F u n c t io n  o f  R a d ia l  P o s i t i o n

5 71 R e la t i v e  V e c to r  P o t e n t i a l  V ersus

R a d ia l  P o s i t i o n  v i a  C i r c u l a r  Probe

6 72 E q u iv a le n t  C i r c u i t  F o r  Plasm a

B e ta t r o n



JLMl

xrfor

FIG. I



6e

s ir " 1 JU
G e n e r a t o r  f

V t o l l

FIG-2



69

6 turn 50KHz

3750

88.00

8turn
II6KHz 50

Kt*4 turn 
v 116 KHz116

KHz 5 2 5 0
3700.

8 7 0 0

36

2216 17 2018 21

R (cm)
FIG. 3



5 0  KHz 
116 KHz

8 turn c<>il

12-

0.8

• —

16 17 18 19 2 0  21

FIG.4



71

—  4turn coll
—  8 turn coil

116 KHz

20

FIG.5



primary

R
— VW*



7 3

REFERENCES 

CHAPTER IV

1. E . M. Pugh and E . W. Pugh , P r i n c i p l e s  o f E l e c t r i c i t y  

and M agnetism (A ddison-W sley P u b l i s h in g  Company, I n c . ,  

M a s s a c h u s e t t s ,1962)

2 . L. D. Landau and E. M. L i f s h i t z ,  E le c tro d y n am ics  of 

C on tinuous Media (Pergamon P r e s s ,  New York, 1 9 6 6 )



7^

CHAPTER V 

FLASMA DIAGNOSTICS

I n  t h i s  s e c t i o n  th o s e  t e c h n iq u e s  used to  measure 

plasm a p a ra m e te rs  a r e  d i s c u s s e d .  Langm uir probes*  have 

been d e s ig n ed  and c o n s t r u c t e d  t o  m easure th e  d e n s i t y  and 

te m p e ra tu re  o f th e  p lasm a formed i n  th e  t o r o i d a l  vacuum 

cham ber. The p ro b es  a r e  a l s o  used  to  f i n d  th e  p lasm a 

d e n s i ty  a s  a f u n c t i o n  o f  r a d i a l  p o s i t i o n ,  t h a t  i s ,  t h e  

d e n s i t y  p r o f i l e .  These m easurem ents a r e  averaged  o v e r  

s e v e r a l  c y c l e s .  T h is  i s  n e c e s s i t a t e d  by th e  s h o t - t o - s h o t  

v a r i a t i o n  i n  th e  d i s c h a r g e s .  Because th e  b e t a t r o n  u se s  a 

g l a s s  vacuum cham ber, th e  cham ber w a l l  does n o t  a c t  a s  a 

good r e f e r e n c e  p o t e n t i a l }  t h e r e f o r e ,  i n s t e a d  o f u s in g  a 

s i n g l e  e lem en t la n g m u ir  p ro b e ,  a  f l o a t i n g  Langmuir p robe 

i s  used i n  which two e l e c t r o d e s  a r e  p la c e d  i n t o  th e  p lasm a. 

A p o t e n t i a l  d i f f e r e n c e  i s  p la c e d  betw een th e  two e l e c t r o d e s  

and c u r r e n t  i s  drawn th ro u g h  t h e  p ro b e .  The c u r r e n t  drawn 

depends on th e  a p p l ie d  v o l t a g e  and th e  number o f charged  

p a r t i c l e s  ap p ro a ch in g  th e  e l e c t r o d e  s u r f a c e .  The l a t t e r  

depends on th e  probe a r e a ,  t h e  p lasm a d e n s i t y  and th e  

p lasm a t e m p e r a tu r e .  F ig u r e  1 shows a  cutaw ay view  o f  a
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t y p i c a l  Langm uir p robe  u se d .  B oth  Nichrome and tu n g s te n  

w ire s  a r e  used f o r  th e  e l e c t r o d e s .  Double b o re  a lum ina  

( r e - c y r s t a l i z e d  aluminum ox ide)  i s  used to  ho ld  th e  e l e c ­

t r o d e s  i n  p l a c e .  The e l e c t r o d e  a r e a  exposed to  th e  plasm a
2

i s  a p p ro x im a te ly  0.01cm . The s m a l l e s t  e l e c t r o d e  s e p ­

a r a t i o n  used i s  0 . 013cm w hile  t h e  l a r g e s t  i s  a p p ro x im a te ly  

0 . 076cm.

In  o r d e r  to  m easure th e  c u r r e n t  drawn by th e  p robe

when a v o l t a g e ,  \ £  , i s  a p p l ie d  betw een th e  e l e c t r o d e s ,  a

r e s i s t o r  i s  p lac ed  in  s e r i e s  w i th  th e  p robe  e l e c t r o d e s  as

shown i n  f i g u r e  2 .  The v o l t a g e ,  \/0 , i s  s u p p l ie d  by a

5uf c a p a c i t o r ,  « charged  from  -200v to  +200v by means o f

a 240 v o l t  Eveready  number 241 d ry  c e l l .  The v o l ta g e
2

a c r o s s  th e  2 .2x10  ohm r e s i s t o r  i s  d e te rm in e d  by th e  use  o f

a  o n e - to -o n e  i s o l a t i o n  t r a n s f o r m e r  and an  o s c i l l o s c o p e

te rm in a te d  by a  1000 ohm r e s i s t o r .  The p u rp o se  of t h e

i s o l a t i o n  t r a n s fo r m e r  and th e  b a t t e r y  i s  t o  av o id  d i r e c t

c o n d u c t io n  from  th e  gun d i s c h a r g e  th ro u g h  th e  probe c i r u i t .
2

S e v e ra l  p u l s e  t r a n s f o r m e r s  were d e s ig n e d  and t e s t e d .  The 

re sp o n se  to  a  sq u a re  wave p u ls e  o f  h e i g h t ,  S /  , has been  

obse rved  i n  t e s t i n g  th e  d i f f e r e n t  t r a n s fo r m e r s  t h a t  were 

b u i l t .  L i t t l e  d roop  i s  r e q u i r e d  f o r  a b o u t  a  lOOusec p u ls e  

w id th ,  w h ile  r i s e  t im es  o f  1 u see  o r  l e s s  w i th  l i t t l e  o v e r ­

sh o o t  i s  a l s o  r e q u i r e d .  A 5.04cm by 3.^9cm lam ena ted  co re
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(Arnold E n g in e e r in g  number A12) i s  u s e d .  E ig h ty  tu r n s  o f 

number 40 c o p p er  w ire  i n  b o th  th e  se co n d a ry  and th e  p r im ­

a ry  a r e  f i r s t  wound o n to  a p a p e r  form  ( a  s e c t i o n  o f  a 

com puter punch c a rd )  which th a n  f i t s  sn u gg ly  on to  th e  c o re .  

I t  i s  found  t h a t  th e  t u r n s  sh o u ld  be a s  c lo s e  t o  each o th e r  

a s  p o s s i b l e  and t h a t  each  t u r n  has t o  be p la c e d  a d ja c e n t  to  

th e  n e x t  t u r n  r a t h e r  th a n  wound in  an  o v e r la p p in g  manner. 

T h is  t e c h n iq u e  p e rm i ts  th e  c o n s t r u c t i o n  o f  a  f a s t  r i s e  tim e 

(1  u see)  and e f f i c i e n t  ( g r e a t e r  th e n  90 p e rc e n t  e f f i c i e n c y  

f o r  160 usee  wide p u l s e s )  p u l s e  t r a n s f o r m e r .  The o v e r a l l  

d i s t o r t i o n  o f  th e  c a l i b r a t i o n  sq u a re  wave i s  s m a l l .

The 1000 ohm t e r m in a t o r  i s  found to  g iv e  th e  b e s t  p e r ­

form ance c h a r a c t e r i s t i c  o f  th e  t r a n s f o r m e r  c i r c u i t  w ith  

r e s p e c t  t o  th e  s q u a re  wave c a l i b r a t i o n  p u l s e .  The r e l a t i o n  

between t h e  v o l ta g e  a c r o s s  th e  p ro b e ,  V  , and th e  p robe 

c i r c u i t  c u r r e n t ,  X  . i s  V :  Vo -  X  'ft where Ve i s  

th e  v o l t a g e  a p p l ie d  by th e  b a t t e r y .  The v o l t a g e  d r o p . X R ,  

i s  m easured by th e  o s c i l l o s c o p e  and shown a s  V3  i n  f i g u r e

2 . A l e s s  th a n  te n  p e r c e n t  c o r r e c t i o n  must be made f o r  th e  

t r a n s f o r m e r  e f f i c i e n c y .  By p l o t t i n g  X  v e rs u s  \ /  , a

s o - c a l l e d  X r V  c h a r a c t e r i s t i c  i s  o b ta in e d .  The

e l e c t r o n  te m p e ra tu re  i s  found from
> X C - i

where i s  th e  e l e c t r o n  t e m p e r a tu re ,  c  i s  th e  e l e c ­

t r o n i c  c h a r g e ,  X + i s  th e  io n  s a t u r a t i o n  c u r r e n t ,  and



77

i s  th e  s lo p e  o f  th e  I "  V c h a r a c t e r i s t i c  a t  th e  o r i g i n .

The plasma d e n s i t y  i s  g iv e n  by

-  J  »—  OA^  = 0-4 A (

where A i s  th e  e l e c t r o d e  a r e a  and i s  th e  io n  m ass.

I f  one assumes t h a t  th e  p lasm a te m p e ra tu re  i s  a p p ro x im a te ly  

c o n s t a n t ,  th a n  ^  s where K  i s  a

c o n s t a n t .  F o r  l a r g e  enough probe v o l t a g e ,  Vi, which i s  

a b o u t  150v f o r  th e s e  e x p e r im e n ts ,  t h e  m easured X i s  j u s t  

X *  which i s  p r o p o r t io n a l  t o  . Thus by m a in ta in in g  

Vo a t  one v a lu e  and p la c in g  th e  p robe  a t  d i f f e r e n t  

r a d i a l  p o s i t i o n s ,  a  r e l a t i v e  d e n s i t y  p r o f i l e  can  be 

o b ta in e d .  I n  a  s i m i l a r  manner th e  Langm uir p robe  io n  s a t ­

u r a t i o n  c u r r e n t  s i g n a l  can g iv e  a  p i c t u r e  o f  th e  r e l a t i v e  

d e n s i ty  as a  f u n c t i o n  of t im e  a t  one p o i n t  i n  th e  p lasm a . 

When u s in g  one probe f o r  t h i s  ty p e  o f  m easurement i t  must 

be assumed t h a t  th e  p lasm a column i s  s t a t i o n a r y  ( o r  t h a t  i t  

i s  moving i n  a  known way) and t h a t  th e  te m p e ra tu re  i s  

c o n s t a n t  ( o r  t h a t  i t  i s  chang ing  i n  a  known w ay). €

show* t y p i c a l  ion  s a t u r a t i o n  c u r v e s .  I t  i s  no ted  t h a t  a  

low f re q u e n c y  band p a s s  f i l t e r  i s  used  to  c l a r i f y  th e  low 

f req u e n cy  tim e  dependence o f  th e  io n  s a t u r a t i o n  c u rv e .  

H ig h e r  f r e q e n c y  components c an  a l s o  be o b s e rv e d .

The p lasm a d e n s i ty  averag ed  o v e r  th e  r a d i a l  c ro s s  

s e c t i o n  o f  t h e  p lasm a column can  be d e te rm in e d  by means o f
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3
a microwave i n t e r f e r o m e t e r  . A microwave beam, t r a n s p o r t e d

by a  r e c t a n g u l a r  w aveguide , i s  s p l i t  i n t o  two beams. One 

beam p a s s e s  th ro u g h  th e  vacuum chamber and recom bines  w ith  

th e  o t h e r  beam, c a l l e d  th e  r e f e r e n c e  beam. When no plasm a 

i s  i n  th e  vacuum chamber th e  phase  o f  th e  two beams i s  

a d ju s te d  so  t h a t  th e y  recom bine  and p roduce  a  minimum i n ­

t e n s i t y  a t  th e  d e t e c t o r  p o s i t i o n .  The i n t r o d u c t i o n  o f  a  

p lasm a , w i th  d e n s i t y  'fU.-*-) , i n t o  th e  vacuum chamber p r o ­

du ces  a  phase  s h i f t ,  A $ , betw een th e  two beams g iv e n

T h is  n e g l e c t s  r e f r a c t i o n  and r e f l e c t i o n  e f f e c t s .

C o n s id e r  a p la n e  wave o f  f re q u e n c y  , w i th  wave

The wave p a s s e s  th ro u g h  a  p lasm a in  which th e  c o l l i s i o n  

f r e q u e n c y  i s  sm a l l  compared to  and th e  e le c t r o n  th e rm a l  

v e l o c i t y  i s  sm a ll  compared t o  • Then th e  in d e x

o f  r e f r a c t i o n ,  i s  g iv e n  by

where i s  t h e  e l e c t r o n  p lasm a f re q u e n c y  g iv e n  by

The c r i t i c a l  d e n s i t y ,  . o c c u rs  when -n. i n c r e a s e s
■%

t o  such  a v a lu e  t h a t  tA *■ o r  * 1 « /*V s .*** i
7 *77«*’

The t o t a l  ph ase  s h i f t ,  A , depends on th e  s i g n a l

v e c t o r  -fk p e r p e n d i c u l a r  to  t h e  e x t e r n a l  f i e l d ,
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f r e e  sp a ce  wave l e n g t h ,  3  , th e  l e n g t h  o f  th e  p lasm a

t r a v e r s e d  by t h e  microwave beam, , and th e  d e n s i t y  d i s ­

t r i b u t i o n .  By assum ing  c e r t a i n  f u n c t i o n a l  form s f o r  /tu-*-) , 

one cam p r e d i c t  th e  maximum phase  s h i f t  t h a t  can  be ob ­

s e r v e d .  I f  ^ . ( i )  i s  th e  maximum d e n s i ty  r e a c h e d ,  f o r  a 

sym m etric  d i s t r i b u t i o n  o f  r e c t a n g u l a r ,  t r i a n g u l a r ,  p a r a ­

b o l i c ,  and t r a p e z o i d a l  form, th e  phase  s h i f t  i s

where I l jk )  depends on th e  p a r t i c u l a r  d i s t r i b u t i o n .  The

where i s  th e  l e n g th  o f th e  f l a t  to p  i n  th e  t r a p e z o id  

d i s t r i b u t i o n .  At c u t o f f  th e  phase  s h i f t  i s  a  maximum. The

When th e  two microwave beams a r e  recom bined and th e  

i n i t i a l  phase  i s  a d ju s te d  f o r  a  minimum, t h e  r e l a t i o n s h i p  

betw een  th e  t im e  a v e rag e  i n t e n s i t y  o f  th e  combined beams,

v a lu e s  o f  1 c o r r e s p o n d i n g  to  t h e s e  d i s t r i b u t i o n s  a r e  

r e c t a n g u l a r

t r i a n g u l a r  X* U ) -  i - ( l ~  ( 1 ~ ) )

values of -A $
rectangular
triangular
parabolic
trapezoidal

in  t h a t  c a se  a r e

A = 2TT'/)V-/J 

- 2TlVt
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, t h e  t im e  a v e rag e  i n t e n s i t y  o f th e  t r a n s m i t t e d  beam, 

th e  tim e  av e rag e  i n t e n s i t y  o f  th e  r e f e r e n c e  beam, 

(w hich sho u ld  be th e  v a lu e  o f  a t  c u t - o f f )  , and

th e  phase  s h i f t  i s  _ _ _ _ _

4. i c o >  -  < I R>  '«*&♦*•»}

The q u a n t i t i e s ^ * * ; ?  and a r e  m easured as  a  f u n c t i o n  of

t im e .  l~S-z7 i s  found from  th e  c u t - o f f  v a lu e  o f  • I n

o r d e r  to  d e te rm in e  th e  a v e rag e  i n t e n s i t i e s ,  s i l i c o n  d io d e s  

a r e  u se d .  The v o l ta g e  o u tp u t  o f  th e  d io d e s  must be c a l ­

i b r a t e d  a s  a  f u n c t i o n  o f  in p u t  power. A t h e r m i s t o r  i s  used 

to  m easure th e  in p u t  power l e v e l .

The t o t a l  a z im u th a l  c u r r e n t  i s  m easured by means o f  a  

Rowgoski c o i l ,  which i s  a  s o le n o id  b e n t  i n t o  th e  sh ape  o f  

a  c i r c l e .  The c u r r e n t  to  be measured p a s s e s  th ro u g h  th e  

i n n e r  p a r t  o f  th e  c o i l .  The c u r r e n t  s i z e  i s  r e l a t e d  t o  th e
Jkmajor cicumference, the area of a single turn of the solen­

oid, A  , the number of turns, 'ft , and the flux passing
th ro u g h  th e  w in d in g s ,  $  , as

y  _ _£ SJE
"  i n  ^ T a

I t  i s  assumed t h a t  th e  c o i l s  a re  e v e n ly  spaced  and t h a t  

t h e  m agne tic  f i e l d  s t r e n g t h  v a r i a t i o n  a c r o s s  each  c o i l  i s  

s m a l l .  By u s in g  an i n t e g r a t i o n  n e tw o rk ,  th e  induced  v o l t ­

age a c r o s s  t h e  Rogowski c o i l ,  which i s  p r o p o r t i o n a l  to
T

, can  be used  to  d e te rm in e  *  . Knowing th e  c o i l

d im e n s io n s ,  . 1  , can  th e n  be fo u n d .
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A s e v e n t y - t u r n  Rogowski c o i l  was c o n s t r u c t e d  u s in g  

number 36 c o p p er  w i r e .  The m ajo r  r a d iu s  i s  3.81cm w h ile  

th e  m inor r a d iu s  i s  0 .081cm . The lo o p s  of w ire  a r e  wound 

on t h i n  t u b in g  (w ire  i n s u l a t i o n ) .  The lo o p s  a r e  formed 

i n t o  an  ev en ly  sp aced  h e l i x  by a  second tu b e  p la c e d  o v e r  

th e  t h i n  tu b e .  The o u t e r  tu b e  has a  h e l i c a l  g roove  c u t  

th ro u g h  i t  so  t h a t  t h e  lo o p s  o f  w ire  a r e  h e ld  i n  p la c e  by 

th e  s i d e s  o f  th e  g roove  and th e  to p  s u r f a c e  o f th e  t h i n  

t u b in g .  The c o i l  i s  mounted around th e  m inor d ia m e te r  o f  

th e  F yrex  vacuum chamber and a l ig n e d  to  m inim ize p ickup  

due to  th e  f i e l d .  The s e n s i t i v i t y  o f  t h i s  c o i l ,

w i th  t h e  i n t e g r a t i o n  ne tw ork  u s e d ,  i s

I 4 4<r>^S / mv

A second  Rogowski c o i l  was c o n s t r u c t e d  to  h e lp  s u b t r a c t  

t h e  b e t a t r o n  f i e l d  p ic k u p .  C u r r e n t s  a s  sm a ll  a s  5 amperes 

can  be r e a d i l y  m easured by a m p l i fy in g  th e  o p e r a t i o n a l  amp­

l i f i e r  o u tp u t  and e n la r g in g  th e  o s c i l l o s c o p e  t r a c e  p h o to ­

g ra p h s .  A l i m i t a t i o n  t o  th e  m ea su re ab le  o u tp u t  v o l t a g e  

has been  due to  th e  l a c k  o f  a  more p r e c i s e  l o c a t i o n  o f  th e  

v o l t a g e  n u l l  o f  t h e  o p e r a t i o n a l  a m p l i f i e r  which i s  due to  

a  d r i f t  i n  th e  o p e r a t i o n a l  a m p l i f i e r  o u tp u t  s i g n a l .  The 

m easured in d u c ta n c e  and r e s i s t a n c e  o f  t h e  Rogowski c o i l  

p lu s  b u ck in g  c o i l  were measured t o  be 1 .6 u h  and 0.8ohms} 

r e s p e c t i v e l y .
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The m easurement o f  th e  vacuum e l e c t r i c  f i e l d  was 

d e s c r ib e d  i n  c h a p t e r  IV". To f o l lo w  th e  t im e  dependence o f  

£  when an  a z im u th a l  c u r r e n t  i s  p r e s e n t ,  a  sm a l l  Rogowski 

c o i l  i s  p la c e d  around th e  c a b le  which c a r r i e s  c u r r e n t  t o  

t h e  b e t a t r o n  c o i l s .  T h is  a l lo w s  e l i m in a t i o n  o f  p ick u p  due 

t o  th e  a z im u th a l  c u r r e n t  f lo w  caused  by th e  sm a ll  s i z e  o f  

t h e  c o i l  and i t s  r e l a t i v e  d i s t a n c e  from  th e  vacuum cham ber.

The n e u t r a l  p r e s s u r e  o f th e  gas i s  measured by means o f 

a  B a y a rd -A lp e r t  io n  gauge tube'* and a th e rm o -c o u p le  gauge 

t u b e .  S in c e  th e  p r e s s u r e  gauges a r e  n o rm ally  l o c a t e d  n e a r  

t h e  vacuum pump, i t  i s  n e c e s s a ry  t o  d e te rm in e  th e  p r e s s u r e  

a t  o t h e r  r e g io n s  i n  t h e  vacuum sy s te m . Gauges a r e  p lac ed  

on th e  o p p o s i t e  end o f  th e  vacuum chamber and from  th e  

combined m easurem ents a t  each end o f  th e  vacuum chamber 

e s t im a t e s  o f  t h e  n e u t r a l  p r e s s u r e  i n  th e  r e g io n  o f  p lasm a 

f o r m a t io n  a r e  d e te rm in e d .  C o r r e c t io n  f o r  th e  gas  m o lecu le  

t y p e ,  due t o  d i f f e r e n c e s  i n  i o n i z a t i o n  e f f i c i e n c i e s ,  i s  

a l s o  r e q u i r e d .  U sing th e  therm oco up le  gauge i s  n e c e s s a ry  

f o r  n e u t r a l  p r e s s u r e  m easurem ents when hydrogen d i s ­

c h a rg e s  a r e  b e in g  s t u d i e d .  T h is  r e s u l t s  i n  a  l e s s  a c c u r ­

a t e  n e u t r a l  p r e s s u r e  d e te r m in a t io n  (5 0 p e rc e n t  v e r s u s  10 

p e r c e n t ) . R a th e r  th a n  r e l y i n g  on th e  th e rm o -c o u p le  gauge 

r e a d i n g ,  a  c a l i b r a t e d  l e a k  ( a  gas i n l e t  w i th  known a p e r -  

a t u r e )  i s  used  to  p ro v id e  a  c o n s t a n t  n e u t r a l  d e n s i t y  f o r
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hy drogen .

X -ray  e m iss io n  i s  d e te c t e d  by u s in g  a  sodium io d id e  

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

s c i n t i l l a t o r  d e t e c t o r  and photon**?-voltage c o n v e r t e r .  The 

f i r s t  p h o t o m u l t i p l i e r  tu b e  used  f o r  X -ray  e m iss io n  tim e  

s t u d i e s  was a  R.C.A. 6810-A which has a  s e n s i t i v i t y  o f 

2 .4 x l0 ^ a m p s /w a t t . The tim e  betw een th e  s t a r t  o f  th e  e l e c ­

t r i c  f i e l d  and th e  s t a r t  o f  t h e  X -ray  e m iss io n  f o r  th e  

f i r s t  q u a r t e r  c y c le  i n  a rg o n  and hydrogen i s  m easured .

F o r  hydrogen  some m easurem ents have been ta k e n  f o r  X -ray  

e m is s io n  o c c u r in g  a t  d i f f e r e n t  c y c l e s .  The energy  o f  th e  

X -ra y s  i s  e s t im a te d  by u s in g  d i f f e r e n t  t h i c k n e s s e s  of 

aluminum i n  f r o n t  o f  th e  p h o t o m u l t i p l i e r . ^  The X -ray 

i n t e n s i t y .  X  , a t t e n u a t e s  as X (x*}s I 0 «- 

where I©  i s  th e  i n i t i a l  X -ray  i n t e n s i t y  a t  X =0, X i s  

th e  th ic k n e s s  o f  th e  a b s o r b e r ,  and Mo i s  th e  t o t a l  

l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t .  By p l o t t i n g  th e  

v e r s u s  x  th e  v a lu e  o f  M o  can  be fo u n d . T ab le s  o r  

g ra p h s  a r e  a v a i l a b l e  which show ✓m# d iv id e d  by th e  

d e n s i t y  o f  th e  a b s o r b e r  m a t e r i a l  a s  a f u n c t i o n  o f  th e  

X -ray  energy  c o r re s p o n d in g  to  th e  mass a t t e n u a t i o n  c o e f ­

f i c i e n t .  A second p h o t o m u l t i p l i e r  tu b e ,  a  R.C.A. 63^2-A, 

h a v in g  a  s e n s i t i v i t y  o f  2 .5 x 1 O^amp/watt i s  used a s  a  r e f ­

e r e n c e  to  m easure  X 0 f o r  each  measurement o f X t > 0



84

T h is  h e lp s  to  t a k e  i n t o  a c c o u n t  t h e  s h o t - t o - s h o t  v a r i a t i o n  

i n  . V a r io u s  a rra n g em e n ts  o f  le«id b r i c k s  a r e  used  to

t r y  to  c o l l i m a te  t h e  X -ray e m is s io n .

The r a d i a l  d i s t r i b u t i o n  o f  t h e  a z im u th a l  c u r r e n t  can  be
u

de te rm in ed  by th e  u s e  of a  m agn e tic  f i e l d  p robe i n s e r t e d  

i n t o  th e  p lasm a c u r r e n t  colum n. A sm a ll  p l e x i g l a s s  form  

i s  wound w i th  20 t u r n s  o f  number 40 c o p p er  w i r e .  The lo o p  

has a  r a d i u s  o f 0.051cm . The c o i l  f i t s  s n u g g ly ,  0.25cm 

from th e  capped end o f  a  q u a r t z  tu b e  o f  0 . 325cm o u t e r  d iam ­

e t e r .  A second c o i l  i s  u sed  t o  "buck o u t"  th e  e x t e r n a l

f i e l d .  A d d i t io n a l  c o r r e c t i o n s  f o r  s t r a y  p icku p  can  be 

made by s u b t r a c t i n g ,  p o in t  by p o i n t ,  th e  p ick u p  s i g n a l  from 

th e  observed  s i g n a l .  A ga in , th e  o s c i l l o s c o p e  t r a c e s  a r e  

pho tog raphed  and t h e s e  p h o to g rap h s  a r e  e n la rg e d  by u se  o f  

an overhead  p r o j e c t o r .  These e n la rg e m e n ts  a r e  b roken  up 

i n t o  a  r e c t a n g u l a r  g r i d  t o  d e te rm in e  th e  v a lu e  o f  th e  

v o l ta g e  a t  d i f f e r e n t  t im e s .  A c o n v e n ie n t  way to  do t h i s  i s  

to  superim pose  th e  e n la rg e m e n ts  on m i l l i m e t e r  g rap h  p a p e r  

by th e  use  o f  a  g round  g l a s s  p l a t e .  A l i g h t  i s  p lac ed  

beh ind  th e  g l a s s  and th e  c u rv e s  t o  be superim posed  on th e  

o t h e r  s id e  o f  th e  g l a s s .  U sing  th e  l i g h t  box and m i l l i ­

m e te r  g raph  p a p e r ,  i t  i s  e a sy  to  p roduce  a  0.01cm r e s o ­

l u t i o n  o f t h e  o r i g i n a l  o s c i l l o s c o p e  s c a l e .

The s e n s i t i v i t y  o f  t h i s  p robe  and th e  i n t e g r a t i n g  n e t -
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where i s  t h e  r a d i u s  o f  t h e  c u r r e n t  column and *  i s  

th e  d i s t a n c e  from  th e  c e n t e r  o f  th e  d i s t r i b u t i o n .  An 

e s t im a te  o f  th e  e f f e c t  o f  th e  bend ing  o f  th e  c u r r e n t  c o l ­

umn i n t o  a  t o r u s  on th e  B© , x d e p e n d e n c e ' s  ob­

t a i n e d  by assum ing  t h e  f o l lo w in g i  The b end ing  c a u se s  a  

f i x e d  amount o f  m ag n e tic  f l u x ,  $ 0 , p r e s e n t  i n  th e  c y l i n ­

d r i c a l  geom etry  t o  be com pressed  i n t o  a s m a l l e r  a r e a  on 

th e  concave s i d e  o f  th e  bend and th in n e d  o u t  on th e  c o n ­

vex s i d e  o f  th e  b en d . F ig u r e  3 shows th e  geom etry  i n  th e  

m edian p l a n e .  C o n s id e r  th e  m agne tic  f l u x  i n  a  r i n g  o f  a r e a

ZTTRJK , o r £ 6 0 =

I n  p a r t i c u l a r ,  c o n s i d e r  two p o i n t s  yf, and jp*. ,

e q u i d i s t a n t  from  t h e  c e n t e r  o f  th e  c u r r e n t  d i s t r i b u t i o n ,

R0 . T h a t  i s ,  *, - = / * /

I t  i s  assumed t h a t  i s  th e  same i n  t h e s e  r e g io n s  b u t

th e  a r e a  i s  changed , i . e . ,

2 and 8 ( 2 * .) =  a n t ie f j t .

m -
L e t  3  be t h e  m ag ne tic  f i e l d  s t r e n g t h  i n  th e  s t r a i g h t

c y l i n d e r  geom etry  a t  t h e  p o s i t i o n  / * /  . I t  i s  f u r t h e r

assumed t h a t  B  ~£ (& (* ,)+ & (£ » .) )  • U sing t h i s

e x p r e s s io n ,  and th e  p r e v io u s  r a t i o  o f  t h e  m agne tic  f i e l d

s t r e n g t h s  a t  and R z  , one o b ta in s
ZJti

& a , ) "  B ;  B
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L e t t i n g  R* R0 + *  one has B * GO* &+ ( / -

where i
Here ^  i s  th e  m inor r a d i u s  o f  th e  c u r r e n t  colum n. This

u n ifo rm  c u r r e n t  d i s t r i b u t i o n ,  one o b t a in s  th e  v a lu e  o f  th e

above B9 («) -  B * ( / £  «/c) t S in c e  i s  0 .1 3  i n  t h i s

e x p e r im e n t ,  t h e  d i f f e r e n c e  betw een th e  two r e s u l t s  i s  

on ly  t h r e e  o r  f o u r  p e r c e n t .  I t  i s  n o ted  t h a t  th e  a p p ro x ­

im a t io n  used n e g le c t s  t o  in c lu d e  f l u x  from  o t h e r  p o r t i o n s  

o f  th e  t o r u s .

Because o f  th e  s h o t - t o - s h o t  v a r i a t i o n  i n  th e  v o l t a g e  

form induced  a c r o s s  th e  s i n g l e  t u r n  c o i l ,  i t  was n o t  pos-? 

s i b l e  to  o b t a i n  an  e s t im a te  o f  w he th er  changes i n  th e  

c u r r e n t  d i s t r i b u t i o n  o c c u r  a s  a  f u n c t i o n  o f  t im e .  To 

acco m plish  t h i s  a  m u l t i p le  c o i l  p ro be  i s  i n s e r t e d  i n t o  th e  

plasm a column so  t h a t  each c o i l  w i l l  s im u l ta n e o u s ly  sample 

th e  p o l o id a l  f l u x  a t  d i f f e r e n t  r a d i a l  p o s i t i o n s .  Each c o i l  

has a  c o r re s p o n d in g  "buck ing  lo o p "  to  c a n c e l  o u t  th e

a p p ro x im a tio n  i s  c lo s e  to  t h a t  o f  o t h e r  a u th o r s ^  who 

e v a lu a te  B *  o u t s id e  o f  th e  c u r r e n t  column by s o lv in g

f o r  th e  m agnetic  p o t e n t i a l  fc/r> , where & = % &  and 

th e  e q u a t io n  ^  i s  s o lv e d .  I n  t h i s  c a s e ,  f o r  a

p o l o id a l  f i e l d ,  3& (a) a t  t h e  c u r r e n t  column boundary  to  

be 8*c*)=  tVa) w h i le  i n  th e  a p p ro x im a t io n  made
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e x t e r n a l  b e t a t r o n  f i e l d .  Because o f  th e  l a c k  o f o s c i l l o ­

scope  t r a c e s ,  on ly  t h r e e  o f  th e  f o u r  c o i l s  i n  th e  p robe  

co u ld  be used  a t  one t im e .  The i n d i v i d u a l  c o i l  s e n s i t i v ­

i t i e s  a r e  c a l i b r a t e d  w i th  r e s p e c t  to  each  o t h e r  by o b s e r v ­

in g  th e  induced  v o l ta g e  from t h e  b e t a t r o n  f i e l d  w i th o u t  

th e  bu ck ing  c o i l s .  The t h r e e  c o i l s  used i n  th e  p robe  have 

s e n s i t i v i t i e s  d i f f e r i n g  by 8 p e r c e n t  o r  l e s s  and th e  o v e r ­

a l l  induced  v o l ta g e  form s a re  v e ry  s i m i l a r  i n  a p p e a ra n c e .

The m u l t i p l e  c o i l  form  i s  c o n s t r u c t e d  from  f o u r  com­

p u t e r  punch c a rd s  g lu ed  t o g e t h e r .  The same column o f  each 

c a rd  i s  m u l t i p l i - p u n c h e d . The s e p a r a t i o n  o f  th e  h o le s  i s

0.31cm w h i le  th e  h o le  l e n g th  i s  0.32cm. A f t e r  th e  g lu e  i s  

d r y ,  th e  column i s  c u t  from  th e  r e s t  o f  th e  c a rd  by u se  o f  

a  r a z o r .  Number j6  c o p p e r  w ire  i s  wound s i x  t im e s  around 

th e  punched h o le  p a r t i t i o n s  ( f i g u r e  4) to  form  th e  d i f f ­

e r e n t  c o i l s .  The c o i l s  a r e  wound i n  such  a  way t h a t  th e  

t u r n s  do n o t  o v e r l a p ,  b u t  a r e  a d j a c e n t  to  each  o t h e r .  The 

s i x t h  t u r n  j o in s  th e  two c o i l  l e a d s  and th e  l e a d s  a r e  

t w i s t e d ,  a p p ro x im a te ly ,  i n  th e  same m anner. T h is  form  i s  

t h e n  i n s e r t e d  i n t o  a  capped q u a r t z  tu b e  w i th  th e  c o i l  

l e a d s  e x te n d in g  a  few in c h e s  beyond th e  open end o f  th e  

q u a r t z  t u b e .  The l e n g th s  o f  th e  l e a d s  a r e  s t a g g e r e d  to  

a l lo w  f o r  sun even d i s t r i b u t i o n  o f  sp ace  ta k e n  up by th e  

s p l i c e s  made to  f o u r  M icrodo t co-SLxial c a b l e s .  These
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c a b le s  p a ss  th ro u g h  a s t a i n l e s s  s t e e l  tu b e  which s l i d e s  

o v e r  th e  s p l i c e s  and open end o f  th e  q u a r t z  tu b e .  Low 

v ap o r  p r e s s u r e  epoxy i s  th e n  a p p l ie d  to  th e  j o i n t  between 

th e  q u a r t z  tu be  and s t a i n l e s s  s t e e l  tu b e  to  form  a  vacuum 

s e a l .  The q u a r t z  tube  i s  lo n g  enough so t h a t  o n ly  the  

q u a r t z  i s  i n  c o n ta c t  w ith  th e  p lasm a.

Assuming a u n ifo rm  c u r r e n t  d i s t r i b u t i o n ,  and n e g le c t in g

t o r o i d a l  c o r r e c t i o n s ,  one can  e a s i l y  show t h a t  the  c e n t e r

o f  th e  c u r r e n t  d i s t r i b u t i o n ,  At. , i s  g iv e n  by
. . __ V t( t)  i  1 /  / > )  -  / / *  I

/ t 9 (i) ^CA) J where MIA)* YsLL !—
- -A . ,

and a r e  th e  f i x e d  p o s i t i o n s  o f  c o i l s  I and 2 

lo c a te d  w i th in  th e  c u r r e n t  column and and a re

th e  i n t e g r a t e d  induced  p robe  v o l t a g e s .  The w id th  o f  th e  

d i s t r i b u t i o n  can  be e s t im a te d  when one o f  th e  c o i l s  i s
r n “  F

o u t s i d e  o f  th e  c u r r e n t  d i s t r i b u t i o n  by ft. (<)- 

where t*) i s  t h e  r a d iu s  o f  th e  d i s t r i b u t i o n  measured 

from  th e  c e n t e r  o f  th e  d i s t r i b u t i o n  and de te rm in ed  from 

th e  v a lu e  o f  . B ecause o f  th e  l a c k  o f  o s c i l l o s c o p e

t r a c e s ,  one t r a c e  i s  n o t  i n t e g r a t e d  e l e c t r o n i c a l l y .  The 

i n t e g r a t i o n  i s  c a r r i e d  o u t  by S im p so n 's  r u l e  and by th e
g

T rap e zo id  r u l e  to  check th e  a c c u ra c y  o f  th e  n u m erica l  

i n t e g r a t i o n  m ethod. Both methods y i e l d  v e ry  s i m i l a r  

r e s u l t s  f o r  th e  d a ta  a n a ly z e d .

Because a  com parison  i s  made among d i f f e r e n t  p robe
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s i g n a l s ,  one i s  i n t e r e s t e d  i n  knowing th e  phase s h i f t  

in t ro d u c e d  i n  th e  p r o b e - o s c i l l o s c o p e  d e t e c t i n g  sy s te m .

Wore s p e c i f i c a l l y ,  i t  i s  o f  i n t e r e s t  to  d e te rm in e  th e  phase  

s h i f t ,  , betw een th e  v o l t a g e  d e te c t e d  by th e  p ro b e ,  l/j , 

and t h e  v o l ta g e  d i s p la y e d  by th e  o s c i l l o s c o p e  . F ig u re

5 shows th e  c i r c u i t  c o n s id e re d  t o  com p rise  the  p r o b e - o s c i l -  

lo s c o p e  sy s tem . One has th e  f o l lo w in g  r e l a t i o n s *

Thus

X ( i 3 .  

I  2 , „  :
v<~> __ "2 ur\ _

*3
4 2 ur*

\ _ /•j  P/n

*

P. nXc,
1 "

= l/Ux
■  i <- i i  U±l

; i

X l.

/?M> Rf
T y p ic a l l y  tfc^lOOohms, ^=^lohm , X/_-=’ 0.5ohm s,

&** = 10^ to  lO^ohms

Thus
«2

and i s  t y p i c a l l y  1x10 r a d i a n s .  F o r  a 40KHz s i g n a l  t h i s  

amounts to  a  0 . 03usec  tim e  d e la y  which c a n  be n e g le c te d  in  

com parison  to  th e  r e p r o d u c i b i l i t y  o f  th e  waveforms observed.
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CHAPTER V 

FIGURE CAPTIONS

F ig u re  Page C a p tio n

1 92 Cutaway View o f  a  T y p ic a l  Langm uir

Probe

2 93 Langmuir Probe C i r c u i t

3 9^ C o o rd in a te s  Used F o r  T o ro id a l

C o r r e c t io n  

b 95 M u l t ip l e  C o i l  Probe

5 96 E q u iv a le n t  F ro b e -O s c i l lo s c o p e

C i r c u i t
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CHAPTER VI 

EXPERIMENTAL RESULTS

I n  t h i s  c h a p t e r  a  b r i e f  ove rv iew  o f  t h e  e x p e r im e n ta l  

r e s u l t s  i s  f i r s t  g iv e n  fo l lo w ed  by a  d e t a i l e d  d e s c r i p t i o n  

o f  th e  r e s u l t s  o f t h e  m easu rem en ts . F ig u r e  1 shows th e  

v a r i a t i o n  o f  th e  a z im u th a l  f i e l d  s t r e n g t h ,  E ^  , and th e  

t o t a l  a z im u th a l  c u r r e n t ,  , a s  a  f u n c t i o n  o f  t im e .  T h is  

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

4x10”^ T o r r  and peak , a t  t h e  f i r s t  maximum, e q u a l  to  

6 .9 v /cm . The f i r s t  l a r g e  c u r r e n t  peak  i s  970 am peres .

The e v id e n t  n o n l i n e a r  form o f  i s  c h a r a c t e r i s t i c ,  to

some e x t e n t ,  o f  a l l  t h e  d i s c h a r g e s  t h a t  have been s tu d ie d  

i n  t h i s  e x p e r im e n t .  F ig u re  2 shows a s u p e r p o s i t i o n  o f  th e  

e l e c t r i c  f i e l d  wave form ( t h i r d  peak) and th e  c o r r e s p o n d ­

in g  c u r r e n t  i n  an a rg o n  d i s c h a r g e  f o r  two d i f f e r e n t  

n e u t r a l  d e n s i t i e s  ( 5 . ^ x l 0 ”^T and 8.2xlO~^T) . T y p ic a l l y ,  

a s  th e  n e u t r a l  d e n s i t y  i s  low ered  t h e  c u r r e n t  form  

becomes more d i s t o r t e d .  A t h ig h  n e u t r a l  d e n s i t i e s  (a b o u t  

10x10 T i n  a rgon) t h e  c u r r e n t  fo rm  becomes a  n e a r  s i n u ­

s o i d a l  wave form  w i th  an in c r e a s e d  i n d u c t i v e  component. 

F ig u re  3 i s  a  s u p e r p o s i t i o n  o f  t h e  e l e c t r i c  f i e l d  wave 

form  and th e  a z im u th a l  c u r r e n t  i n  hydrogen  f o r  two
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d i f f e r e n t  n e u t r a l  d e n s i t i e s .  I n  th e  hydrogen  d is c h a r g e s  

th e  n e u t r a l  d e n s i t i e s  c o u ld  he low ered  enough so  t h a t  ve ry  

sm a ll  peak  c u r r e n t s  a r e  p roduced  and y e t  th e  r a p id  d e n s i t y  

b u i ld - u p  o c c u rs  d u r in g  th e  f i r s t  c y c l e .  F ig u r e  k shows 

th e  t y p i c a l  r a t e  a t  which d e n s i t y  b u i ld - u p  o c c u rs  d u r in g  

th e  f i r s t  e l e c t r i c  f i e l d  c y c l e  i n  a rg o n .  F ig u r e s  5 and 6
— '/x

show ^  ** changes o v e r  t h e  e n t i r e  d i s c h a r g e  i n  a rg o n  and

hy d rogen . H ere  /O- i s  t h e  p lasm a d e n s i ty  and 7*. i s  th e

e l e c t r o n  t e m p e r a tu r e .

X -ray  e m iss io n  ( f i g u r e s  21 t o  2?) i s  obse rved  a f t e r  

t h e  s t a r t  o f  th e  f i r s t  a c c e l e r a t i o n  c y c le  f o r  c e r t a i n  

n e u t r a l  d e n s i t i e s  o f  a rg o n  and hy d rogen . A t a  low n e u t r a l  

d e n s i t y  i n  h yd rog en . X -ray e m is s io n  i s  s e e n  t o  o c c u r  a f t e r  

th e  s t a r t  o f  th e  t h i r d  a c c e l e r a t i o n  c y c l e .  As th e  n e u t r a l  

d e n s i t y  i s  lo w e re d ,  s t i l l  f u r t h e r ,  a d d i t i o n a l  X -ray

e m is s io n  i s  s e e n  t o  o c cu r  a f t e r  th e  s t a r t  o f  every

a c c e l e r a t i o n  c y c l e .

S e v e r a l  Langm uir p ro b es  were c o n s t r u c te d  i n  o r d e r  to  

d e te rm in e  t h e  d e n s i t y  and te m p e r a tu re  o f  th e  p la sm a . The 

f i r s t  p robe  which was c o n s t r u c t e d  i s  composed o f  a  wide 

a lum in a  tu b e  which s u p p o r t s  th e  e l e c t r o d e s .  T h is  p robe 

gave t h e  f o l lo w in g  d e n s i t y  and te m p e ra tu re  v a lu e s  f o r  

d i f f e r e n t  e l e c t r i c  f i e l d  s t r e n g t h s  i n  a rgon i
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E+tym)
^  Hi

/ a  (* •« ; Z (" ) /LOO/1»
2 .3 2 .8 29 17

4 .7 3 .4 24 20

7 .0 5 .9 27 36

9 .3 7 .9 24 47

The p e r c e n t  i o n i z a t i o n  i s  found by com paring  th e  i n i t i a l  

n e u t r a l  p r e s s u r e ,  5 .44x10"^  T = 1 ,6 7 x l0 1 ^ c c “1 , to  th e  

measured p lasm a d e n s i t y .  The K-band t r a n s m i s s io n  c u t - o f f

o c c u rs  f o r  a l l  v a lu e s  o f  d u r in g  th e  f i r s t  c y c l e .
12  -1F o r  th e s e  m easurem ents th e  c u t o f f  d e n s i t y  i s  4x10 cc . 

T h e re fo r e ,  a  d i f f e r e n c e  o f  a t  l e a s t  a  f a c t o r  o f  two i s  

p r e s e n t  i n  th e  Langm uir p robe d e n s i t y  d e te r m i n a t i o n  and 

th e  microwave m easurem ent. A h i g h e r  f r e q u e n c y  i n t e r f e r ­

om eter  w i l l  p ro v id e  more i n f o r m a t io n  a b o u t  t h e  a v e ra g e  

d e n s i t y  a s  a  f u n c t i o n  o f  t im e .  F ig u r e  7 shows th e  

c h a r a c t e r i s t i c  o b ta in e d  f o r  th e  **9.2v/cm c a s e .  The

method o f  o b t a in in g  t h e  c h a r a c t e r i s t i c  i s  t o  a v e ra g e  o v e r  

s e v e r a l  c y c le s  o f  th e  e l e c t r i c  f i e l d  and t o  t a k e  an  a v e r ­

age o f  two o r  more d i s c h a r g e s  f o r  each  p o i n t  p l o t t e d .  I t  

i s  no ted  t h a t  i n  f i g u r e  7 th e  c h a r a c t e r i s t i c  does n o t  

a p p e a r  sy m m etr ica l  w i th  r e s p e c t  t o  th e  V ' a x i s .  T h is  

o c c u rs  f o r  a l l  o f  th e  c h a r a c t e r i s t i c s  t a k e n  w i th  t h i s  

p ro b e .  I t  i s  no ted  t h a t  more p o i n t s  n e a r  t h e  c h a r a c -
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t e r i s t i c  o r i g i n  sh o u ld  be o b ta in e d  f o r  an  a c c u r a t e  d e t e r ­

m in a t io n  o f  .

A second  Langm uir p robe  was c o n s t r u c t e d  which u se s  two 

p ie c e s  o f  narrow  d ia m e te r  (0 .09^cm ) d o ub le  b o re  a lum ina  

t u b in g  w i th  each  p ie c e  h o ld in g  one e l e c t r o d e .  F ig u re  8

i s  th e  c o r r e s p o n d in g  c u rv e  f o r  a rg o n  w i th  a
1  *3 - 1n e u t r a l  d e n s i t y ,  -  2 , 15x10  ^cc , t h e  peak  * 7 .0  cm

and b p  * 1 . lK g . F ig u r e  9 r e p r e s e n t s  a  p l o t  o f  p o in t s

n e a r  th e  o r i g i n  f o r  th e  cu rv e  shown i n  f i g u r e  8 . One

n o te s  th e  symmetry o f  t h e  e n t i r e  c h a r a c t e r i s t i c  c u rv e .  I n

d e te r m in in g  ^/^V)0 from  f i g u r e  8 t h e r e  a p p e a rs  to  be a t

l e a s t  a  f a c t o r  o f  two p o s s i b l e  e r r o r  due t o  th e  s c a t t e r  o f

th e  p o i n t s .  The v a lu e s  o f  xr)e , 71 and p e r c e n t  i o n i z a t i o n
10 _1

o b ta in e d  from  t h i s  c h a r a c t e r i s t i c  a r e  1 .7x1 0  ^cc , 5 .^ e v

and 77 p e r c e n t  r e p e c t i v e l y .  F ig u r e  10 i s  an  c u rv e

f o r  hy d ro g en , B p  * 9 .3 v /cm , = ^0x10 c c “ and

-  l . I K g .  F o r  t h i s  c h a r a c t e r i s t i c  an  a t t e m p t  was made to

o b t a i n  more p o i n t s  n e a r  ^  = 0 . The v a lu e s  o f  'Tfe , 7«. ,
12 —1and p e r c e n t  i o n i z a t i o n  a r e  = 7.3x10 cc , 71, = l4 ev

and 18 p e r c e n t  r e s p e c t i v e l y .

Langm uir p ro b es  can  a l s o  p ro v id e  an  e s t im a t e  o f  th e  

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

t im e ,  p ro v id e d  t h a t  t h e  t e m p e ra tu re  does n o t  v a ry  a p p r e c i ­

a b ly  o v e r  th e  m ajo r  p a r t  o f  th e  d i s c h a r g e .  F ig u r e s  11, 12, 

and 13 show d i f f e r e n t  d e n s i t y  p r o f i l e s  o b ta in e d  w i th  a
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Langm uir p robe  averaged  o v e r  s e v e r a l  c y c l e s  and d i s c h a r g e s .  

The ex trem es o f  th e  e r r o r  b a rs  a lo n g  th e  d e n s i t y  a x i s  

r e p r e s e n t  th e  maximum and minimum range  o f  th e  io n  s a t u r ­

a t i o n  c u r r e n t  m easu red . A t r a p e z o i d  a p p ro x im a tio n  t o  th e  

d e n s i t y  p r o f i l e  seems w a r ra n te d .

F ig u r e s  5 and 6 show how th e  Langm uir p robe  can  be used
>/».

t o  e s t im a te  th e  p ro d u c t  o f  ^  . By m a in ta in in g  th e

p robe  v o l t a g e  a t  a  f i x e d  v a lu e  i n  th e  i o n  s a t u r a t i o n  r e g io n  

one can  re c o rd  a  v o l ta g e  p r o p o r t i o n a l  t o  yWe"£V*’ • I f  "7* 

i s  assumed a p p ro x im a te ly  c o n s t a n t ,  th e n  t h e s e  c u rv e s  r e p ­

r e s e n t  d e n s i t y  a s  a  f u n c t i o n  o f  t im e .  G e n e r a l ly ,  by th e  

t h i r d  o r  f o u r t h  e l e c t r i c  f i e l d  peak  th e  io n  s a t u r a t i o n  

c u rv e  l e v e l s  o f f .

I f  co u ld  be measured by a  method o t h e r  th a n

t h e  io n  s a t u r a t i o n  c u rv e  one c o u ld  e s t im a te  t h e  v a r i a t i o n  

o f  7e a s  a  f u n c t i o n  o f  t im e  from  th e  io n  s a t u r a t i o n  

c u rv e .  To acc o m p lish  t h i s  a  K-band (1 8.0GHz to  26.5GHz) 

i n t e r f e r o m e t e r  i s  employed to  m easure averaged  o v e r

th e  p lasm a column. However, i n  a l l  o f  t h e  c a s e s  s tu d i e d  

c u t o f f  i s  reach ed  b e fo r e  th e  end o f  th e  f i r s t  a c c e l e r a t i o n  

c y c l e .  Thus th e  K-band i n t e r f e r o m e t e r  c an  o n ly  be used  t o  

i n d i c a t e  an  a v e rag e  lo w er  l i m i t  t o  th e  d i s c h a r g e  and t o  

show th e  grow th  and decay  o f  th e  d i s c h a r g e .  F ig u r e  4 shows 

th e  grow th  r a t e  o f  p lasm a d e n s i t y  i n  a rg o n  f o r  d i f f e r e n t  

v a lu e s  o f  th e  peak e l e c t r i c  f i e l d  s t r e n g t h .  The m ic ro -
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wave f re q u e n c y  i s  22GHz.

Shown below i s  th e  b u i ld - u p  t im e ,  , w hich  r e p r e ­

s e n t s  th e  tim e  i t  t a k e s  f o r  th e  p lasm a d e n s i t y  t o  r e a c h
12 —16x10 cc (microwave c u t o f f )  i n  th e  i n i t i a l  c y c l e .  As 

shown in  f i g u r e  l+, v a r i e s  w i th  th e  peak e l e c t r i c  f i e l d ,  

^trs . The w id th  o f  t h e  p lasm a colum n, L  , i s  assumed 

c o n s t a n t  i n  t im e .  A u n ifo rm  d i s t r i b u t i o n  i s  a l s o  assum ed. 

The phase  s h i f t  d a t a  im p l ie s  a  w id th ,  L  , f o r  t h e  d i f f e r ­

e n t  c a s e s  shown ih  f i g u r e  l+. , and L  a r e

shown below .

£t0(-vA") L (tn )

2 .6  1 . 1+ 0 . 1+7

3 .2  1 . 3  0.1+7

1+.9 0.1+5 0 .36

8 . 2  0 .3 0  0 . 31+
13 _i

The n e u t r a l  p r e s s u r e  i n  t h i s  c a s e  i s  2 .5x10  J cc  . The 

w id th  of th e  d i s t r i b u t i o n  r e p r e s e n t s  t h e  minimum plasm a 

w id th  a t  c u t o f f  s in c e  t h e  c u rv e s  a r e  based  on a  r e c t a n g ­

u l a r  d i s t r i b u t i o n .  A t r i a n g u l a r  d i s t r i b u t i o n  would g iv e  a  

w id th  a t  c u t o f f  t h r e e  t im e s  a s  l a r g e ,  a s  i n d i c a t e d  i n  

c h a p t e r  \ / ,

The t o t a l  a z im u th a l  c u r r e n t  f lo w  i s  m easured a s  a  f u n c ­

t i o n  o f  t im e  by th e  use  o f  a  Rogowski c o i l .  F i g u r e s  1 ,  2 ,  

and 3 show t y p i c a l  c u r r e n t  form s i n  hydrogen  and a rg o n .
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F ig u r e  1 i s  an  e n la rg em en t  o f  an  o s c i l l o s c o p e  t r a c e  p h o to ­

g ra p h .  F ig u r e s  2 and 3 a r e  en la rg em en ts  t h a t  have been 

d i g i t i z e d .  The n u m e r ic a l  v a lu e s  a r e  r e - p l o t t e d  i n  th e s e  

f i g u r e s .  The tim e  s c a l e s  f o r  th e  c u r r e n t  form s and th e  

e l e c t r i c  f i e l d  a r e  a c c u r a t e  to  w i th in  ♦ 1 /4  u s e e .  F o r  

c l a r i t y  o n ly  one c y c l e  i s  shown i n  f i g u r e s  2 and 3 . How­

e v e r ,  th e  same c u rv e s  have been  ex tended  o v e r  t h r e e  c y c le s  

and a  f i f t h  c u rv e  o v e r  f i v e  c y c l e s .  From t h e  d i g i t a l  fo rm , 

p lasm a c o n d u c t iv i t y  and t h e  p o s i t i o n  o f  th e  e q u i l ib r iu m  

o r b i t  can  be c a l c u l a t e d  a s  w i l l  be d i s c u s s e d  in  th e  eigrfeh 

c h a p te r .  The p r e c i s i o n  o f  th e  r e l a t i v e  c u r r e n t  m easurement 

i s  l i m i t e d  by th e  d e te r m in a t io n  o f  th e  c u r r e n t  z e ro  l e v e l .  

The a b s o lu te  v a lu e  o f  c u r r e n t  depends on t h e  c a l c u l a t e d  

s e n s i t i v i t y  o f  th e  Rogowski c o i l  and th u s ,  th e  p r e c i s i o n  

o f  t h i s  m easured q u a n t i t y  depends on th e  c a l i b r a t i o n  e r r o r  

o f  t h e  Rogowski c o i l .  I t  i s  ex p ec ted  t h a t  th e  c a l i b r a t i o n  

e r r o r  i s  n o t  more t h a n  10 p e r c e n t .  The l o c a t i o n  o f  th e  

z e ro  l e v e l  has  a  much s m a l l e r  e f f e c t  on th e  measurement o f  

th e  c u r r e n t  a t  a l l  p o i n t s  i n  t im e  e x c e p t  n e a r  th e  c u r r e n t  

z e ro e s  (where th e  r e l a t i v e  e r r o r  i s  l a r g e ) .  The d e te rm ­

i n a t i o n  o f  t h e  r e l a t i v e  ph ase  be tw een th e  e l e c t r i c  f i e l d  

and th e  c u r r e n t  i s  a f f e c t e d  by th e  d i f f i c u l t y  i n  d e te rm ­

i n i n g  th e  p r e c i s e  moment th e  e l e c t r i c  f i e l d  s t a r t s ,  when 

th e  c u r r e n t  t r a c e  i s  m easured , and , t o  a  l e s s e r  e x t e n t ,
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when th e  e l e c t r i c  f i e l d  t r a c e  i s  m easured . A rough check  

can  be made by o b se rv in g  th e  p ic k -u p  on a  p o o r ly  "bu ck ed -  

o u t"  c u r r e n t  t r a c e .

F ig u re  1^ shows a  m agnetic  f i e l d  p r o f i l e  o f  th e  c u r r e n t  

column a t  peak v a lu e s  o f th e  c u r r e n t  f o r  hydrogen  d i s c h a r g ­

es  . A s i n g l e  c o i l  p robe  p lu s  a  c o i l ,  t o  s u b t r a c t  o u t  th e  

b e t a t r o n  m agnetic  f i e l d ,  i s  u se d .  The s i n g l e  c o i l  i s  

p la c e d  i n t o  th e  p lasm a a t  d i f f e r e n t  r a d i a l  p o s i t i o n s  f o r  a 

f i x e d  a z im u th a l  p o s i t i o n  and i n  th e  median p l a n e .  The 

e x p e r im e n ta l  p o in t s  a r e  r e p r e s e n te d  by th e  e r r o r  b a r s .

The s i z e  o f  th e  e r r o r  b a rs  r e p r e s e n t  t y p i c a l  s h o t - t o - s h o t  

v a r i a t i o n s  i n  th e  r e l a t i v e  m agnitude  o f  , t h e  s e l f ­

f i e l d  o f  th e  c u r r e n t  column. Each v a lu e  o f  Be- p l o t t e d  

i s  f i r s t  n o rm alized  w i th  r e s p e c t  to  th e  t o t a l  c u r r e n t  f lo w  

which i s  t y p i c a l l y  500 to  1000 am peres . The c u r r e n t  form  

i s  shown i n  f i g u r e  1 .  The i n i t i a l  peak e l e c t r i c  f i e l d  i s  

6 .9  v /cm . The peak s tu d ie d  f o r  each  d i s c h a r g e  c o r r e s ­

ponds to  th e  t h i r d  e l e c t r i c  f i e l d  p eak . Only t h e  peak  

v a lu e  o f  Be (and t h e  v a lu e  o f  th e  t o t a l  c u r r e n t  c o r r ­

e sp o n d in g  t o  th e  t im e  o f  th e  B&- peak) i s  u sed  i n  th e  

s i n g l e  p robe  e x p e r im e n t .  When t im e s  o t h e r  th a n  th e  peak  

tim e  a r e  c o n s id e r e d ,  th e  s h o t - t o - s h o t  v a r i a t i o n  i n  th e  

c u r r e n t  s i g n a l s  r e s u l t  i n  i n c o n s i s t e n t  p r o f i l e s .  F ig u r e s
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15 and 16 show t y p i c a l  o s c i l l o s c o p e  t r a c e  en la rg em en ts  used 

i n  d e te rm in in g  th e  m ag n e tic  f i e l d  p r o f i l e  shown i n  f i g u r e  

14 . The to p  t r a c e  i s  th e  t o t a l  c u r r e n t  f lo w  w h ile  th e  

bottom  t r a c e  i s  A sm a l l  amount o f  p ic k -u p  i s  p r e s e n t

i n  th e  && s i g n a l  and t o t a l  c u r r e n t  s i g n a l .  The v e r t i c a l  

l i n e s  r e p r e s e n t  p a r t  o f  th e  g r i d  used  t o  d i g i t i z e  th e  wave 

fo rm s . Each v e r t i c a l  l i n e  i s  s e p a r a t e d  by a p p ro x im a te ly  

0 .8 8  m ic ro se c o n d s .  I t  i s  n o ted  t h a t  t h e  t o t a l  c u r r e n t  wave 

form  h as  a  s i m i l a r  fo rm  on a  s h o t - t o - s h o t  b a s i s .  F o r  e l e v ­

en t r a c e s  th e  c u r r e n t  peak  o c c u rs  a t  28 .08+  0 . 2 7  usee  a f t e r  

th e  s t a r t  o f  A t l e a s t  h a l f  o f  t h e  e r r o r  (mean

a b s o l u t e  d e v i a t i o n  from  th e  a v e ra g e  v a lu e )  i n  th e  tim e 

m easurem ent o f  th e  c u r r e n t  peak  can  be a t t r i b u t e d  to  th e  

d i f f i c u l t y  i n  de term in ing  t h e  p r e c i s e  t im e  th e  d i s c h a r g e  

b e g in s  and th e  e x a c t  t im e  o f  th e  c u r r e n t  peak . The v a r i a ­

t i o n  i n  th e  peak c u r r e n t  v a lu e  i s  r e l a t i v e l y  much g r e a t e r .
2

The a v e ra g e  c u r r e n t  v a lu e  f o r  th e  same c a s e s  i s  7 .5x10  +
2

1 .2x10  am peres . T h is  l a r g e  v a r ia t io n  i n  th e  c u r r e n t  peak 

v a lu e  c a n n o t  be a t t r i b u t e d  t o  m easurem ent e r r o r  b u t  r e p ­

r e s e n t s  a  sh o t - to - sh o t  f l u c t u a t i o n  i n  th o s e  plasm a param ­

e t e r s  w hich  d e te rm in e  th e  c u r r e n t  maximum. R e f e r r i n g  back 

t o  f i g u r e  14, th e  s o l i d  c u rv e  r e p r e s e n t s  a  p l o t  o f  th e  

a p p ro x im a te  a n a l y t i c  v a lu e  o f  ( s e e  c h a p te r  V) a s  a

f u n c t i o n  o f  X • H ere  th e  c u r r e n t  column i s  assumed to
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have a  r a d iu s  o f  2 .00cm . A second p l o t ,  i n  dashed  l i n e s ,  

shows th e  a n a l y t i c  v a lu e  o f  B ^  v e r s u s  K f o r  a  c u r r e n t  

r a d i u s  o f  1.50cm. Because each  e x p e r im e n ta l  p o i n t  i s  

o b ta in e d  from  o n ly  one o r  two d i s c h a r g e s ,  i t  i s  f e l t  t h a t  

on th e  a v e ra g e ,  t h e  s i n g l e  p robe  c o i l  m easurem ents a r e  

c o n s i s t e n t  w i th  t h e  e x i s t e n c e  o f  a  n e a r  u n ifo rm  c u r r e n t  

d i s t r i b u t i o n .

I n  o r d e r  t o  b e t t e r  u n d e rs ta n d  th e  s h o t - t o - s h o t  v a r i ­

a t i o n  i n  th e  p o l o id a l  m agnetic  f i e l d  and t h e  t im e  v a r i a t i o n  

o f  th e  c u r r e n t  fo rm , th e  p o l o id a l  f i e l d  i s  m easured a t  

s e v e r a l  r a d i a l  p o s i t i o n s  s im u l t a n e o u s ly .  F ig u r e s  1? and 18 

show th e  v a r i a t i o n  o f  3 * as  a  f u n c t i o n  o f  t im e ,  i n  th e  

median p la n e ,  a t  t h r e e  d i f f e r e n t  r a d i a l  p o s i t i o n s .  M easur­

ed from  th e  c e n t e r  o f  th e  m inor d ia m e te r  o f  th e  vacuum 

chamber t o  th e  c e n t e r  o f  each  lo o p ,  t h e  p o s i t i o n s  o f  th e  

t h r e e  lo o p s  a r e  0.89cm, 1 . 52cm, and 2 . 15cm, r e s p e c t i v e l y .  

The e x p e r im e n ta l  c o n d i t i o n s  f o r  t h e s e  m easurem ents a r e  th e  

same a s  f o r  th e  s i n g l e  c o i l  m easurem ents .

F ig u r e  18 c l e a r l y  shows th e  m otion  o f  th e  c e n t e r  o f  

th e  c u r r e n t  column a c r o s s  th e  0.89cm lo o p .  T h is  i s  i n d i ­

c a te d  by th e  change i n  d i r e c t i o n  o f  t h e  m agn e tic  f i e l d  

th r e a d in g  th ro u g h  th e  0.89cm c o i l .  The f a c t  t h a t  t h e  

o t h e r  lo o p  s i g n a l s  do n o t  r e v e r s e  i n  d i r e c t i o n  p l a c e s  

l i m i t s  on th e  amount t h a t  t h e  c e n t e r  o f  t h e  column i s
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d i s p l a c e d  i n  t h i s  p a r t i c u l a r  d i s c h a r g e  and th e  app ro x im ate  

v e l o c i t y  o f  d i s p la c e m e n t .  I n  10”^ secon ds  th e  c e n t e r  moves 

0.5cm w hich c o rre sp o n d s  t o  a  v e l o c i t y  o f  ab o u t  5*10^ cm /sec. 

F ig u r e  17 shows a  c a se  i n  which t h e  c e n t e r  o f  th e  d i s t r i b ­

u t i o n  does n o t  move f a r  enough to  p roduce  a  r e v e r s a l  i n  

s i g n a l .  The d i s t o r t i o n s  o b se rved  i n  th e  s i g n a l s ,  a s  com­

p a red  to  each  o t h e r ,  f o r  exam ple , can  be a t t r i b u t e d  t o  th e  

m otion  o f  t h e  p lasm a colum n. F ig u r e s  19 and 20 show th e  

e n la rg e m e n ts  o f  th e  o s c i l l o s c o p e  t r a c e s  used  i n  f i g u r e  17 . 

The lo o p  1 c o i l  s i g n a l  h a s  a  good d e a l  o f  p ic k -u p  w h ile  th e  

lo o p  3 c o i l  s i g n a l  has  a  v e ry  sm a ll  amount o f  p ic k -u p  and 

th e  lo o p  2 c o i l  s i g n a l  has  a  n e g l i g i b l e  amount o f  p ic k - u p .  

The r e s i d u a l  p ic k -u p  i s  f a i r l y  e a s i l y  removed by s u p e r ­

im posing  t h e  e n la rg e d  p ic k -u p  s i g n a l  p h o to g rap h  on to  th e  

e n la rg em en t o f  th e  combined p ic k -u p  and s i g n a l

p h o to g ra p h .  The p ic k -u p  t r a c e  i s  th e n  used  a s  th e  new 

b a s e l i n e .

From f i g u r e  17 one can  compute th e  s i z e  o f  th e  c u r r e n t  

column and th e  p o s i t i o n  o f  t h e  c e n t e r  o f  th e  c u r r e n t  c o l ­

umn a s  a  f u n c t i o n  o f  t im e .  Below a r e  l i s t e d  th e  v a lu e s  o f  

t h e  p o s i t i o n  o f  th e  c e n t e r  o f  t h e  c u r r e n t  colum n, , 

w i th  r e s p e c t  t o  th e  c e n t e r  o f  th e  vacuum chamber and th e  

r a d i u s  o f  t h e  c u r r e n t  colum n, f t0  , a s  m easured from  

. I t  i s  assumed t h a t  th e  c u r r e n t  i s  u n ifo rm ly
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d i s t r i b u t e d  and th e  t o r o i d a l  c o r r e c t i o n  i s  n e g l e c t e d .  

*0~c\O.5 1 . 0  1 . 5  2 . 0  2 .5  3 . 0  3 .5  4 . 0  4 . 5  5 . 0

86 . 80  .65  . 6 3  .55  .49 .51 .61 . 52  . 17

66  . 75  . 94  1 . 0 2  1 . 1 0  1 . 1 1  1 . 1 5  1 . 2 0  1 .3 3  2.01

These r e s u l t s  a r e  c o n s i s t a n t  w i th  t h e  v a lu e s  o f  t h e  c u r r e n t  

column r a d i u s  found from  th e  s i g n a l  c o i l  p robe  m easurem ents 

which were averaged  o v e r  many d i s c h a r g e s .

From th e  observed  m otion  o f  th e  c e n t e r  o f  th e  p lasm a 

column ( f i g u r e  18) one can  h y p o th e s i s e  t h a t  th e  o s c i l l a ­

t i o n s  i n  th e  Langmuir p robe  io n  s a t u r a t i o n  c u r r e n t  t r a c e s  

( f i g u r e s  5 and 6) a r e  due p a r t l y  to  th e  r e l a t i v e  m otion  o f  

t h e  c u r r e n t  column w i th  r e s p e c t  t o  th e  p ro b e .  Use o f  mag­

n e t i c  p ro b es  a t  more t h a n  one a z im u th a l  p o s i t i o n  would be 

h e l p f u l  i n  t r y i n g  to  d e te rm in e  w h e th e r  th e  c u r r e n t  column 

m otion  i s  due t o  a  u n ifo rm  r a d i a l  m otion  o r  a  t r a v e l i n g  

wave s t r u c t u r e  i n  th e  p lasm a colum n. I n  c h a p t e r  V I I I  th e  

p o s s i b i l i t y  o f  a  k ink  s t r u c t u r e  i s  d i s c u s s e d .

F ig u r e  21 shows a  l o g - l o g  p l o t  o f  th e  X -ray  e m is s io n  

t im e  a s  a  f u n c t i o n  o f  peak  e l e c t r i c  f i e l d  s t r e n g t h  d u r in g

t h e  i n i t i a l  a c c e l e r a t i o n  c y c l e  i n  a rg o n  d i s c h a r g e s .  The
-4n e u t r a l  p r e s s u r e  i s  7 .7x10  T o r r .  96 o b s e r v a t io n s  a re  

u sed  f o r  t h i s  p l o t .  The e m is s io n  t im e  i s  g iv e n  by

and i s  found to  be ©. * 4 1 0 .06, . F ig u r e s  22

and 23 a r e  a d d i t i o n a l  t r i a l s  t a k e n  w i th  f e w e r  d a t a  p o i n t s .
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The r e s p e c t i v e  v a lu e s  o f  /fL  i n  th e s e  c a s e s  a r e  1 .0 4 + 0 .1 7  

and 1 .1 2 + 0 .1 5 .  The plasm a gun used i n  th e  m easurem ents 

shown i n  f i g u r e s  21 and 22 employs a  c o p p e r  c e n t e r  e l e c ­

t r o d e ,  w h ile  i n  f i g u r e  23 th e  c e n t e r  e l e c t r o d e  i s  made o f

hydrogen  occ lud ed  t i t a n iu m .  The i n i t i a l  n e u t r a l  p r e s s u r e
. -4in  f i g u r e  23 i s  5 .4x10  T o r r .  A s i m i l a r  dependence  o f

on was found when a  c o - a x i a l  gun was used  which

i n j e c t e d  p lasm a p e r p e n d ic u la r  t o  r a t h e r  th a n  ta n g e n -

t i a l l y  a s  i n  f i g u r e s  21 to  2 3 . F o r  hydrogen  d i s c h a r g e s  th e  

same dependence  o f  on E j  i s  found a s  i s  shown i n

f i g u r e  24 ( w 0 .8 + 0 .2 ) .  F ig u re  25 i s  a  p l o t  o f

v e r s u s  f o r  f ix e d  a t  6 .9 v /cm , 19 d i s c h a r g e s  a r e

a n a ly z e d .  The e r r o r  b a r s  r e p r e s e n t  th e  maximum d e v i a t i o n  

from  t h e  mean.

From th e  above e x p e r im e n ta l  d a ta  one c an  c o n c lu d e  th e  

f o l lo w in g  c o n c e rn in g  th e  dependence o f  X y  on th e  e x t e r n a l  

f i e l d s *  F i r s t ,  X y  does n o t  obey a  b e h a v io r  and

s e c o n d , X y  does n o t  f o l lo w  a  d ep en dence . These two

p o i n t s  e l i m in a te  t h e  N eg a tiv e  Mass I n s t a b i l i t y  and th e  Loss- 

o f -V e c to r -P o te n t ia l -M in im u m  ( s e e  c h a p te r  I I )  a s  e x p la n a t io n s  

o f  th e  X y  dependence  on and

I t  i s  o b se rved  t h a t  X -ray s  a p p e a r  o n ly  i n  th e  i n i t i a l  

a c c e l e r a t i o n  c y c l e  e x c e p t  f o r  th e  s p e c i a l  c a s e s  s tu d i e d  i n  

hydrogen  d i s c h a r g e s .  T his  c o r re sp o n d s  to  th e  f a c t  t h a t  t h e
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c u r r e n t  peaks  a r e  lo w e s t  d u r in g  th e  f i r s t  c y c l e .  Only when 

th e  n e u t r a l  d e n s i t y  i s  d e c re a s e d  to  such  an  e x te n t  i n  hyd­

ro g e n ,  so  t h a t  t h e  c u r r e n t  peaks a r e  50 am peres o r  l e s s  do 

X -ray s  o c c u r  on e v e ry  c y c l e .  These low c u r r e n t s  a r e  n o t  

a t t a i n a b l e  i n  a rg o n  d i s c h a r g e s .  W ith in  t h e  e x p e r im e n ta l  

u n c e r t a i n t y  th e  r e s i s t i v e  c u r r e n t  i n s t a b i l i t y  y i e l d s  th e
C  "■/c o r r e c t  t p  d ependence , i . e . ,  and

th e  c o r r e c t  dependence  on , iLe., in d e p e n d e n t  o f

& P  . The dependence  o f  X -ray  e m iss io n  on th e  peak 

c u r r e n t  v a lu e s  i s  a l s o  c o n s i s t a n t  w i th  th e  r e s i s t i v e  

i n s t a b i l i t y  i n  th e  f o l lo w in g  way. F o r  l a r g e  enough c u r r ­

e n ts  th e  e q u i l i b r iu m  o r b i t  l i e s  o u t s i d e  o f  th e  vacuum 

cham ber. S in c e  t h e  c u r r e n t  i s  f a i r l y  r e s i s t i v e  t h i s  means 

t h a t  a t  th e  s t a r t  o f  th e  a c c e l e r a t i o n  c y c le  th e  e q u i l i b ­

rium  o r b i t  l i e s  o u t s i d e  o f  t h e  vacuum cham ber. I n  t h i s  

c a se  th e  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  s t r i k e  th e  vacuum 

chamber w a l l s  b e fo r e  t h e i r  en erg y  r e a c h e s  a  few Kev due to  

th e  u n b a la n ce d  d r i f t  a c r o s s  t h e  a z im u th a l  mag­

n e t i c  f i e l d .  The energy  o f  t h e  X -ray s  produced  by t h e s e  

e l e c t r o n s  a r e  to o  low to  be re c o rd e d  by o u r  X -ray  d e t e c t o r s .  

On t h e  f i r s t  c y c le  th e  c u r r e n t  i s  a lw ays c o n s id e r a b ly  o u t  

o f  phase  w i th  so  t h a t  t h i s  argum ent does n o t  h o ld

t r u e  and th e  e q u i l i b r iu m  o r b i t  l i e s  w i t h in  th e  vacuum 

cham ber. I n  th e  v e ry  low c u r r e n t  hydrogen  d i s c h a r g e s  th e



1 1 2

c u r r e n t  i s  low enough so  t h a t  th e  e q u i l ib r iu m  o r b i t  i s  n o t  

d i s p l a c e d  o u t  o f  th e  vacuum cham ber. Thus th e  r e s i s t i v e  

i n s t a b i l i t y  c o n s i s t a n t l y  p r e d i c t s  th e  observed  beam d i s r u p ­

t i o n  t im e  dependence  on E p  and E><p and i t  does e x p la in  

th e  l a c k  of runaway e l e c t r o n s  i n  a c c e l e r a t i o n  c y c le s  o t h e r  

th a n  th e  f i r s t  c y c le  a s  w e l l  as th e  appea rance  o f  runaway 

e l e c t r o n s  i n  t h e  low c u r r e n t  hydrogen  d i s c h a r g e s .

F ig u re  26 i s  a  p l o t  o f  X -ray  p u l s e  h e ig h t  v e r s u s  alum ­

inum a b s o r b e r  t h i c k n e s s  f o r  £ +  = 6 . 7v/cm and E p  * 

10 .6v /cm  in  a rg o n  d i s c h a r g e s .  The l e a s t  sq u a re  f i t  v a lu e  

o f  th e  s lo p e  y i e l d s ,  from  th e  a b s o r p t io n  c o e f f i c i e n t ,  t h e  

X -ray  energy  o f  40 Kev (6 .7v /cm ) and 65 Kev ( 1 0 . 6 ) .  F i g ­

u r e  27 i s  th e  same ty p e  o f  p l o t  f o r  a rg o n  d i s c h a r g e s  and

=5.5v /cm  a s  i n  f i g u r e  26 b u t  two p h o t o m u l t ip l i e r s  a r e  

u s e d .  One p h o t o m u l t i p l i e r  i s  th e  r e f e r e n c e  and i s  used  to  

h e lp  n o rm a liz e  th e  a t t e n u a t e d  s i g n a l  f o r  v a r i a t i o n s  i n  

X -ray  f l u x .  T h is  y i e l d s  a  l e a s t  s q u a re  f i t  o f  75 Kev. 

Because o f  th e  dependence o f  jk y  , th e  p r e d i c te d

runaway energy  i s  79Kev, in d e p e n d e n t  o f  Ep f o r  1 .

F o r  th e  v a lu e s  c o n s id e re d  h e re  t h i s  i s  e s s e n t i a l l y

t r u e .  Thus th e  X -ray  energy  i s  c o n s i s t a n t  w ith  t h e  p r e s ­

ence o f  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  d u r in g  th e  f i r s t  

a c c e l e r a t i o n  c y c l e .
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CHAPTER VII

THEORETICAL MODELS

I n  t h i s  c h a p t e r  two t h e o r e t i c a l  models a r e  c o n s i d e r e d .  

The f i r s t  d e s c r i b e s  t h e  i o n i z a t i o n  of  n e u t r a l  gas m o lecu le s  

by 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  and th e  r e s u l t i n g  c u r r e n t .  

The second d e s c r i b e s  th e  c o n d u c t io n  c u r r e n t  as  a  f u n c t i o n  

o f  t im e .

As d i s c u s s e d  i n  p r e v io u s  c h a p t e r s  th e  plasma d e n s i t y  

b u i l d - u p  i s  r a p i d  d u r in g  th e  f i r s t  a c c e l e r a t i o n  c y c l e .  I t  

i s  o f  i n t e r e s t  t o  see  t h e  r o l e  t h a t  the  runaway e l e c t r o n s  

p l a y  i n  p ro d u c in g  th e  i o n i z a t i o n  o f  th e  p lasm a.  I n  t h e  

model used to  c a l c u l a t e  th e  i o n i z a t i o n  t h e  f o l l o w in g  assump­

t i o n s  a r e  madei

1 .The a z im u th a l  e l e c t r i c  f i e l d  i s  g iv e n  by .

2 . The i o n i z i n g  e l e c t r o n s  a r e  assumed t o  move a lo n g  £ p  wilh 

no s c a t t e r i n g  o r  energy  l o s s  d u r i n g  th e  i o n i z a t i o n  p r o c e s s .

3 . B oun d a r ie s  a r e  n e g l e c t e d .

4 . C o l l i s i o n s  w i t h o u t  i o n i z a t i o n  a r e  n e g l e c t e d .

5 . The e l e c t r o n s  a r e  i n i t i a l l y  a t  r e s t .

With t h e s e  a ssu m p t io n s  one can  c a l c u l a t e  t h e  r a t e  o f  i o n i z ­

a t i o n  and t h e  t o t a l  c u r r e n t  f l o w .  The e f f e c t  o f  a  v e r t i c a l  

d r i f t  due to  e l e c t r o n s  c r e a t e d  o u t  o f  phase  w i th  th e
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a c c e l e r a t i o n  c y c le  i s  in c lu d e d  in  th e s e  c a l c u l a t i o n s .

These e l e c t r o n s  a re  p roduced in  th e  i o n i z a t i o n  p r o c e s s .

The b a s ic  scheme o f  th e  c a l c u l a t i o n  i s  to  add up a l l  

th e  e l e c t r o n s  c r e a te d  by p r im a ry ,  s e c o n d a ry ,  t e r t i a r y ,  and 

h ig h e r  o r d e r  i o n i z a t i o n  p r o c e s s e s .  A s i n g l e  e l e c t r o n  w i l l

p roduce  th e  f o l lo w in g  number, o f  secon dary  e l e c t r o n s

where Jt*, * q u a r t e r  p e r io d  o f  £ ff < t a k e n  to  be 4 usec)

V = r e l a t i v i s t i c  e l e c t r o n  v e l o c i t y  

= n e u t r a l  d e n s i t y  

= i o n i z a t i o n  c r o s s - s e c t i o n  

The r e l a t i v i s t i c  v e l o c i t y  i s  g iv e n  by

y ,  e

The i o n i z a t i o n  c ro s s  s e c t i o n  i s  o b t a in e d ,  as  a  f u n c t i o n  o f
1 O

V  , from th e  e x p e r im e n ta l  d a t a  o f  T a te  and S m ith ,  '

F o r  h ig h  v e l o c i t i e s  th e  e m p i r ic a l  fo rm u la  o f  S t u a r t  and 

Gerjouy-^ i s  u s e d .  The i n t e g r a l  f o r  Ms I * )  i s  e v a lu a te d  

by th e  use o f  th e  T rap ezo id  r u l e .  The s i z e  o f  th e  i n t e g ­

r a t i o n  i n t e r v a l  was d e te rm in e d  by d e c r e a s in g  th e  i n t e r v a l  

u n t i l  l i t t l e  o r  no change was obse rv ed  i n  th e  i n t e g r a l  

v a lu e .  The ran g e  o f i n t e g r a t i o n  i s  b roken  i n t o  i n t e r ­

v a l s  and th e  fo l lo w in g  terras a r e  d e f in e d  i
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P ji. = '*‘ ‘* 1 AT  ‘5- -

= th e  number of e l e c t r o n s  produced in  s t e p  ■* due to  1 

e l e c t r o n  c r e a te d  i n  s t e p  g  where and

Y j A ‘ ----------------------------------------

3  C / »-* /« • 3  ^

•/Ct- = n o n - r e l a t i v i s t i c  v e l o c i t y  a t  th e  end o f  th e  a c c e l e r ­

a t i o n  c y c le  = -cEo/mu>

. r  J. , A T  =* s i z e  o f  the

time s t e p ,*>•(/) = the n eu tra l d e n s i ty  which d ecrea ses  in  

t im e .
-■/K

The se co n d a ry  i o n i z a t i o n  a t  th e  end o f  th e  s t e p  i s
g lO a ,x .2 1  tU - W

For exam ple, P»* i s  th e  number o f  s e c o n d a r ie s

produced in  tim e s t e p  3 due to  th e  e l e c t r o n  c r e a t e d ( i n  t h i s  

c a se  a  p r im ary  e l e c t r o n )  i n  t im e  s t e p  0 , The t o t a l  t e r t i a r y

i o n i z a t i o n  a t  th e  end o f th e  s t e p  i s
«  fO =>'*> /  9 * *P s>^,2 2. PjC = * * jfci *■«/■' <’* £-/,«

-  Z Z- •** ^  m* / J*m4/
»> x  /

I t  i s  no ted  t h a t  each  term  i n  t h e  sum a r i s e s  from a  se co n d -  

a ry  e l e c t r o n  produced in  th e  jrrn- t im e  s t e p  by th e  o r i g ­

i n a l  p r im ary  e l e c t r o n .

The number o f e l e c t r o n s  produced by second ary  e l e c t r o n s  

from th e  to  tim e s t e p  i s  ^ ,

Q11 = ?e- ?'** £  i P"**- £■ P
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J u s t  a s  each  se co n d a ry  e l e c t r o n  produced t e r t i a r y  e l e c t r o n s ,  

th e  t e r t i a r y  e l e c t r o n s  produced  w i l l  c r e a t e  th e  n e x t  g e n e r -  

a t i o n  o f e l e c t r o n s .  I t  i s  assumed t h a t  a l l  th e  e l e c ­

t r o n s  a re  c r e a t e d  a t  th e  same t im e . Thus th e  t o t a l  p ro d u c ­

t i o n  o f  f o u r t h  g e n e r a t i o n  e l e c t r o n s  p e r  u n i t  t im e i s  g iv e n  

by i p f - -  <?,n 2  Z a *^3j, *3 x -**

? r  = i  i  <?; ^
m : Z

F or t h e  n e x t  g e n e ra t io n  one has g? ¥ *  1  © J 'V - a

The g e n e r a l  e x p re s s io n s  f o r  th e  c ascad e  a r e  a s  f o l lo w s :  

t o t a l  i o n i z a t i o n  by th e  end o f  the  s t e p  due to  the

g e n e r a t i o n  , * u-i -*■
5 " .  i -  £  A ,  ^A*!**1

♦ L
i o n i z a t i o n  betw een th e  and -*• s t e p s  due t o  th e

<-0 1 "
g e n e r a t i o n  Q  • s £  ' mi-* JHa4-I

,2> -  / 2>
where •*■>/ and

(F o r  ^  * 2 z  and t x. £ i )
- r rL-t o t a l  i o n i z a t i o n  a t  th e  end o f  th e  -*• t im e  s t e p  due to

a l l  g e n e r a t i o n s  _ ft x ^  _ f 2>
-T- 4 7>t'° i  ?  -- £  £ & + ■ * £ .  ?o i
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By com puting  th e  v e l o c i t y  f o r  th e  e l e c t r o n  produced  a t  d i f f ­

e r e n t  tim e  s t e p s  a  n e t  c u r r e n t  can  be com puted. One can  

a l s o  in c lu d e  d r i f t s  due to  t h e  b e t a t r o n  r e s t o r i n g  f o r c e  and 

th e  c e n t r i f u g a l  d r i f t .  Assuming t h a t  t h e  n e t  a z im u th a l  c u r ­

r e n t  f lo w  i s  g iv e n  by th e  d i f f e r e n c e  betw een th e  a z im u th a l  

c u r r e n t  and the  d r i f t  c u r r e n t  one can  c a l c u l a t e  th e  d ep en ­

dence o f  th e  i o n i z a t i o n  in d u c t io n  c u r r e n t  maxima on 

and B(j> .

F ig u re  1 shows th e  v a r i a t i o n  of th e  e l e c t r o n  v e l o c i t y  

w ith  t im e  f o r  a p r im ary  e l e c t r o n .  The se co n d a ry  i o n i z a ­

t i o n  p e r  u n i t  t im e  (number o f  s e c o n d a r i e s  p roduced betw een 

two tim e s t e p s )  and th e  t o t a l  se co n d a ry  i o n i z a t i o n  i s  a l s o  

shown f o r  hy d rogen . I t  i s  n o ted  t h a t  th e  e l e c t r o n  v e l ­

o c i t y  becomes r e l a t i v i s t i c  i n  ab o u t  0 . 3  u s e e ,  f o r  th e  

maximum v a lu e  o f th e  e l e c t r i c  f i e l d  s t r e n g t h ,  £ f f  , e q u a l  

to  20v/cm. F ig u re  2 shows th e  i o n i z a t i o n  o f  hydrogen  gas 

f o r  d i f f e r e n t  i n i t i a l  n e u t r a l  d e n s i t i e s  and p r im a ry  e l e c ­

t r o n  d e n s i t i e s .  Here ^  = 2Kgauss and th e  maximum

e l e c t r i c  f i e l d  s t r e n g t h  i s  20v/cm . F ig u r e  3 shows th e  

e f f e c t  o f  d i f f e r e n t  p r im ary  e l e c t r o n  d e n s i t i e s  on th e  

t im e  to  c o m p le te ly  i o n iz e  th e  gas w i t h in  l .O u s e c .  D i f ­

f e r e n t  n e u t r a l  d e n s i t i e s  a r e  used and &4> = 2Kgauss and 

= 20v/cm . F ig u re  4 shows th e  computed c u r r e n t  

d e n s i t y  a s  a  f u n c t i o n  o f  t im e  f o r  2 Kgauss and
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£f> = 1 ,2 ,  and 3v/cm f o r  hydro gen . I t  i s  o f  i n t e r e s t  to

se e  how th e  c u r r e n t  r e a c h e s  a  maximum and th e n  l e v e l s  o f f

o r  d e c r e a s e s  r a p i d l y .  I t  i s  obse rved  t h a t  f o r  h ig h e r

t h i s  t r e n d  c o n t i n u e s .  The m agnitude  o f  th e  maximum c u r r e n t

does n o t  i n c r e a s e  w ith  i n c r e a s i n g  E j  b u t  from  1 to  20 v/cm

a p p e a rs  to  be a b o u t  c o n s t a n t  (+1095). F ig u re  5 shows l o g -

lo g  p l o t s  o f  th e  maximum c u r r e n t  t im e ,  ^ v e r s u s  and

E<f> . X/»» shows th e  f o l lo w in g  app rox im ate  dependence  on 
_  /o7 t o .0 7  , - /• ts 'ro ./f

and 3 ^  , £  f y  and j tm= A

I n  t h e s e  c a s e s  th e  e l e c t r o n  mass i s  used i n  t h e  d r i f t  c u r ­

r e n t  c a l c u l a t i o n s  which assumes f r e e  d i f f u s i o n  o f  th e  e l e c ­

t r o n s  a c r o s s  th e  a z im u th a l  m agne tic  f i e l d .  If i n s t e a d ,  one 

assumes t h a t  th e  e l e c t r o n s  d r i f t  a c r o s s  th e  a z im u th a l  mag­

n e t i c  f i e l d  a t  th e  r a t e  o f  th e  i o n s ,  which i s  ro u g h ly  th e  

c a se  i n  a m b ip o la r  d i f f u s i o n ,  th e n  one would c a l c u l a t e  th e  

r a t e  o f  io n  d r i f t  f o r  th e  p u rp ose  o f  f i n d in g  th e  r a t e  o f  

c u r r e n t  l o s s .  When th e  io n  d r i f t  i s  c o n s id e re d  to  be 

r e s p o n s i b l e  f o r  d i f f u s i o n  l o s s e s  becomes in d e p e n d e n t

of b u t  h a v in g  th e  same Efi- dependence a s  above .

I o n i z a t i o n  i n  a rg o n  has  a l s o  been  s tu d i e d  b u t  t o  a  l e s s e r  

e x t e n t  th a n  i n  h y d ro g en . S i m i l a r  r e s u l t s  o c c u r .

Thses c a l c u l a t i o n s  show th e  r a p id  b u i ld - u p  o f  i o n i z a ­

t i o n  due t o  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 .  A lso obse rved  

i s  a  p a ra m e t r ic  dependence  o f  c u r r e n t  maxima on e x t e r n a l
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f i e l d s  due to  i o n i z a t i o n  and d r i f t  as  w e l l  a s  a  c o n s t a n t  r e ­

s i s t i v i t y ,  i . e . ,  SLnm* in d e p e n d e n t  o f  The ran g e  o f

and B p  a r e  lv /c m  to  20v/cm and 0.85Kgauss t o  20. 

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

The c o n d u c t io n  c u r r e n t  e x h i b i t s  anom alous ly  h ig h  r e s i s ­

t i v i t y  and e x h i b i t s  a  n o n - l i n e a r  wave fo rm . The s i z e  o f  the 

c o n d u c t io n  c u r r e n t  a f f e c t s  th e  p o s i t i o n  o f  th e  e q u i l i b r iu m  

o r b i t  and may a f f e c t  th e  p lasm a te m p e ra tu re  from th e  p o in t  

o f  view o f  r e s i s t i v e  h e a t in g .  I t  i s  o f  i n t e r e s t ,  t h e r e f o r e ,  

to  have a b e t t e r  u n d e r s ta n d in g  o f  th e  dependence o f  c o n ­

d u c t io n  c u r r e n t  on t im e .  To do t h i s  th e  plasm a b e t a t r o n  

i s  viewed as  an a i r  c o re  t r a n s f o r m e r  ( s e e  c h a p te r  IV) and 

coup led  c i r c u i t  e q u a t io n s  a re  used  to  d e s c r i b e  the  c u r r e n t  

f lo w .  T h is  model must be used  c a u t i o u s l y  s i n c e  th e  p lasm a 

r e s i s t a n c e  and in d u c ta n c e  a re  n o t  n e c e s s a r i l y  c o n s t a n t s .

I t  i s  c o n v e n ie n t  f o r  c e r t a i n  c a l c u l a t i o n s  to  c o n s id e r  

th e  se co n d a ry  c i r c u i t  t o  be uncoup led  from  th e  p r im ary  

c i r c u i t .  The p lasm a c u r r e n t ,  4* , th e  p lasm a r e s i s t a n c e ,  

s i  , th e  p lasm a in d u c ta n c e ,  Jl , a r e  r e l a t e d  to  th e  a p ­

p l i e d  v o l t a g e  ( s u p p l i e d  by th e  b e t a t r o n  p r im ary ) by th e  

fo llo w in g *  .LA  + **

I f  one assum es t h a t  V (t)  i s  g iv e n  by l / t e ) s K cosurf e.

The d i f f e r e n t i a l  e q u a t io n  f o r  has th e  form

S L  y = * U )
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-A /• X
and has th e  s o l u t i o n  -c » e  C / «

where /> - f M  F o r  th e  i n i t i a l  c o n d i t i o n  t h a t

one f i n d s  t h a t  -*-(£) i s  g iv e n  byi , . v . . , 
-*Z,<waO ( , ft /  I/  /*) e 14 e _________ * cosu>£ * u*Jrsunu>p -(/*•- }

- V '  c J
where i t  i s  assumed th e  se co n d a ry  r e s i s t a n c e  i s  c o n s t a n t .  

One s e e s  t h a t  o f  th e  f i v e  p a ra m e te rs  which -*-•(*) depend on, 

V0 , y  , “***,  A-m. , and to t h e  f i r s t  t h r e e  a r e  d e t e r ­

mined e x p e r im e n ta l ly  and depend o n ly  on th e  p r im a ry  c i r c u i t .  

The se c o n d a ry  e l e c t r o n  r e s i s t a n c e  i s  assumed to  depend on 

th e  c r o s s  s e c t i o n a l  a r e a  o f  th e  c u r r e n t  column and th e

r e s i s t i v i t y .  I f  th e  r e s i s t i v i t y  i s  assumed to  f o l lo w  th e  
7 - ' ' *c l a s s i c a l  /  law one can  a s s i g n  an e l e c t r o n  te m p e ra tu re  

and a  c u r r e n t  c h an n e l  r a d i u s  t o  f i x  th e  v a lu e  o f  .

The se c o n d a ry  in d u c ta n c e  i s  assumed to  depend o n ly  on th e  

c u r r e n t  column r a d i u s .  T h is  assum es an  a p p ro x im ate  un ifo rm  

c u r r e n t  d i s t r i b u t i o n  and an ap p ro x im ate  c o n s t a n t  m ajo r  r a d ­

i u s .  Thus th e  c u r r e n t  depends on two plasm a p a ra m e te rs  

which a r e  th e  p lasm a c u r r e n t  column s i z e  and th e  e l e c t r o n  

t e m p e r a tu r e .  As d i s c u s s e d  i n  c h a p te r  VI th e  c u r r e n t  form  

i s  d i g i t i z e d  and compared to  th e  e l e c t r i c  f i e l d .  F o r  f i v e  

d i f f e r e n t  c a s e s ,  ( c a l l e d  d a t a  s e t s  1 , 2 , 3 .4 ,  and 5 ) .  th e  time 

o f  th e  t h i r d  c y c le  c u r r e n t  maxima i s  measured and compared 

w ith  th e  e l e c t r i c  f i e l d  maximum tim e  a s  fo l lo w s i
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D ata  E le c t r i c A rg o n  Argon H H H

s e t  f i e l d  1 2  3 4 5

5 0 .5 0  5 9 .20  59 .79  5 8 .33  5 7 .5 0  55 .44  

X n ^ T 1 1649 1487 2511 8 8 1 . 0  5 2 3 .3

M easuring  th e  phase  d i f f e r e n c e  between th e  c u r r e n t  peak and 

the  e l e c t r i c  f i e l d  and making use  o f  th e  c u r r e n t  am p li tu d e  

one can  u se  th e  e x p r e s s io n  f o r - i « ( / J  t o  f i n d  th e  v a lu e  o f  

th e  e l e c t r o n  te m p e ra tu re  7"* and c u r r e n t  r a d iu s  which 

f i t s  th e  above d a t a .  The r e s u l t s  a r e  

D ata  s e t  1 2 3 4 5

?«(«'> 50 135  3 . 9  2 .2 x l 0 3 1.5x10**

0 . 1 9  0 . 1 0  1 . 2  0 .0 0 8 5  0 .0 0 1 5

I t  i s  s e e n  t h a t  o n ly  t r i a l  3 g iv e s  a  t e m p e ra tu re  and r a d ­

iu s  c o n s i s t a n t  w i th  measured te m p e ra tu re  and r a d i u s .  I t  i s  

s i g n i f i c a n t  t h a t  f o r  t h i s  t r i a l  th e  c u r r e n t  form i s  most 

s i n u s o i d a l  i n  a p p e a ra n c e .  T h is  c o rre sp o n d e n c e  i s  what one 

would e x p e c t  s in c e  t h e  r e s i s t a n c e  one u se s  f o r  has a

c o n s t a n t  v a lu e  im p ly in g  a  s i n u s o i d a l  waveform. F o r  a  v a r ­

i a t i o n  o f  O. 25  u see  i n  th e  r e l a t i v e  phase  o f  t r i a l  1 w ith  

r e s p e c t  to  th e  e l e c t r i c  f i e l d  a  change i n  th e  c u r r e n t  r a d ­

iu s  o f  t e n  p e r c e n t  w i th  a  s i m i l a r  charge i n  t h e  e l e c t r o n  

t e m p e ra tu re  o c c u r .  The s e n s i t i v i t y  t o  v a r i a t i o n s  i n  th e  

c u r r e n t  i s  th e  same. Thus t h e  r e s u l t s  a r e  q u a l i t a t i v e l y  

th e  same w i th in  th e  a c c u ra c y  o f  th e  m easurem ent o f th e
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c u r r e n t  maximum w ith  r e s p e c t  to  th e  e l e c t r i c  f i e l d  maximum 

and w i th in  th e  c u r r e n t  maximum m easu ring  a c c u ra c y .

The same c a l c u l a t i o n s  a re  c a r r i e d  o u t  u s in g  th e  coupled  

c i r c u i t  e q u a t io n s .  Q u a l i t a t i v e l y  th e  r e s u l t s  a r e  t h e  same 

Data s e t  1 2 3 4 5

137 k oo  11 .4  1 .6 x l0 4 5 . 5x 10-5

0 .12  0 .062  0 .83  2.2X10 ' 3 l . l x i o " 4

I t  i s  no ted  t h a t  i n  a d d i t i o n  to  h av in g  te m p e r a tu re s  and 

r a d i i  n o t  n e a r  th e  e x p e r im e n ta l  v a lu e s ,  t r i a l s  1 ,2 ,  4 and

5 must have d r i f t  v e l o c i t i e s  which a r e  n e a r  th e  speed  of 

l i g h t  o r  h ig h e r  due to  th e  sm a ll  v a lu e  o f  . The d r i f t

v e l o c i t y  f o r  t r i a l  3 i s  1 .2x10^  c m /s .  A lso  one r e q u i r e s  

t h a t  th e  e l e c t r o n  c y c l o t r o n  r a d iu s  be s m a l l e r  th a n  o r  equa l 

t o  th e  r a d iu s  o f  th e  c u r r e n t  c h a n n e l .  T r i a l s  4 and 5 do 

n o t  f i t  t h i s  c o n d i t i o n .

The uncoupled  model f o r  th e  e l e c t r o n  c u r r e n t  can  r e a d i ly  

be used to  e s t im a te  th e  e f f e c t  o f  th e  f i n i t e  r i s e  tim e o f 

£4  on th e  p o s i t i o n  o f  th e  c u r r e n t  maxima and t h e i r  mag­

n i t u d e s .  L e t  JC/i be th e  tim e i t  t a k e s  f o r  to  re a c h

i t s  i n i t i a l  maximum v a lu e .  The e x t e r n a l  v o l t a g e  t im e  depen­

dence can  be d iv id e d  i n t o  two r e g io n s
-ar/

[/* x /jt^  e ^  — -£jt

\ /  s e.



152

I n  t h i s  c a se  th e  s o l u t i o n  f o r  i s
• . Vp * **_ (  * i f  i*-L)e- S

~ -** A C T  J
where i t  £ . A *  • F o r  X  2  j6a  one has th e  fo l lo w in g *

U . & )  = - £  e®*  ̂£ * c o * * > £  * t > s * » v > A  +  C  e . * * ” *  J

where A - tx • «*- * j b ««*»•£.

e c<a.2-i*,)ros.io/.̂ t2mLs***Aa ^

F o r  th e  t h i r d  c u r r e n t  maximum and = 1 .0  usee  th e  max­

imum t im e  o f th e  c u r r e n t  and th e  c u r r e n t  a m p li tu d e  a re  

changed by l e s s  th a n  0 .1  p e r c e n t  w i th  r e s p e c t  to  th e

= 0 c a s e .  I t  i s  concluded  t h a t  f o r  th e  t h i r d  and sub­

s e q u e n t  c y c le s  th e  f i n i t e  r i s e  t im e  o f  ^ ( 0  has  no s i g n i f ­

i c a n t  e f f e c t  on th e  t im e  o f o c cu ren c e  o f  th e  c u r r e n t  max­

ima o r  th e  c u r r e n t  a m p l i tu d e .

F o r  a  h ig h  enough c u r r e n t  ( t r i a l  3) i t  i s  s e e n  t h a t  th e  

l i n e a r  th e o ry  g iv e s  good agreem ent w i th  e x p e r im e n ta l  r e ­

s u l t s .  F o r  low er c u r r e n t s ,  however, th e  l i n e a r  th e o ry

f a i l s  to  show any ag reem ent w ith  th e  e x p e r im e n ta l  r e s u l t s .

I n  o r d e r  to  a c c o u n t  f o r  th e  n o n - l i n e a r  c u r r e n t  form s th e  

e l e c t r o n s  a re  assumed t o  d i f f u s e  o u t  o f  the  c u r r e n t  s t re a m  

by a m b ip o la r  d i f f u s i o n .  I n  o r d e r  t o  c a l c u l a t e  th e  am bi- 

p o l a r  d i f f u s i o n  r a t e  th e  io n  m otion  m ust be c a l c u l a t e d  as 

a f u n c t i o n  o f  t im e .  The t r a n s v e r s e  io n  m otion  i s  g iv e n  by

WB ,  j  " x . f  ( - r *»■«->
f t  j  Bo#



153

where = io n  th e rm a l  v e l o c i t y  p e r p e n d i c u l a r  to

* = m ajo r  r a d iu s  o f  c u r r e n t  column

= q u a s i - s t a t i c  l o n g i t u d i n a l  m agne tic  f i e l d

vj? -  io n  v e l o c i t y  p a r a l l e l  to

= b e t a t r o n  m agnetic  f i e l d

I n  o r d e r  to  f i n d  th e  io n  c u r r e n t  i s  f i r s t  fo u n d .

From t h i s  an a v e ra g e  d r i f t  v e l o c i t y  i s  found  which i s  th e n

used  to  ap p ro x im ate  . In  o r d e r  to  c a l c u l a t e  th e  io n

c u r r e n t  i t  i s  assumed t h a t  th e  io n  c u r r e n t  obeys th e  e q u a -

*' *n’ * J t iJ i ;  -  l/(*)
3*

However, due to  th e  p re s e n c e  o f  th e  e l e c t r o n  c u r r e n t  one 

must assume a  m utua l in d u c ta n c e  /*/ be tw een  th e  io n  c u r r e n t  

lo o p  and th e  e l e c t r o n  c u r r e n t  lo o p .  Thus th e  c u r r e n t  equ a­

t i o n s  f o r  th e  io n s  and e l e c t r o n s  become
i- -A* 3 ^  -h M i* 3tg -

t  + f*fei 3 i, -  !/•(?)

These e q u a t io n s  a r e  s i m p l i f i e d  due to  t h e  f a c t  t h a t

^  = V* ® ^

A i * J*. = J  
**.= Hi* =X

These l a s t  two e q u a t io n s  fo l lo w  from  th e  f a c t  t h a t  th e  io n  

and e l e c t r o n  c u r r e n t  lo o p s  occupy th e  same s p a c e .  Thus th e  

m agnetic  f l u x  produced by th e  c u r r e n t  f lo w  p a s s e s  th ro u g h  

th e  same r e g io n  o f  sp ace  w ith  th e  same s p a t i a l  dependence
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f o r  each  lo o p .  S in c e  th e s e  a r e  th e  f a c t o r s  which d e te rm in e  

in d u c ta n c e ,  th e  s e l f - i n d u c t a n c e  w i l l  be th e  same f o r  th e  

io n s  and e l e c t r o n s ,  . A lso ,  . f o r  th e

same r e a s o n ,  th e  c i r c u i t s  o v e r l a p .

T ak ing  th e  d e r i v a t i v e s  o f  th e  above c u r r e n t  e q u a t io n s  

w ith  r e s p e c t  t o  tim e  a l lo w s  one to  d e -c o u p le  th e  io n  

e q u a t io n  and th e  e l e c t r o n  e q u a t io n .  One o b ta in s  th e  fo llow ^ 

in g  e q u a t io n s  f o r  th e  e l e c t r o n  c u r r e n t  and io n  c u r r e n t i
^ C/

'i-e. *«- * - V i*)

These e q u a t io n s  ho ld  f o r  any o v e r la p p in g  two beam sy s te m .

In  t h i s  c a s e  i t  w i l l  be shown t h a t  so  t h a t  one

o b ta in s  th e  e q u a t io n s
x ;  A,' *■ - l /( f )St* mjt
^<4* /--* 0 S  = t/Ot)

S u b s t i t u t i n g  _ZT c = -<■-*- one o b t a in s  f o r

th e  io n  e q u a t io n  +J> «  i /C f)

But t h i s  e q u a t io n  i s  i d e n t i c a l  t o  th e  e l e c t r o n  e q u a t io n  

which means t h a t  t h e  io n  c u r r e n t  i s  i n  phase  w i th  th e  

e l e c t r o n  c u r r e n t  b u t  reduced  i n  s i z e  by a  f a c t o r  o f 

t h a t  i s ,  z Thus one need
C

on ly  c o n s i d e r  th e  s o l u t i o n  to  th e  e lectron  c u r r e n t  e q u a t io n  

to  f i n d  th e  l o n g i t u d i n a l  i o n  c u r r e n t  as  a  f u n c t i o n  o f  t im e .  

I t  i s  n o te d  t h a t  t h e s e  r e s u l t s  ho ld  t r u e  f o r  any V t e )  .
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I n  p a r t i c u l a r  co u ld  depend on th e  seco n d a ry  c u r r e n t ,

as in  a coup led  c i r c u i t  model o f  th e  p lasm a b e t a t r o n ,  and 

th e s e  r e s u l t s  would s t i l l  ho ld  t r u e .
-  — 1 J tOne can  d e r iv e  th e  f a c t  t h a t  -71*-' " *»« * by con­

s i d e r i n g  some o f th e  r e s u l t s  o b ta in e d  by D re ic e r^  f o r  a  

f u l l y  io n iz e d  p lasm a. One c o n s id e r s  th e  i n d i v i d u a l  B o l t z ­

mann e q u a t io n s  f o r  th e  io n s  and e l e c t r o n s
o f .  „ - ( ■ £
^ A

2 fk  + ( Z )  ( £ + * ' £ ) - ? *  = ( L

Assuming t h a t  on ly  sm a ll  a n g le  c o l l i s i o n s  a r e  th e  ones o f 

im p o r ta n c e ,  th e  c o l l i s i o n  te rm s a r e  e v a lu a te d  by th e  

F o k k e r-P la n ck  ap p ro x im a tio n ^  which g iv e s  }

'  'm- J ,e»‘ (  k

*»«>«• AMj  y. _ r

>%

« , -  / * - * ' / ;  W s U  ^  J

=Debye l e n g t h ,  f 0 -  a v e rag e  im pact p a ra m e te r  f o r  90° 

d e f l e c t i o n .  The c u r r e n t  j  i s  g iv e n  by

j  = -  & )*v
and V„ --

Taking th e  f i r s t  moment o f  th e  Boltzmann e q u a t io n s  f o r  th e
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io n s  and e l e c t r o n s  y i e l d s

y c £  * 6 y*? t̂H"
57 ~

<m« £y* -  e £  = j£L I £  ( *r>t)
°A

The i n t e g r a l s  i n  th e  above two e q u a t io n s  r e p r e s e n t  th e  

a v e rag e  dynamic f r i c t i o n  f o r c e  a c t i n g  on th e  e l e c t r o n s  and 

i o n s .  The sum o f  th e s e  two te rm s a r e  ze ro  a s  can  be shown 

d i r e c t l y .  Thus by a d d in g  th e  two moment e q u a t io n s  one has

o r
^A

f o r  a p p r o p r i a t e  i n i t i a l  c o n d i t i o n s .  T h is  i s  j u s t  what one 

e x p e c ts  i n  a  s t e a d y  s t a t e  s i t u a t i o n .  D eno ting  X*: and )4

as th e  e f f e c t i v e  c o l l i s i o n  f r e q u e n c i e s  f o r  th e  io n s  and 

e l e c t r o n s  r e s p e c t i v e l y ,  th e  c o l l i s i o n  term s may be w r i t t e n  

as m e Ve >4. = ~ <■ &  . Thus y*. -  >%. o r  th e

io n  and e l e c t r o n  c o l l i s i o n  f r e q u e n c i e s  f o r  momentum ex ­

change a r e  e q u a l  i n  a  f u l l y  io n iz e d  p lasm a i n  s t e a d y  s t a t e .

The r e s i s t i v i t y  can  be r e l a t e d  t o  th e  e l e c t r i c  f i e l d  

in  th e  f o l lo w in g  way E  ~ p  "S

J  -  5
/V

.  C f E -  JC
J A  "

When each  s p e c i e s  i s  i n  a  s te a d y  s t a t e  

• ^ / 3 >  = o  and 3 £

Thus ^ m.
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The r a t i o  o f  th e  io n  r e s i s t a n c e  to  th e  e l e c t r o n  r e s i s t a n c e  
, J i:  Pi m i vV _ m i
i s  — -  -  4 -— - -z r  ■7T7 -  -z r  . Thusj l  e . P t  w e  y .c  m e.

th e  io n  r e s i s t a n c e ,  i n  a f u l l y  io n iz e d  s te a d y  s t a t e  p lasm a 

i s  g iv e n  by -*-*■

I f  t h e  p lasm a i s  n o t  f u l l y  i o n i z e d ,  one e x p e c ts  t h a t  th e  

io n  r e s i s t a n c e  i s  more a f f e c t e d  by n e u t r a l  c o l l i s i o n s  th a n  

th e  e l e c t r o n  r e s i s t a n c e  due to  g r e a t e r  momentum t r a n s f e r  

betw een m asses o f n e a r ly  e q u a l  s i z e .  I f  th e  c o l l i s i o n  

f re q u e n c y  i s  l a r g e  compared to  th e  c h a r a c t e r i s t i c  t im e  

of a  l a r g e  change i n  ^-e  one e x p e c ts  th e  s te a d y  s t a t e  

a p p ro x im a tio n  to  be a  good o n e . F ig u re  6 shows th e  

a p p ro x im a te ly  b e s t  f i t  o b ta in e d  u s in g  th e  above io n  d r i f t  

model f o r  hydrogen  i o n s .  An e l e c t r o n  te m p e ra tu re  o f  20ev 

i s  assum ed. The c u r r e n t  column c r o s s  s e c t i o n  i s  2 cm and 

th e  e f f e c t i v e  e l e c t r o n  r e s i s t a n c e  i s  found to  be 40 t im e s  

th e  c l a s s i c a l  r e s i s t i v i t y .  The io n  d r i f t  i s  enhanced by 

a f a c t o r  o f  10 to  o b t a i n  t h i s  c u r r e n t  form  and th e  io n  

te m p e ra tu re  i s  1 /2 5  o f  th e  e l e c t r o n  te m p e r a tu re .

The l a s t  method used  t o  c a l c u l a t e  th e  c o n d u c t io n  c u r ­

r e n t  u se s  th e  co u p led  c i r c u i t  e q u a t io n s  and a  p lasm a r e ­

s i s t i v i t y  g iv e n  by Jl -  J i » +-«■, Lit)

The -*o i s  j u s t  a  c o n s t a n t  c l a s s i c a l  r e s i s t a n c e  determ ined 

by th e  p lasm a d im en s io n s  and e l e c t r o n  te m p e r a tu r e .  -'*■» I t )  

i s  a  n o n - l i n e a r  phen om eno log ica l  te rm  w ith  a  d e f i n i t e  tim e  

dependence  r e l a t e d  t o  th e  e x t e r n a l  f i e l d s  o r  p lasm a c u r r e n t .
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D i f f e r e n t  f u n c t i o n a l  dependences o f  s*-, l/t) a re  u se d .  When 

*-,(£) i s  p r o p o r t i o n a l  t o  l& g ( i) l  o r  q u a l i t a t i v e

f i t s  were found to  o c c u r  betw een th e  c a l c u l a t e d  waveform 

and th e  form s obse rv ed  e x p e r im e n ta l ly .  F ig u re  7 shows th e  

e x p e r im e n ta l ly  o b se rved  c u r r e n t  form  and vacuum e l e c t r i c  

f i e l d  f o r  am a rg o n  d i s c h a r g e .  F ig u r e  8 shows a  c a l c u l a t e d  

wave form  t h a t  re sem b les  th e  measured one i n  sh a p e .  The 

p a ra m e te rs  used f o r  t h i s  f i t  a re  7e  = l .O e v  and p lasm a 

r a d iu s  = 1.75cm. -^ i  i s  p r o p o r t i o n a l  to  / S * / 2 . F ig u re

9 shows a  c o n t r a c t e d  t im e  s c a l e  o f  f i g u r e  8 f o r  s e v e r a l  

c y c l e s .  The o v e r - a l l  c u r r e n t  form  i s  s i m i l a r  t o  t h a t  

observed  e x p e r im e n ta l ly .  F ig u re  10 shows th e  e x p e r im e n t ­

a l l y  obse rved  c u r r e n t  and e l e c t r i c  f i e l d  f o r  a  hydrogen 

d i s c h a r g e  w h ile  f i g u r e  11 shows a  c a l c u l a t e d  c u r r e n t  form  

and e l e c t r i c  f i e l d .  A J dependence  i s  used f o r  •*•(£)  

and a  r a d i u s  o f  2.5cm and an e l e c t r o n  te m p e ra tu re  o f  lOev 

i s  u se d .  With a d d i t i o n a l  c a l c u l a t i o n s  i t  i s  f e l t  a  b e t t e r  

f i t  w i l l  be o b ta in e d  betw een computed and m easured c u r r e n t  

f o r  t h i s  c u r r e n t  ra n g e .

Compared to  th e  io n  d r i f t  model, t h e  n o n - l i n e a r  r e s i s ­

t a n c e  model g iv e s  a  b e t t e r  q u a l i t a t i v e  f i t  o f  a l l  th e  

observed  wave fo rm s . However, th e  io n  d r i f t  model 

p roduces  wave form  d i s t o r t i o n s  i n  a  p h y s i c a l l y  c l e a r  way 

w h ile  th e  n o n - l i n e a r  r e s i s t a n c e  model does n o t  g iv e  c l e a r
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i n s i g h t  i n t o  th e  p h y s ic a l  mechanism f o r  th e  n o n - l i n e a r  c u r ­

r e n t  fo rm .

The r e s u l t s  o f  th e  c o n d u c t io n  c u r r e n t  models can  be 

summarized a s  f o l lo w s .  The c u r r e n t  form  c a l c u l a t i o n s  have 

shown t h a t  th e  p lasm a b e t a t r o n  c o n d u c t io n  c u r r e n t  can  be 

ap p ro x im a ted  by a  l i n e a r  c i r c u i t  model f o r  h ig h  enough 

c u r r e n t s  (a b o u t  2500 amperes i n  h y d ro g e n ) .  F o r  lo w e r  c u r ­

r e n t s  th e  c u r r e n t  form  becomes to o  n o n - l i n e a r  i n  form  to  be

e s t im a te d  by t h i s  model. A c u r r e n t  made up o f two s t r e a m s ,

an io n  s t r e a m  and an e l e c t r o n  s t re a m , i n  which th e  io n

r e s i s t a n c e ,  -^c , and th e  e l e c t r o n  r e s i s t a n c e ,  , a r e

r e l a t e d  by s i l  i s  c o n s id e r e d .  The e l e c t r o n s  a r e

assumed to  d i f f u s e  i n  an a p p ro x im a te ly  a m b ip o la r  m anner, i n  

t h i s  way b e in g  e l im in a te d  from  th e  e l e c t r o n  c u r r e n t  s t r e a m  

and r e d u c in g  th e  o v e r a l l  c u r r e n t  f lo w . The io n  d r i f t  i s  

c a l c u l a t e d  from g u id in g  c e n t e r  d r i f t s .  T h is  model g iv e s  

some q u a l i t a t i v e  agreem ent w i th  observed  e x p e r im e n ta l  

r e s u l t s .  F i n a l l y ,  a  n o n - l i n e a r  c i c u i t  i s  used i n  which th e  

p lasm a r e s i s t a n c e  i s  composed o f a  c o n s t a n t  te rm , c a l c u ­

l a t e d  from  t h e  p lasm a e l e c t r o n  te m p e ra tu re  and p lasm a 

column s i z e  p lu s  a  phenom enolog ica l te rm  v a ry in g  i n  t im e .  

When th e  phenom eno log ica l te rm  i s  p r o p o r t i o n a l  t o  | ^ a |  o r  

I ^ 4 !2 q u a l i t a t i v e  ag reem ent i s  found betw een a l l  o f  th e  

m easured wave form s and th o s e  c a l c u l a t e d .
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CHAPTER V I I I

CALCULATIONS AND DISCUSSION

U sing th e  d i g i t i z e d  c u r r e n t  form  and e l e c t r i c  f i e l d  

( c h a p t e r  VI f i g u r e s  2 and 3 )  th e  c o n d u c t iv i t y  i s  c a l c u l a t e d  

a s  a  f u n c t i o n  o f  t im e .  Because o f  th e  n o n - l i n e a r  wave 

form s i t  i s  d i f f i c u l t  t o  d e f i n e  th e  r e s i s t i v e  component o f 

th e  c u r r e n t .  What i s  done h e re  i s  to  assume t h a t  th e  

phase  a n g le  betw een th e  c u r r e n t  a m p li tu d e  X  It)  and th e  

c u r r e n t  maximum i s  g iv e n  by &x : *** YZ? • The e l e c -
-I £/>)

t r i e  f i e l d  phase  a n g le  i s  g iv e n  by P- • - •

The phase  d i f f e r e n c e  betw een and X i s  $z~ Ps

The r e s i s t i v e  component o f  th e  c u r r e n t  i s  th e n  g iv e n  by

X  * - 3  C*) cosp

The r e a l  p a r t  o f  th e  c o n d u c t iv i t y  i s  g iv e n  b y ^ ' ^ J r j '  eo&j t 

where £  i s  one o v e r  th e  c r o s s - s e c t i o n a l  a r e a  o f  th e  

c u r r e n t  column. The obse rv ed  changes i n  c u r r e n t  column 

s i z e  ( c h a p t e r  VI) were n o t  ta k e n  i n t o  a c c o u n t  i n  th e  c a l c u ­

l a t i o n  o f  C* • F ig u re  1 shows th e  v a r i a t i o n  o f  w ith

e l e c t r i c  f i e l d  i n  a rg o n  ( c h a p t e r  VI d a t a  s e t  1) a s  a  f u n c ­

t i o n  o f  t im e .  F ig u re  2 compares th e  change i n  i n

a rg o n  f o r  two d i f f e r e n t  n e u t r a l  p r e s s u r e s  ( d a t a  s e t s  1 and
122 ) .  T y p ic a l  c o n d u c t iv i t y  v a lu e s  a r e  se en  to  be 10x10 esu
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n e a r  t h e  c u r r e n t  p e a k s .  F ig u re  3 shows ^  p l o t t e d  a g a i n ­

s t  t im e  f o r  d a t a  s e t s  3 and 4 which a r e  two hydrogen  d i s ­

c h a r g e s .  As no ted  b e f o r e ,  a  much g r e a t e r  ran g e  i n  peak  c u r ­

r e n t  v a lu e s  i s  found i n  hydrogen  th a n  in  a rg o n  d i s c h a r g e s .  

F ig u re  4 shows th e  a rg o n  c o n d u c t iv i t y  ex tended  to  a d d i t i o n a l

c y c l e s . T r i a l  5 fo l lo w s  th e  t r e n d  o f  t r i a l s  3 and 4 and
12  12has a  c o n d u c t iv i t y  ran g e  o f  4x10 to  0.1x10 e su .  The 

a p p a r a n t  r e g u l a r  v a r i a t i o n  o f  c o n d u c t iv i ty  w i th  e l e c t r i c  

f i e l d  s t r e n g t h  o v e r  one c y c le  has n o t  y e t  been  e x p la in e d  in  

te rm s o f  a  p h y s ic a l  m odel, though  th e  e m p i r ic a l  com puter 

model ( c h a p t e r  7) does rep ro d u c e  th e  b a s ic  c u r r e n t  form s 

o b se rved  e x p e r im e n ta l ly .  The c u r r e n t  column i s  assum ed, i n  

a l l  t h e s e  c a s e s ,  t o  have a  r a d iu s  o f  2.0cm.

The c o n d u c t iv i t y  m easured a t  th e  c u r r e n t  maxima i s  

c o n s id e re d  i n  a  s e r i e s  o f  m easurem ents i n  b o th  hydrogen  and 

a rg o n  d i s c h a r g e s .  The i n i t i a l  c u r r e n t  maximum i s  exc lu ded  

due to  h ig h  i o n i z a t i o n  r a t e s  d u r in g  t h i s  t im e  p e r i o d .  F our 

v a lu e s  o f  peak e l e c t r i c  f i e l d  a r e  u s e d ( 2 .3 ,  4 . 6 ,  6 .9 ,  and 

9 .2  v / c m ) . The n e u t r a l  p r e s s u r e  i n  a rgon  i s  5 .4x lO ~N ?orr 

w h ile  th e  hydrogen  n e u t r a l  p r e s s u r e  i s  abou t 6x10”^ T o r r .

The hy drogen  d i s c h a r g e s  a r e  s i m i l a r  t o  d a ta  s e t  4 .  The 

c u r r e n t  column r a d i u s  i s  e s t im a te d  to  be 2 cm. The c o n ­

d u c t i v i t y  i s  g iv e n  by Q  s where A i s th e
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c u r r e n t  c r o s s - s e c t i o n a l  a r e a .  The r e a l  p a r t  o f  th e  c o n ­

d u c t i v i t y  i s  reduced  by Cos^> and t h i s  amounts to  a p p ro x ­

im a te ly  a .  7 r e d u c t io n  i n  th e  computed (3 usee  s h i f t  

be tw een  th e  peak  o f  and th e  peak o f  3- ) . I t  i s

found t h a t  i n  b o th  th e  a rg o n  and hydrogen  d i s c h a r g e s  th e  

c o n d u c t iv i t y  showed l i t t l e  v a r i a t i o n  w i th  e l e c t r i c  f i e l d .  

T h is  i s  shown f o r  a rg o n  i n  f i g u r e  5 . The a v e ra g e  v a lu e  o f  

o b ta in e d  f o r  t h i s  s e t  o f  d a t a  (283 p eaks)  i s

C A = 1 -5 * /.o x , °

S i m i l a r  r e s u l t s  o c c u r  f o r  hydrogen (56 peaks)

(/"^  ~  £  / * o  x i g  v s u

A t h i r d  s e t  o f  d a ta  was o b ta in e d  to  t r y  t o  compare th e  

p lasm a d e n s i t y  i n  hydrogen  and a rg o n  as  th e  c o n d u c t iv i t y  

m easurem ents a r e  t a k e n .  F ig u re  6 shows th e  r e l a t i v e  v a r i a ­

t i o n  o f  th e  io n  s a t u r a t i o n  c u r r e n t  f o r  d i f f e r e n t  c u r r e n t  

peaks i n  b o th  hydrogen  and argon  d i s c h a r g e s .  I t  i s  n o ted  

t h a t  ' i s  v e ry  s i m i l a r  f o r  b o th  hydrogen  and a rg o n  

i n  th e  t r i a l*  which i s  t y p i c a l  o f th e  t r i a l s  c o n s id e r e d .

F o r  26 peaks t h e  a v e rag e  v a lu e  o f  ^  i n  a rg o n  i s

6a  =. x ,o

and f o r  23 peaks  th e  a v e rag e  v a lu e  o f i n  hydrogen  i s

r  /*

T a b u la te d  below  aare th e  measured d e n s i t y ,  e l e c t r o n  tem p-
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e r a t u r e ,  peak e l e c t r i c  f i e l d ,  and computed io n  a c o u s t i c  

sp e ed ,  Cs  , and th e  th e  r a t e  o f  th e  e l e c t r o n  d r i f t  v e l o c i t y  

t o  io n  a c o u s t i c  sp e e d .

Gas
i* / Orts

'TV 
XI </*■ c  c

7c
«  V

s  u
K , o  « s o X I »  c m fs

a rg o n 2 . 3 2 . 8 2 9 9 . 1 1 . 4 3 6

a rg on 4 . 6 3 . 4 3 2 9 . 8 1 . 5 6 8

argo n 6 . 9 5 . 9 2 7 9 . 9 1 . 4 6 2

a rg o n 9 .2 7 . 9 2 4 9 . 2 1 . 3 5 6

hydrogen

hydrogen

hydrogen

4 . 6

6 . 9

9 . 2 7 . 3 1 4

5 . 9

6 . 6

8 . 3 6  ,k 9 . 4

The c l a s s i c a l  c o n d u c t iv i t y  c o r re s p o n d in g  to  l4 e v  i s

6 ,9x10  e s u .  The c o r re sp o n d in g  c l a s s i c a l  c o n d u c t iv i t y
12t e m p e ra tu re  f o r  a  c o n d u c t iv i t y  o f  8 .3x10  esu i s  0 ,7 3 e v .  

When th e  phase  d i f f e r e n c e  betw een £ +  and X  i s  t a k e n
ip

6x10 e su  and th e  c o r re s p o n d in g

e l e c t r o n  te m p e ra tu re  i s  p r e d i c t e d  to  be 0 .6 e v .  U sing th e
13c o n d u c t iv i t y  v a lu e  o f  1x10 -'esu o b ta in e d  i n  th e  c a l c u l a t i o n  

o f  G U ) one f i n d s  t h a t  th e  c l a s s i c a l  r e s i s t i v i t y  tem p era ­

t u r e  i s  0 .8 e v .  I t  i s  th u s  se en  t h a t  t h e  measured conduc­

t i v i t y  i s  anom alously  low.
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As d i s c u s s e d  i n  c h a p te r  I I  v a r io u s  t h e o r i e s  have been

fo rm u la te d  t o  a cc o u n t  f o r  anom alous ly  low c o n d u c t i v i t y ,
12 -1Assuming a  d e n s i ty  o f  8x10 cc th e  f o l lo w in g  c o n d u c t iv i ty  

v a lu e s  (e su )  a r e  found f o r  th e  t h e o r i e s  m entioned  f o r  

hydrogen and argon  plasmas*

th e o r y  2 - s t r e a m  2 -s t re a m  io n - a c o u s .  i o n - a c o u s .  i o n - a c o u s ,  

Buneman S izenenko  Sagdeev S izenenko  Dupree

gas

argon 3 . 3 x l 0 12 6 . 9 x l 0 12 4 x l 0 1 2 V v  ^ . l x l O 1  ̂ 1 . 6 x l 0 12 

hydrogen 9.8X1011 l . l x l O 12 4x101 2 7«A« 1 . 2 x l 0 13 1 . 6 x l 0 12

F o r  th e  Sagdeev fo m u la t io n  i t  i s  assumed t h a t  VD * 5x103 

m /s ,  Tfc = 15ev , -*1 = 8 x l0 * 2c c - * , = 1 .6 x l0 ^ m /s .

F o r  th e  Dupree c o n d u c t iv i t y  i t  i s  assumed t h a t  th e  f a s t e s t  

grow th  r a t e  i s  f o r  io n  a c o u s t i c  wave numbers h a v in g  -%= 

H iro se  and A le x e f f^  have found r e s i s t i v i t i e s  h ig h e r  

th a n  th e  Buneman r e s i s t i v i t y  i n  t h e  c a se  o f  a  r a d i a l  g r a d ­

i e n t  i n  th e  d r i f t  v e l o c i t y .  T h is  v a lu e  i s  h i g h e r  th a n  what 

i s  measured i n  t h i s  ex perim en t and a  d r i f t  v e l o c i t y  g r a d ­

i e n t  i s  n o t  o b s e rv a b le  w i th  th e  m easurem ents made. O th e r  

f o r m u la t io n s  o f  c o n d u c t iv i t y  in v o lv e  a n a l y s i s  o f  power 

sp ec tru m  and were o m it te d  s in c e  r e l e v a n t  d a t a  h a s  n o t  y e t
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been  o b t a i n e d .

These t h e o r e t i c a l  r e s u l t s  do n o t  show good n u m e r ic a l  

ag reem en t w ith  th e  measured v a lu e s  o f  c o n d u c t i v i t y .  The 

v a lu e s  o b ta in e d  by th e  Sagdeev fo rm u la  a r e  to o  low s in c e  

c a n n o t  be ex p ec ted  t o  be much g r e a t e r  t h a n  0 .1 .

Both tw o -s t re a m  f o r m u la t io n s  show to o  s t r o r g a n  io n  mass 

dependence  a s  w e l l  a s  hav ing  n u m e r ic a l  v a lu e s  which a r e  

two low . The io n  a c o u s t i c  f o r m u la t io n  by S izenenk o  and 

S tep an o v  i s  to o  h ig h  and shows too  s t r o n g  a mass dependence . 

The Dupree f o r m u la t io n  g iv e s  v a lu e s  w hich a r e  to o  low 

assum ing  t h e  maximum growth r a t e  o f  io n  a c o u s t i c  waves
-i

o c c u r  f o r  -t*. = one Debye l e n g t h .

The Dupree fo r m u la t io n  may be b e s t  s u i t e d  f o r  th e  

d e s c r i p t i o n  o f  th e  c o n d u c t iv i t y  m easurem ents f o r  th e  

f o l lo w in g  r e a s o n s i

1 . Lack o f  io n  mass dependence .
1 22. P o s s i b i l i t y  o f  e l e c t r o n  t r a p p i n g .  ' The measured 

v a lu e s  o f  and T* a r e  such  t h a t  th e  ob se rv ed  d i s ­

c h a rg e s  o c c u r  i n  a  reg im e in  w hich e l e c t r o n s  can  be 

t r a p p e d  i n  t h e  p e r io d ic  f i e l d s  o f  th e  i o n - a c o u s t i c  

w aves, ( —■ J . T h is  r e s u l t s  i n  th e  grea1>*

e r  s lo w in g  o f  grow th  o f  s h o r t  w a v e le n g th  waves r a t h ­

er th a n  lo n g  w aveleng th  waves th u s  d e c r e a s in g  th e  v a lu e
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o f  A  t h a t  shou ld  be used i n  th e  Dupree f o r m u la t io n .  

T h is  i n c r e a s e s  th e  p r e d i c t e d  v a lu e  o f  C  .

3 . Te/Tt v» / ^ s  may be o f  such  v a lu e s  t h a t

th e  l i n e a r  s t a b i l i t y  th e o r y  o f  io n  a c o u s t i c  waves 

p r e d i c t s  f a s t e r  grow th  r a t e s  f o r  A3& 4 /  th a n  f o r  

A  > l th u s  i n c r e a s i n g  th e  p r e d ic te d  v a lu e  o f  CT , 

I t  w i l l  now be shown t h a t  f o r  r e a s o n a b le  v a lu e s  o f 

7t /y ^  and o bserved  v a lu e s  o f  / c t th e  l i n e a r  th e o ry  of 

s t a b i l i t y  o f  io n  a c o u s t i c  waves p r e d i c t s  th e  maximum 

grow th  o f  io n  a c o u s t i c  waves w ith  wavenumbers X -  such  t h a t  

th e  Dupree f o r m u la t io n  f i t s  th e  e x p e r im e n ta l  r e s u l t s  f o r  

th e  a v e rag e  c o n d u c t i v i t y .  I t  i s  assumed t h a t  f o r  a rg o n  

Ci = 6 .2x10^  cm/sec and cs  = 6 .4x10^  cm /sec f o r  hyd­

ro g e n ,  W ith t h e s e  v a lu e s  o f  i t  i s  found t h a t  th e

l i n e a r  a n a l y t i c  s o l u t i o n  i s  v a l i d  f o r  0 .1  £  

p ro v id e d  t h a t  ^ o r  hydrogen ^

w h ile  f o r  a rg o n  .£ 300. As n o ted  b e fo re  t h e s e  a r e  jusb

th e  ran g e  o f  v a lu e s  o f  observed  e x p e r im e n ta l ly .

F ig u re  7 shows as  a  f u n c t i o n  o f wave number.

F ig u r e  8 shows th e  v a lu e s  o f  %/<+ f o r  maximum grow th 

r a t e s  a s  a  f u n c t i o n  o f  A. f o r  no Landau damping 

< 'W Tc £  100) . The v a lu e  o f  i s  in c lu d e d  n e x t  to
.  -I

some o f  th e  p o i n t s  p l o t t e d .  I t  i s  found t h a t  f o r  Jft. 

l e s s  th a n  one Debye l e n g t h  th e  maximum i s  n e g a t iv e
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i n d i c a t i n g  a  damping of waves a t  t h e s e  wave num bers. I n  

o r d e r  t o  have s m a l l e r  wavenumbers which r e p r e s e n t  growing 

waves one must c o n s id e r  c a s e s  i n  which Landau damping i s  

n o t  n e g l i g i b l e .  F ig u re  9 i s  a  p l o t  o f  v e r s u s  f o r

d i f f e r e n t  v a lu e s  o f  T e /T t  , One s e e s  a  maximum f o r  

o c c u r in g  a t  ^  ^ t >  ( ^j> = one Debye l e n g t h  and =

•fljz ’ ), Vhen = 11 f o r  hydrogen  and a rg o n  th e

v a lu e s  o f  computed from  D u p re e 's  fo rm u la  a g re e  w ith

th e  e x p e r im e n ta l  v a lu e s  d i s c u s s e d  above f o r  e q u a l  a rg o n  and
-I

hydrogen d e n s i t i e s .  The v a lu e s  o f  Al , u>,- , i ,

(wave f re q u e n c y  i n  H a), and T* (wave grow th  p e r io d )  

f o r  hydrogen  and a rg o n  a r e  shown below

(Jo)
U?t

(«■*)
vfg.

(***")
-ft

(w»)
7V

f ■“*»*)

argon 0 .1 7 2.2x10^ 5 .5 x l0 7 0 .88 28

hydrogen 0 .2 2 .5 x l 0 7 3 .2 x l0 9 510 0 .2 5

I t  i s  n o ted  t h a t  th e  a rg o n  grow th  r a t e  o f  28 usee  i s  too  

h ig h  f o r  ag reem ent w i th  e x p e r im e n ta l  c o n d i t i o n s .  A lso  

th e  p o s s i b i l i t y  o f  n e u t r a l  c o l l i s i o n s  en h an c in g  t h e  r e ­

s i s t i v i t y , - ^  p a r t i c u l a r y  i n  hydrog en , makes t h e  i n t e r p r e ­

t a t i o n  o f  th e s e  c a l c u l a t i o n s  l e s s  c l e a r .  Because  o f  th e  

p o s s i b i l i t y  of e l e c t r o n  t r a p p i n g ,  how ever, t h e  maxima o f 

th e  U>i c u rv e s  f o r  h ig h e r  v a lu e s  o f  te may be
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s h i f t e d  to  low er  v a lu e s  o f  . The o b v io u s  dependence

o f  c o n d u c t i v i t y ,  i n  hydrogen  d i s c h a r g e s ,  on p lasm a d e n s i ty  

may be e x p la in e d  by assum ing t h a t  th e  v a lu e s  o f  /cs and 

T e /7 - :  a d j u s t  to  g iv e  th e  p ro p e r  ^  v a l u e s .  T h is  i s  an

e x p e r im e n ta l ly  v e r i f i a b l e  p o i n t .  I t  i s  a l s o  n o te d  t h a t  a t  

lo w e r  c o n d u c t iv i t y  v a lu e s  ^  sh o u ld  i n c r e a s e ,  a c c o rd in g  

t o  th e  Dupree t h e o r y ,  and th e  c o r r e s p o n d in g  in c r e a s e s ,

t o o .  T h is  im p l ie s  t h a t  th e  lo w e r  c u r r e n t  d i s c h a r g e s  in  

hydrogen  would have a f a s t  enough grow th  r a t e  f o r  i o n -  

a c o u s t i c  waves o f  th e  p r o p e r  wave number. A g a in , t h e  

i n c r e a s i n g  number o f n e u t r a l s  t e n d s  to  mask chan ges  i n  .

One n o te s  s e v e r a l  im p o r ta n t  t e s t s  o f  th e  Dupree 

t h e o r y .  A m easurement o f  th e  p lasm a wave sp e c tru m  to  

d e t e c t  t h e  p re se n c e  o f  io n  a c o u s t i c  waves and t h e i r  dom­

i n a t e  f r e q u e n c y ,  a  m easurement o f  » and m easu ring

/H- and th e  c u r r e n t  d i s t r i b u t i o n  a r e  im p o r ta n t  p a ra m e te rs  

t o  d e te rm in e  th e  v a l i d i t y  o f  th e  Dupree t h e o r y  f o r  t h i s  

e x p e r im e n t .

F ig u r e  10 shows th e  v a r i a t i o n  o f  th e  e q u i l i b r i u m  o r b i t  

p o s i t i o n  w i th  t im e  f o r  th e  a rg o n  d a t a ,  t r i a l  2 ,  d i s c u s s e d  

i n  c h a p t e r  V I I .  T h is  i s  c a l c u l a t e d  u s in g  th e  r e s i s t i v e  

c u r r e n t  i n s t a b i l i t y  f o r m u la t io n  d i s c u s s e d  i n  c h a p t e r  I I .  A 

f i e l d  in d e x  o f  0 .5  and o f  0 .2 5  i n  th e  s t a b l e  o r b i t  r e g io n  is 

assum ed. F o r  th e  c y c le s  shown i t  i s  s e e n  t h a t  th e  e q u i l i b -
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rium  o r b i t  l i e s  w i th in  th e  vacuum chamber ( s h i f t  -  0 . 025m) 

f o r  o n ly  a  sm a ll  p e r io d  o f  tim e  and when t h i s  o c cu rs  th e  

a c c e l e r a t i o n  c y c l e  i s  n o t  i n  th e  p ro p e r  phase  i n  o r d e r  f o r  

b e t a t r o n  a c c e l e r a t i o n  to  o c c u r .  As was m entioned in  c h a p ta :  

VI th e  l a c k  o f  e n e r g e t i c  runaway e l e c t r o n s  i n  c y c le s  o t h e r  

th a n  t h e  i n i t i a l  c y c le  i s  c o n s i s t a n t  w i th  th e  r e s i s t i v e  

c u r r e n t  i n s t a b i l i t y .  The o b s e r v a t io n  o f  X -rays  i n  hydrogen 

d u r in g  c y c le s  o t h e r  th a n  th e  f i r s t  can  be used  to  f u r t h e r  

t e s t  t h i s  h y p o th e s is  by c a r e f u l l y  m easu ring  th e  t h r e s h o ld  

c u r r e n t  a t  which beam d i s r u p t i o n  o c cu rs  and how t h i s  t h r e s ­

ho ld  v a r i e s  w i th  changes i n  th e  e x t e r n a l  f i e l d s .  The meas­

u red  dependence  o f  X -ray  d i s r u p t i o n  t im e  on and

d u r in g  t h e  f i r s t  c y c le  can  n o t  be d e f i n i t e l y  a t t r i b u t e d  to  

s i n g l e  p a r t i c l e  e f f e c t s  ( r e s i s t i v e  c u r r e n t  i n s t a b i l i t y )  

o r  to  c o l l e c t i v e  e f f e c t s .  A c o l l e c t i v e  e f f e c t  which i s  

p o s s ib ly  o c c u r in g  i s  a  tw o -s tre a m  i n s t a b i l i t y  i n  which th e  

d e n s i t y  b u i ld s  up to  such  an  e x t e n t  t h a t  th e  grow th r a t e ,  

which i s  p r o p o r t i o n a l  to  th e  p lasm a f r e q u e n c y ,  becomes 

eom parab le  to  t h e  a c c e l e r a t i o n  t im e .  Rapid d e n s i ty  b u i l d ­

up i s  obse rved  i n  a l l  th e  c y c l e s  i n  which X -ray s  a re  p r o ­

duced . T h is  i s  a l s o  c o n s i s t e n t  w ith  th e  c a l c u l a t i o n s  i n  

c h a p te r  V II  d e a l in g  w i th  i o n i z a t i o n  by runaway e l e c t r o n s .  

A gain , i t  i s  n e c e s s a ry  to  o b se rv e  th e  p lasm a wave sp ec tru m  

to  see  w h e th e r  e l e c t r o n  p lasm a waves o f  t h e  a p p r o p r i a t e
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f r e q u e n c i e s  a re  b e in g  g e n e ra te d  a t  th e  d i s r u p t i o n  t im e .

To prove t h a t  a  c o l l e c t i v e  e f f e c t  i s  c a u s in g  the  beam d i s ­

r u p t io n ,  i t  i s  a l s o  n e c e s s a ry  to  e x p la in  t h e  ^  d epen ­

dence o f  th e  d i s r u p t i o n  tim e though  t h i s  may be r e l a t e d  to  

th e  i o n i z a t i o n  r a t e  b e in g  a  f u n c t i o n  o f

The n o n - l i n e a r  c u r r e n t  form may be r e l a t e d  to  p a r t i c l e  

t r a p p in g  e f f e c t s .  I n  Tokamak d e v ic e s  a type  of p a r t i c l e  

t r a p p in g  o c cu rs  a lo n g  th e  t o r o i d a l  f i e l d  l i n e s  due to  the  

r o t a t i o n a l  t r a n s fo rm  and th e  g r a d i e n t .  In  t h i s  ex­

p e rim en t  t h e s e ,  so  c a l l e d ,  banana o r b i t s  a r e  u n l i k e l y  to  

be s i g n i f i c a n t  i n  p ro d u c in g  th e  n o n - l i n e a r  wave form  s in c e  

th e  c u r r e n t  d i s t o r t i o n  i s  g r e a t e s t  when th e  c u r r e n t  i s  

the  s m a l l e s t .  Thus th e  banana t r a j e c t o r i e s  become too  

long  to  have a s i g n i f i c a n t  t r a p p in g  e f f e c t .  The r e g u l a r  

c o r r u g a t io n  o f  , however, may be l a r g e  enough to

produce t r a p p in g  e f f e c t s .  A gain  one can  c o n s id e r  s i n g l e  

p a r t i c l e  phenomena in  which a  beam o f  e l e c t r o n s  w i th  d r i f t  

v e l o c i t y  Vd U) i s  p a s s in g  th roug h  th e  c o r ru g a te d  f i e l d .

I f  one assumes t h a t  the  i o n - e l e c t r o n  c o l l i s i o n  f req u e n cy  

s t a y s  c o n s t a n t ,  th en  by re d u c in g  th e  number o f  c h a rg e  

c a r r i e r s  th ro u g h  t r a p p in g ,  th e  e f f e c t i v e  d r i f t  v e l o c i t y  i s  

re d u c e d .  A l t e r n a t i v e l y ,  o r  i n  a d d i t i o n  t o ,  th e  t ra p p e d  

p a r t i c l e s  may i n t e r a c t  w ith  th e  f r e e  s t r e a m in g  p a r t i c l e s
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p ro d u c in g  a  tw o -s trea m  i n s t a b i l i t y  which enhances th e  p lasna  

r e s i s t i v i t y .  An e f f e c t  l i k e  t h i s  may be a p p l i c a b l e  t o  th e  

low c o n d u c t iv i t y  v a lu e s  o bserved  a t  th e  c u r r e n t  p e a k s .

T h is  e f f e c t  has r e c e n t l y  been r e p o r te d  i n  th e  l i t e r a t u r e ^  

though  the  r e s u l t s  a re  in c o n c lu s iv e .

The measured c u r r e n t  column s i z e  i s  c o n s i s t e n t  w ith  

o t h e r  m easurem ents ta k e n .  A d d i t io n a l  m easurem ents sh o u ld  

be perform ed to  t r y  to  b e t t e r  u n d e rs ta n d  th e  a p p a ra n t  mo­

t i o n  o f  th e  c u r r e n t  column. A ccord ing  to  th e  c a l c u l a t i o n s  

o f  th e  io n  d r i f t ,  th e  m otion o f  th e  c e n t e r  o f  th e  c u r r e n t  

column a p p e a rs  t o  be a t  l e a s t  10 t im es  to o  f a s t  to  be 

acco u n ted  f o r  by io n  d r i f t  i n  th e  e x t e r n a l  f i e l d s .  I n  

a d d i t i o n ,  s in c e  th e  e q u i l ib r iu m  o r b i t  i s  f a r  from th e  

vacuum chamber f o r  most o f  th e  d i s c h a rg e  th e  a p p a r a n t  

back  and f o r t h  m otion  o f  th e  c u r r e n t  column c a n n o t  be ex ­

p l a in e d  by th e  p re se n c e  o f  r e s t o r i n g  f o r c e s .  These a r g u ­

m ents s u g g e s t  t h a t  th e  o bserved  o s c i l l a t i o n s  i n  th e  

c u r r e n t  p robe  s i g n a l s  ( c h a p e r  VI f i g u r e  18) a r e  due t o  a 

k in k  s t r u c t u r e  i n  th e  p lasm a column. T h is  may a l s o  e x p la in ,  

i n  p a r t ,  t h e  obse rved  o s c i l l a t i o n s  o f th e  io n  s a t u r a t i o n  

c u r r e n t .  The c o r r e l a t i o n  betw een th e  k in k  s t r u c t u r e  ( o r  

column m otion) and th e  c o n d u c t iv i ty  and X -ray  e m iss io n  i s  

an i n t e r e s t i n g  r e l a t i o n s h i p  to  i n v e s t i g a t e .  From th e
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m easured p r o f i l e  a s  a f u n c t i o n  o f  tim e  ( f i g u r e  17

c h a p t e r  V I) th e  <r v a l u e s , , can be c a l c u l a t e d
1 *  &+ 

a s  a  f u n c t i o n  o f  t im e .  F o r  th e  p lasm a i s  u n s t a b le

to  th e  k in k  i n s t a b i l i t y .  The t a b l e  below shows computed 

v a lu e s  o f  f o r  th e  two p robe  p o s i t i o n s  */i, =.89cm and

= 1.52cm . These p o s i t i o n s  a re  m easured w i th  r e s p e c t  

to  th e  c e n t e r  o f th e  t o r o i d a l  vacuum cham ber. The v a lu e s  

o f  s l  used  a re  c a l c u l a t e d  from  th e  p o s i t i o n  o f  th e  c u r r e n t  

column c e n t e r , - / i o  , as  c a l c u l a t e d  i n  c h a p t e r  V I. S i m i l a r ­

l y  th e  v a lu e s  o f R used  a re  th e  m ajo r  r a d iu s  o f  th e  

c u r r e n t  colum n.

X
t m cm

■n,
cm cm

A
cm fCftS

f* .

M 0 . 6  6 9 . 8 6 ?.93 3 .66 L9.86 2 , 2 47 . 75 0 . 7 7

. ,0 0 . 7 5 0 . 8 0 ) t 09 ?.72 L9.65 11 79 ,46 0.5.1

- .5 0 , 94 0 . 6 5 3.24 3,87 19 .63 2 7 . 8 101 ,48 . . .48

2,0 1 .02 .63 ,26 .89 L9.55 3 6 . 6 123 , 40 .40

2,5 1 . 1 0 .55 .44 . 9 7 L9.49 47 , 1 136 .52 .40

} . 0 1,11 .49 .59 - .93 19 . 49 55 . 9 147 ,46 .39

5.5 1 . 1 5 _ .51 . ,0 1 19.51. 50 , 5 136 .53 .41

+ . 0 1 .2Q .61 .2 ? .91 19 . 61 3 9 . 8 99 .39 .51

+ . 5 .52 ,37 I . 99 1 9 . 5 2 25 . 1 62 .94 .91

5 . 9 2 . 91 . 1 7 . .72 L.35 1 2 * 1 2 - 1 5 . 6 39 2 . 7 2 .0
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Here i s  th e  tim e measured w ith  r e s p e c t  t o  th e  c u r r e n t  

z e r o .  I t  i s  seen  t h a t  th e  ^  v a lu e s  a re  l e s s  th a n  1 , 

e x c e p t  a t  5 . 0  u se e ,  and th e  plasm a column i s  k ink  u n s t a b l e .  

I t  i s  no ted  t h a t  th e s e  c a l c u l a t i o n s  a r e  based  on th e  

a ssu m p tio n  o f  a un ifo rm  c u r r e n t  d i s t r i b u t i o n .
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CHAPTER V II I

FIGURE CAPTIONS

F ig u r e  Page C a p tio n
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5 193 C o n d u c t iv i ty  f o r  Argon Peak C u r re n t
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6 194 D e n s i ty  a s  a F u n c t io n  of Time

U sing  a  Langmuir Probe

7 195 Io n  A co u s t ic  F requency  V ersus

Wavenumber

8 196  E l e c t r o n  D r i f t  V e lo c i ty  V ersus  Wave­

number f o r  Maximum Growth R ate  o f  Io n  

A c o u s t ic  Waves

9 197 Io n  A c o u s t ic  Wave Growth R a te  a s  a

F u n c t io n  o f  Wave Number

10 198 T y p ic a l  V a r i a t i o n  of S in g le  P a r t i c l e

E q u i l ib r iu m  O r b i t  P o s i t i o n  a s  a  

F u n c t io n  o f  Time
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CHAPTER IX 

CONCLUSION

I n  c o n c lu s io n ,  t h i s  t h e s i s  h a s  d i s c u s s e d  v a r io u s  e x p e r ­

im e n ta l  and t h e o r e t i c a l  a s p e c t s  o f  p lasm a r e s i s t i v i t y  and 

runaway e l e c t r o n s  i n  a  m agne tized  t o r o i d a l  p lasm a.

The e x i s t e n c e  o f runaway e l e c t r o n s  has been  showr by the  

observed  ag reem en t betw een th e  m easured X -ray  e n e rg y , 75Kev, 

and th e  energy  p r e d i c t e d  f o r  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 ,  

?9Kev. These X -ray s  a r e  p roduced when th e  runaway e l e c t r o n  

beam h i t s  th e  vacuum w a l l .  The X -ray  e m iss io n  t im e ,  %

observed  i n  a rg on  d i s c h a r g e s  d u r in g  t h e  f i r s t  a c c e l e r a t i o n  

c y c le  has been found  to  have th e  f o l lo w in g  dependence  on the 

e x t e r n a l  b e t a t r o n  e l e c t r i c  f i e l d ,

s t f  -  K where 'TO = /.&£ o j

and in d ep e n d en t  o f  3 /

T h is  i s  c o n s i s t e n t  w ith  th e  dependence  p r e d i c te d  by th e  

r e s i s t i v e  c u r r e n t  i n s t a b i l i t y .  The f a c t  t h a t  X -rays  a re  

n o t  d e te c t e d  in  c y c l e s  o t h e r  th a n  t h e  f i r s t  c y c le  i n  a rgo n  

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

S i m i l a r l y ,  d e t e c t i o n  o f  X -ray s  i n  hydrogen  o c cu rs  o n ly  in  

c y c le s  o t h e r  th a n  th e  f i r s t ,  when th e  c o n d u c t io n  c u r r e n t  i s  

sm a ll  enough. T h is  i s  a l s o  c o n s i s t e n t  w i th  t h e  r e s i s t i v e
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c u r r e n t  e f f e c t .  T h is  fo l lo w s  from  th e  f a c t  t h a t  th e  e q u i l ­

ib r iu m  o r b i t  i s  s h i f t e d  o u t s id e  o f  th e  vacuum chamber when 

th e  c u r r e n t  i s  l a r g e  enough. The tim e  i t  t a k e s  f o r  th e  run ­

away e l e c t r o n s  to  d r i f t  t o  th e  vacuum chamber w a l l  i s  s h o r t  

enough so t h a t  th e  X -ray  energy  i s  too  low to  be d e te c te d  

w ith  o u r  e x p e r im e n ta l  a p p a r a tu s .

The obse rved  plasm a e l e c t r i c a l  c o n d u c t iv i t y  was found to

be two o r d e r s  o f  m agnitude low er th e n  p r e d i c t e d  by th e  
»/2

c l a s s i c a l  / law o b ta in e d  from a  F o k k e r -P la n c k  c a l c u l a t i o n .  

F o r  th e  measured te m p e ra tu re  o f  l ^ e v  a c o n d u c t iv i t y  o f

6 .9 x l 0 1^ esu  i s  c a l c u l a t e d  w h ile  i n  hydrogen  a v a lu e  o f  about
126x10 e su  i s  m easured . F o r th e  m easured v a lu e s  o f  th e  d r i f t  

v e l o c i t y  and io n  a c o u s t i c  speed a  v a lu e  o f  -  10 th e

l i n e a r  th e o ry  o f io n  a c o u s t i c  wave i n s t a b i l i t y  i s  a p p l i c a b l e .  

F o r  H  'tlie v&l ue A  3© = 0 .2  g iv e s  th e  h ig h e s t

grow th  r a t e  o f  io n  a c o u s t i c  waves i n  hyd ro gen . The growth 

p e r io d  i s  0 .25  u s e e .  U sing D u p re e 's  th e o r y  o f  anomalous 

c o n d u c t iv i t y  g iv e s  th e  measured v a lu e  o f  th e  c o n d u c t i v i t y .  

C a l c u l a t i o n s  f o r  a rgon  y i e l d  s i m i l a r  r e s u l t s  e x c e p t  t h a t  

th e  grow th  tim e  i s  28 u s e e .  I t  i s  n o t  c l e a r  what t h i s  

d i s c r e p e n c y  i s  due t o ,  though  th e  i n c l u s i o n  o f  e l e c t r o n  

t r a p p i r g i n  th e  c a l c u l a t i o n s  may s h o r t e n  th e  grow th  tim e  f o r  

a r g o n .

U sing  s i n g l e  and m u l t i p le  c o i l  p ro b e s ,  th e  p lasm a column
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c e n t e r  was o bserved  to  p ro b a b ly  have a  k ink  s t r u c t u r e .  This 

i s  c o n s i s t a n t  w i th  th e  f a c t  t h a t  th e  measured v a lu e  i s  

l e s s  th a n  1 f o r  th e  p a r t i c u l a r  d i s c h a r g e  s t u d i e d .

The obse rved  c o n d u c t io n  c u r r e n t  h as  a  c h a r a c t e r i s t i c  

n o n - l i n e a r  wave fo rm . T h is  becomes p a r t i c u l a r l y  e v id e n t  

a t  low n e u t r a l  d e n s i t y ,  low c u r r e n t  d is c h a rg e d  i n  hydrogen . 

The o r i g i n  o f t h i s  e f f e c t  may be r e l a t e d  to  p a r t i c l e  t r a p p ­

in g  i n  t h e  a z im u th a l  m agnetic  f i e l d .  D i f f e r e n t  c o n d u c t io n  

c u r r e n t  models were s tu d i e d  to  t r y  to  p r e d i c t  t h i s  non­

l i n e a r  f e a t u r e .  A l i n e a r  c i r c u i t  model o f  th e  p lasm a b e t a ­

t r o n  gave good o r d e r  o f  m agnitude  agreem ent betw een th e  h ig i  

c u r r e n t  hydrogen d i s c h a r g e ,  which i s  th e  most l i n e a r  in  

a p p e a ra n c e .  By m atch ing  th e  measured phase  s h i f t  betw een 

th e  c u r r e n t  maximum and e l e c t r i c  f i e l d  maximum and th e  

measured c u r r e n t  a m p li tu d e  to  c a l c u l a t e d  c u r r e n t  fo rm s ,  th e  

e l e c t r o n  te m p e ra tu re  and plasm a column s i z e  co u ld  be e s t im ­

a t e d .  F o r  a hydrogen  d i s c h a r g e  o f  peak c u r r e n t  o f  2500 

amperes i n  th e  t h i r d  a c c e l e r a t i o n  c y c l e ,  th e  c a l c u l a t e d  

p lasm a te m p e ra tu re  i s  l l e v  and th e  c l a c u l a t e d  p lasm a c o l ­

umn d ia m e te r  i s  1 ,7cm . T h is  i s  c lo s e  to  what has  been  meas­

u red  e x p e r im e n ta l ly  ( l ^ e v  and l .O t o  ^.Ocm ). F o r  t h e  a rgo n  

and hydrogen  wave form s o f  low er c u r r e n t ,  and a l s o  n o t i c e ­

a b ly  g r e a t e r  n o n - l i n e a r  a p p e a ra n c e ,  t h e  l i n e a r  model g iv e s  

v a lu e s  which a r e  o r d e r s  o f  m agn itude  i n  d is a g re e m e n t  w ith
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measured te m p e ra tu re  and column s i z e .  A phenom eno log ica l 

model, how ever, u s in g  a  n o n - l i n e a r  r e s i s t a n c e  has been used  

to  q u a l i t a t i v e l y  rep ro d u c e  t h e  observed  n o n - l i n e a r  wave 

form s i n  th e  d i s c h a r g e s  o b se rv e d .

The i o n i z a t i o n  by 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  has been

s tu d ie d  t h e o r e t i c a l l y .  I t  i s  shown t h a t  th e  i o n i z a t i o n  i s
13 -1t y p i c a l l y  r a p id  f o r  n e u t r a l  d e n s i t i e s  o f  1x10 ^cc and i n -

3 -1i t i a l  runaway d e n s i t i e s  of lCr cc o r  h i g h e r .  U sing th e  

i o n i z a t i o n  model th e  n e t  c u r r e n t  produced by th e  runaways 

i s  computed and th e  o b se rv an c e  o f  c u r r e n t  peak s  f o r  d i f f e r ­

e n t  v a lu e s  o f  a p p l i e d  e l e c t r i c  f i e l d  and a z im u th a l  m agnetic  

f i e l d  i s  s t u d i e d .  F o r  th e  p a ra m e te r  ran g e  used  i t  was 

found t h a t  th e  maximum c u r r e n t  a m p li tu d e  i s  in d e p e n d e n t  of 

, t o  w i th in  + 10 p e r c e n t ,  f o r  = 1 t o  20 v /cm .

I n  o r d e r  to  f u r t h e r  e x p lo re  th e  runaway phenomena, a d d i ­

t i o n a l  m e a su re m e n ts , in  hydrogen  d i s c h a r g e s ,  o f  th e  d i s r u p ­

t i o n  tim e and X -ray  energ y  a r e  n eeded . The e x i s t e n c e  o f  

s o f t  X -ray s  and th e  m easurem ent o f  t h e i r  e n e r g i e s  d u r in g  

h ig h  c u r r e n t  a c c e l e r a t i o n  c y c le s  would s u p p o r t  th e  i d e a  

t h a t  th e  r e s i s t i v e  c u r r e n t  e f f e c t  i s  r e s p o n s i b l e  f o r  beam 

d i s r u p t i o n  i n  t h e s e  c o n d i t i o n s .  M easurem ents o f  p lasm a 

d e n s i t y  d u r in g  th e s e  c y c le s  i s  a l s o  im p o r ta n t  i n  o r d e r  to  

d e te rm in e  th e  c r i t i c a l  f i e l d  s t r e n g t h  d u r in g  t h e s e  c y c l e s .

A h ig h e r  f r e q u e n c y  microwave i n t e r f e r o m e t e r  i s  needed f o r
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t h i s  p u p o se . The e f f e c t  of chan g in g  th e  v e c t o r  p o t e n t i a l  

sh ap e  i s  a l s o  o f  i n t e r e s t  and can  be e a s i l y  s tu d i e d  by 

ch an g in g  th e  s i z e  o f  th e  sm a ll  c o r r e c t i o n  c o i l s  on th e  

b e t a t r o n  f i e l d  c o i l  l e a d s .

The a p p a ra n t  k in k  s t r u c t u r e  can  be f u r t h e r  e x p lo re d  by 

ch an g in g  th e  t o t a l  c u r r e n t  f low  such  t h a t  ^  >  1 and

r e p e a t i n g  th e  m u l t i p le  p rob e  m easurem ents . A ls o ,  m agnetic  

f i e l d  p ro b es  a t  d i f f e r e n t  a z im u th a l  p o s i t i o n s  can  h e lp  i n  

d i s t i n g u i s h i n g  betw een a k ink  s t r u c t u r e  o r  m otion  o f  th e  

p lasm a colum n.


