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AB ST RACT

The motion o f  a t h e t a  p in ch  hydrogen plasma in  th e  p re sen ce  o f  a 

l o c a l  p e r tu r b in g  m agnetic  f i e l d  i s  d e s c r ib e d .  A sm all c o i l  o u ts id e  th e  

plasm a was e x c i te d  by c a p a c i t o r s  to  p roduce a d ip o le  f i e l d .  Experim ents  

were perform ed on a 3 .5 m  long , c o l l i s i o n a l  , h ig h -b e ta  plasma w ith  a 

te m p e ra tu re  o f  60 eV, a r a d iu s  o f  1 cm and a d e n s i ty  o f  10^® p a r t i c l e s  

cm"®. S in u s o id a l  c u r r e n t s  o f  2 0 kA and frequency  l ( f  r a d  s~^ in  a 3 - tu r n  

p e r tu r b i n g  f i e l d  c o i l  p roduced o s c i l l a t i n g  plasma d isp la cem e n ts  o f  1 c m , 

which p ro p ag a ted  a long  th e  plasma w ith  a v e l o c i t y  o f  20 cm fis”  ̂ . The 

d isp la cem e n t ŵ as p r o p o r t i o n a l  to  th e  c o i l  c u r r e n t ,  i n v e r s e l y  p ro p o r t io n a l  

to  th e  a x i a l  m agnetic  f i e l d  o u ts id e  th e  plasm a, and was s p a t i a l l y  danqped 

w ith  an e - f o ld in g  le n g th  o f  20 cm. Using a s tep  c u r r e n t  waveform th e  

plasm a could  be moved to  an e q u i l ib r iu m  p o s i t i o n  which was d i s p la c e d  from 

th e  i n i t i a l  u n p e r tu rb e d  e q u i l ib r iu m .  Experim ents on a 2 m long  low-bev,a 

p lasm a w ith  a te m p era tu re  o f  10 eV showed t h a t  p ro p a g a t in g  plasma d i s 

p lacem en ts  o f  0 .5  cm could  be o b ta in e d ,  which were damped i n  5 cm.

P r e d i c t i o n s  o f  th e  plasma d isp lacem en t and v e l o c i t y  a re  made by  

c o n s id e r in g  th e  m otion a s  long  w aveleng th , m = 1 p e r tu r b a t io n s  about an 

e q u i l ib r iu m  p o s i t i o n .  Damping mechanisms a r e  in t ro d u ced  by making an 

an a lo g y  between th e  e x c i te d  waves and A lfven  waves i n  a d i s s i p a t i v e  medium.

Feedback s t a b i l i z a t i o n  o f  long  w avelength  g ro s s  modes in  th e t a - p in c h  
p lasm as i s  shown to  be p o s s ib le ,  u s in g  a system o f  c o i l s  s im i l a r  to  th o se  

used  to  e x c i t e  plasma m otion.

Experim ents  were perform ed to  de te rm ine  th e  e f f e c t  o f  th e  i n i t i a l  

c o n d i t io n s  on th e  3 .5 m  th e t a - p in c h  p a ram e te rs ,  and th e  r e s u l t s  com

p a red  w ith  com puta tions .  A computed h e a t in g  r a t e  was o b ta in ed ;  in c lu d 

in g  p a r t i a l  i o n i z a t i o n  o f  th e  i n i t i a l  gas re v e a le d  a v a lu e  o f  th e  i n i t i a l  

r a t e  o f  change o f  a x i a l  m agnetic  f i e l d  below which no h e a t in g  o ccu rred .  

T h is  c u t - o f f  ims overcome e x p e r im e n ta l ly  by u s in g  b i a s  f i e l d s .
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2by  term s i n  b o th  and , A lthough th e  d iam agne tic  c u r r e n t

approaches zero  f o r  P«  1, th e  observed  d isp la cem e n ts  were f i n i t e  and were 

l i n e a r l y  dependent on 1 ^ .  T h e re fo re  th e  model d e s c r ib e d  in  S e c t io n  6 .5  

cannot ap p ly  to  th e  experim en ta l s i t u a t i o n  because  th e  second fo rc e  te rm  

in  e q u a t io n  ( 6 . 5 . l ) ,  which r e s u l t s  from th e  i n t e r a c t i o n  o f  th e  a x i a l  mag

n e t i c  f i e l d  and th e  c u r r e n t s  induced in  th e  plasma by  th e  s e c to r  c o i l ,  i s  

n o t  n e g l i g i b l e .  The plasma d isp lacem en t about th e  e q u i l ib r iu m  (see  

S e c t io n  6 .4 )  must in c lu d e  th e  d isp la cem e n ts  produced by bo th  th e  l i n e a r  

j  XB f o r c e s .
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C H A P T E R

A GENERAL INTRODUCTION

The motion o f  a t h e t a  p in c h  plasm a in  th e  p re se n c e  o f  a l o c a l  p e r t u r 

b in g  m agnetic  f i e l d  i s  d is c u s s e d ^ ^ ^ ’ . Experim ents  perform ed on a 3 .5 m  

t h e t a  p in c h  w i th  a p e r tu r b i n g  m agnetic  d ip o le  f i e l d  produced g ro s s  plasma 

d isp la cem e n ts ,  which p ro p a g a te d  a x i a l l y  and were s p a t i a l l y  damped. The 

d isp la cem e n t,  p ro p a g a t io n  v e l o c i t y  and damping were measured as  fu n c t io n s  

o f  th e  p lasm a and p e r tu r b i n g  f i e l d  p a ra m e te rs .

A th e o ry  i s  p r e s e n te d  which e x p la in s  th e  p lasm a m otion as long  wave

le n g th ,  m= 1 ( s e e  Appendix A l.3  -  th e  m number) p e r t u r b a t i o n s  abou t an 

e q u i l ib r iu m  p o s i t i o n .  The r e s u l t i n g  t r a n s v e r s e ,  hydrom agnetic  waves a re  

s im i l a r  to  A lfven  waves^^^^ . P re v io u s  experim en ts  on A lfven  wave propaga

t i o n  have been  perform ed w ith  to rs io n a l^ ^ ^ ^  o r  m= 0 (sausage)  waves

i n  low te m p e ra tu re ,  low b e t a  p lasm as, where th e  p lasm a p r e s s u r e  i s  n e g l i g i 

b l e .  No experim en ts  on th e  e f f e c t  o f  p e r tu r b i n g  m agnetic  f i e l d s  on h ig h  

b e t a ,  h ig h  te m p e ra tu re  p lasm as had been r e p o r te d  a t  th e  s t a r t  o f  th e  p ro 

j e c t .  S ince th e n  th e  e f f e c t  o f  a s p a t i a l l y  u n ifo rm  p e r tu r b in g  fo rc e  has  

(83)been  d e s c r ib e d  . T h is  d i f f e r s  from t h a t  d e s c r ib e d  i n  th e  t e x t  because  

no p ro p a g a t io n  o c c u r re d .

Feedback s t a b i l i z a t i o n  o f  long  w aveleng th , g ro s s  i n s t a b i l i t i e s  in  

t h e t a  p in c h  p lasm as i s  co n s id e re d ,  a s  an e x te n s io n  o f  th e  experim en ts  

r e p o r te d .  These experim en ts  showed t h a t  th e  p o s i t i o n  o f  a n e u t r a l l y  s t a b l e  

plasm a could  be c o n t r o l l e d  by  th e  p e r tu r b i n g  f i e l d s  o f  a c u r r e n t  c a r ry in g  

c o i l .  The fo rc e  between th e  p e r tu r b in g  f i e l d  and th e  plasm a can th e n  be 

used  a s  a feedback fo rc e  to  c o n t ro l  i n s t a b i l i t i e s .  Experim ents  to  c o n t ro l  

g ro s s  modes i n  h ig h  b e ta ,  p lasm as, rev iew ed  i n  C hap ter  IX, have been  r e s 

t r i c t e d  to  system s w ith  a s p a t i a l l y  u n ifo rm  feedback fo rce (8 5 ,8 6 )^  a l though  

th e  c o n t ro l  o f  modes i n  low b e t a  p lasm as i s  w e l l  documented (s e e  th e  rev iew
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o f  r e f e r e n c e  84) . With th e  system o f  p e r tu r b in g  f i e l d  c o i l s  d e s c r ib e d  in  

th e  t e x t  i t  would be p o s s i b l e  to  p i n  a p lasm a a t  a f i n i t e  number o f  posi-r 

t i o n s .  I n  t h i s  way th e  confinem ent t im e s  o f  t o r o i d a l  t h e t a  p in c h  ty p e  

p lasm as could  be in c re a s e d  tow ards th e  t im e s  n e c e s s a ry  f o r  a fu s io n  r e a c t o r .

The 3 .5 m  t h e t a t r o n ,  d e s c r ib e d  in  C hapter I I I ,  was b u i l t  s p e c i f i c a l l y  

f o r  t h e  s tu d i e s  o f  p e r tu rb e d  m otion. I n i t i a l  measurements showed t h a t  th e  

peak plasm a te m p e ra tu re  was l e s s  th a n  40 eV ; under th e s e  c o n d i t io n s  i t  was 

th o u g h t  t h a t  th e  m = 1 A lfven  waves p roduced  were r e s i s t i v e l y  damped. A 

s e r i e s  o f  e x p e r i m e n t s ^ w a s  u n d e r ta k en  to  o b ta in  h ig h e r  te m p e ra tu re s  and 

so reduce  t h i s  danp ing . The r e s u l t s ,  compared w ith  c o n p u ta t io n s ,  empha

s i s e d  th e  im portance o f  c o n s id e r in g  energy  l o s s e s  i n  th e  d e s ig n  o f  low 

power in p u t  t h e t a t r o n s .

Most t h e t a  p in c h e s  o p e ra te  w i th  th e  az im utha l e l e c t r i c  f i e l d  a t  th e  

vacuum tu b e  w a ll  Eg ^  200 V cm~  ̂ (42 ,43 )   ̂ f o r  th e  3 .5 m  t h e t a  p in ch  

Eg was ^  70V cm“  ̂ . P a r t i a l  i o n i z a t i o n  and im p u r i t i e s  were found to  

govern  th e  h e a t in g  r a t e s  f o r  Eg ^  200Vcm~^; small n e g a t iv e  b i a s  f i e l d s  

300 gauss  were u sed  to  overcome th e  ene rgy  lo s s e s  and in c re a s e  th e  

te m p e ra tu re .

MKS u n i t s  a re  used  th ro u g h o u t th e  t e x t  f o r  e q u a t io n s ,  u n le s s  i t  

i s  s t a t e d  o th e rw is e .  A g lo s s a r y  o f  te rm s  and the  nom encla tu re  u sed  i s  

g iv e n  a s  Appendix A l  .
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C H A P T E R  I I

A REVIEW OF THETA PINCH EXPERIMENTS AM) THEORY ON THE 

FORMATION, HEATING AND GROSS STABILITY OF THE PLASMA

2 .1  INTRODUCTION

A ll  th e  experim en ts  d e s c r ib e d  i n  t h i s  t h e s i s  were perform ed on a 

t h e t a  p in c h  p lasm a. T h is  c h a p te r  d e s c r ib e s  th o s e  p r o p e r t i e s  o f  a t h e t a  

p in c h  which a re  n e c e s s a r y  to  u n d e rs ta n d  th e  r e p o r te d  r e s u l t s .  The e x p e r i 

m ental and com pu ta tiona l s tu d ie s  o f  th e  e f f e c t  o f  th e  i n i t i a l  c o n d i t io n s  

on th e  p lasm a p a ra m e te rs  ( s e e  C hap te rs  TV and V) a r e  concerned w ith  plasma 

fo rm atio n  and h e a t in g .  T h e re fo re  th e  im p los ion ,  a d i a b a t i c  and J o u le  h e a t 

ing  s ta g e s  a r e  d e s c r ib e d .  Energy and p a r t i c l e  l o s s  p ro c e s s  a re  o u t l in e d ,  

to g e th e r  w i th  th e  c o n d i t io n s  un d er  which th e y  o c c u r .  The u se  o f  b i a s  

f i e l d s  t o  c o n t ro l  p lasm a p a ra m e te rs  i s  c o n s id e re d .

I n  t h e  d e s c r i p t i o n  o f  th e  ex p e r im en ta l  r e s u l t s ,  r e f e r e n c e  i s  made to  

c e r t a i n  g ro s s ,  o r  magnetohydrodynamic (MHD), i n s t a b i l i t i e s .  Three o f  th e s e ,  

th e  r e s i s t i v e ,  r o t a t i o n a l  and k ink  o r  m = 1 , modes, a r e  d e s c r ib e d .  The 

m = 1 mode i s  c o n s id e re d  i n  C hapter IX f o r  feedback s t a b i l i z a t i o n .  The 

th e o ry  p r e s e n te d  i n  C hapter VI to  d e s c r ib e  p e r tu rb e d  plasm a motion a lso  

concerns  t h i s  mode; m = 1 s t a b i l i t y  th e o ry  i s  th e n  rev iew ed i n  d e t a i l .

The f i n a l  s e c t i o n  p r e s e n t s  th e  c r i t e r i a  fo r  d e s ig n in g  a d ev ice  ( a  

t h e t a t r o n )  to  p roduce a t h e t a  p in c h  plasm a o f  r e q u i r e d  p a ra m e te rs .  These 

c r i t e r i a  were u sed  to  d e s ig n  th e  t h e t a t r o n  d e s c r ib e d  i n  C hap ter  I I I .

2 .2  A TYPICAL THETA PINCH AND THETATRON

I n  i t s  s im p le s t  form a t h e t a t r o n  c o n s i s t s  o f  a c y l i n d r i c a l  m etal 

com pression c o i l  connected  to  a c a p a c i to r  bank. A c y l i n d r i c a l  vacuum 

v e s s e l  i s  su p p o r ted  i n s id e  t h i s  c o i l ,  and f i l l e d  to  t y p i c a l l y  3 0 m to rr  w ith

hydrogen. The gas i s  p r e - io n i z e d  by  an  a x i a l  c u r r e n t  d is c h a rg e ,  a f t e r  

which a f a s t  r i s i n g  c u r r e n t  from th e  h ig h  energy , low in d u c tan ce  c a p a c i to r

-  11 -



bank i s  p assed  around th e  com pression c o i l .  An a x i a l  m agnetic  f i e l d  i s  

produced, w hich, t o g e th e r  w i th , t h e  az im utha l c u r r e n t  induced in  th e  gas,,, 

c o n s t r i c t s  th e  gas to  form a t h e t a  p in c h  plasm a. F i g . 2 .1  i l l u s t r a t e s  a 

t y p i c a l  t h e t a t r o n ,  th e  c u r r e n t  waveforms and th e  plasm a r a d i a l  v a r i a t i o n  

w ith  t im e . The tim e d u r in g  which th e  gas  i s  c o n s t r i c t e d ,  o r  p inched , i s  

c a l l e d  th e  im p los ion  s ta g e .  T h is  i s  fo llow ed  by  th e  a d i a b a t i c  h e a t in g  

s ta g e .  D e n s i t i e s  o f  10^® p a r t i c l e s  cm"® and te m p e ra tu re s  o f  100 eV a re  

p roduced.

An a x i a l  m agnetic  b i a s  f i e l d  can be a p p l ie d  to  th e  gas  b e fo re  th e  

main d is c h a rg e  to  c o n t ro l  c e r t a i n  p lasm a p a ra m e te rs  (see  S e c t io n  2 . 7 ) .

I f  a low f req u en cy  c u r r e n t  i s  p a s se d  around th e  com pression c o i l  b e fo re  th e  

main az im utha l c u r r e n t ,  th e  r e s u l t i n g  b i a s  f i e l d  i s  c o n s ta n t  over th e  plasma 

l i f e t i m e  (see  F i g . 2 . 1 ( b ) ) .

2 .3  THE IMPLOSION STAGE

The main az im u tha l  c u r r e n t  in  th e  com pression  c o i l  p roduces  a 

c u r r e n t  sh ea th  i n  th e  p r e io n iz e d  g as .  The f a s t  r i s i n g  a x i a l  m agnetic  

f i e l d  a c t s  a s  a p i s t o n ,  and a shock wave i s  p roduced . T h is  shock wave 

t r a v e l s  r a d i a l l y  inw ards , h e a t in g  e l e c t r o n s  and io n s .  I t  i s  u s u a l l y  

assumed t h a t  m i c r o i n s t a b i l i t i e s  dominate th e  p a r t i c l e  c o l l i s i o n  f r e q u e n c ie s ,

so t h a t  th e  shock th i c k n e s s  i s  independen t o f  th e  b in a r y  c o l l i s i o n  mean 

E

,(2,'3)

f r e e  p a th ^ ^ ^ . E x p e r im e n ta l ly  de te rm ined  anomalous r e s i s t i v i t i e s  can th e n

be ex p la in ed

P a r t i c l e  c o l l e c t i o n  models p r e d i c t  t h a t  th e  v e l o c i t y  o f  th e  gas

c o l l e c t i n g  f r o n t  ( th e  shock) i s  a f u n c t io n  o f  th e  az im u tha l e l e c t r i c  

(4)f i e l d  E g , '  / which i s  r e l a t e d  to  th e  i n i t i a l  r a t e  o f  change o f  a x i a l

m agnetic  f i e l d  by

 ________________  2 Tir Eg = rrr^  . . . .  ( 2 . 3 . l )
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The c o n s e rv a t io n  e q u a t i o n s ^ r e l a t e  th e  p lasm a tengDerature T to  

th e  Mach number M , Then

T = f(M) = f(B^) . . .  ( 2 .3 .2 )

where M, th e  Mach number, = (shock v e l o c i ty ) / ( s o u n d  sp eed ) .  Kever^^^

h as  d e r iv e d  an a n a l y t i c  e x p re s s io n  fo r  t h e  te m p era tu re  a t  th e  end o f  an

i r r e v e r s i b l e  im p lo s io n  w i th  no i n i t i a l  b i a s  f i e l d  o r  c ro s s  f i e l d  d i f f u s io n :
12 . / mi \-2

^^s “ o' ^w ®o * * • (2 .3 .3 )

where i s  th e  te m p e ra tu re ,  assuming e q u i p a r t i t i o n  o f  energy
betw een io n s  and e l e c t r o n s ,  in  eV ;

a  i s  a num erica l  f a c t o r ;  ^  f o r  a snoivplough m o d e l a n d  
1 f o r  a f r e e  p a r t i c l e  m odel!7 ) ;

b i s  an energy  t r a n s f e r  c o e f f i c i e n t  between th e  e l e c t r i c a l
c i r c u i t  and th e  plasm a

Bq i s  in  T e s la  iis“  ̂ ;

mi i s  th e  io n  mass, i n  gm ;

n i  i s  th e  i n i t i a l  io n  d e n s i ty ,  i n  p a r t i c l e s  cm ® ;

r ^  i s  th e  vacuum tu b e  r a d iu s ,  i n  cm.

•(8).T h is  e x p re s s io n  h a s  b een  m odified  to  in c lu d e  t r a p p e d  f lux^  ' ;  f o r  t y p i c a l  

e x p e r im en ta l  c o n d i t io n s  T^ i s  reduced  by  30^.

IVhen th e  shock wave r e a c h e s  th e  a x i s ,  th e  .plasma ex ec u te s  m= 0 

( s e e  Appendix A l  , s e c t i o n  1 .3  -  th e  m number) o s c i l l a t i o n s ,  w i th  a f r e 

quency dependent on th e  m agnetic  f i e l d  and th e  l i n e  mass^^^ ( s e e  Appendix 

A 2 .8 ) .  D uring t h i s  s ta g e  p a r t i c l e  c o l l i s i o n s  p roduce an e q u i p a r t i t i o n  o f  

energy .

2 . 4  ADIABATIC HEATING

The e x t e r n a l  a x i a l  m agnetic  f i e l d  c o n t in u e s  to  in c r e a s e  a f t e r  th e  

im p los ion ,  a d i a b a t i c a l l y  com pressing th e  p lasm a. An energy  and p re s s u re  

b a la n c e  e q u a t io n  can be w r i t t e n  to  p r e d i c t  th e  r e s u l t i n g  plasm a te m p era tu re  

F o r  no lo sses^^ ^^
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= . . . ( 2 . 4 . 1 )

o 2nk l ,p _ ----------  (see  s e c t io n  A l.d  -  Beta)
■ BV2H„

S u b s c r ip t  1 r e f e r s  to  th e  i n i t i a l  c o n d i t io n s  

S u b s c r ip t  2 r e f e r s  to  th e  f i n a l  c o n d i t io n s ,

Mewe' '  has  a n a ly se d  th e  e f f e c t  o f  a r a d i a l  a d i a b a t i c  com pression superim

posed on a shock h e a te d  p lasm a. Using K e v e r 's  ex p re s s io n ,  eq u a t io n  ( 2 ,3 . 3 ) ,

t h e  te m p e ra tu re  T a t  peak m agnetic  f i e l d  B i s ,  f o r  a d eu te r ium  plasm a,

' r  B B v f
kT = 2 0 0 d ( - ^ 2 ^ )  , , ,  ( 2 ,4 .2 )

where kT i s  th e  average  peak te m p e ra tu re ,  k(Tg + Tj[)/2, i n  eV ;

B i s  in  T es la ;

p i s  th e  f i l l i n g  p r e s s u r e ,  i n  m to rr  ;

Bg i s  in  T es la  qs~^ ;

d i s  a f u n c t io n  o f  th e  plasm a r a d iu s  and p 1 ;

r  i s  th e  vacuum tu b e  r a d iu s ,  i n  cm ,w '

2 .5  JOULE HEATING

Azimuthal e l e c t r i c  c u r r e n t s  f low ing  in  th e  plasm a produce J o u le  

h e a t in g .  M agnetic f i e l d  d i f f u s i o n  a l so  c r e a t e s  c u r r e n t s  which r e s u l t  in

h e a t in g .  Most J o u le  h e a t in g  o ccu rs  d u r in g  th e  im plos ion  s ta g e ,  b u t  Mewe

has  e s t im a te d  t h a t  abou t 30^ more i s  needed to  account f o r  measured plasma 

te m p e ra tu re s^ ^ ^ ) ,

2 .6  ENERGY AND PARTICLE LOSS PROCESSES

2 ,6 .1  I n t r o d u c t io n

D i r e c t  h e a t in g  p ro c e s s e s  compete w i th  energy  and p a r t i c l e  l o s s  

p r o c e s s e s  i n  any plasm a. F i g , 2 .2  t a b u l a t e s  th e  most im p o r tan t  l o s s  mecha

n ism s, th e  c o n d i t io n s  under  which th e y  o ccu r ,  t h e i r  c h a r a c t e r i s t i c  tim e and 

- th e i T " e f f è c t  on th e  p lasm a. Two o f  t h e s e ,  which a r e  co n s id e re d  in  a d i s 

cu ss io n  o f  experim en ta l  r e s u l t s  (see  C hapter V), a r e  now d e a l t  w ith  in  more 

d e t a i l .
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2 .6 .2  The E f f e c t  o f  P a r t i a l  I o n i z a t io n

I t  i s  u s u a l  to  p r e io n i z e  th e  gas in  a t h e t a  p in ch ;  th e  f i r s t  h a l f  

cy c le  o f  th e  main c u r r e n t  d is c h a rg e  th e n  p roduces  a h o t  p lasm a. I f  th e  

p r e i o n i z a t i o n  system  i s  p o o r ,  energy  in p a r t e d  to  th e  plasma d u r in g  th e  

im plos ion  i s  used  to  io n iz e  e x i s t i n g  n e u t r a l s .  T h is  reduces  th e  shock 

h e a t in g ,

2 .6 .3  The E f f e c t  o f  I m p u r i t i e s

A common cause o f  energy  l o s s  in  p lasm as i s  th e  p re sen ce  o f  im puri

t i e s ,  o f t e n  in t ro d u c e d  by  plasma c o n ta c t  w ith  th e  vacuum v e s s e l  w a l l s .  

Occluded oxygen e x i s t s  in  q u a r tz  v e s s e l s ;  t h i s  can be reduced  by bak ing  

th e  system, o r  by  r e p e a te d  plasma w a ll  c o n ta c t ,

(l3 '\
F i g . 2 .3  shows th e  co o l in g  r a t e  due to  oxygen in  a hydrogen p la sm a ' .

The e f f e c t s  o f  b re m ss tra h lu n g ,  reco m b in a t io n  (see  s e c t i o n  A .1 .3 )  and l i n e  

r a d i a t i o n  a r e  added, f o r  an o p t i c a l l y  t h i n  p lasm a, to  g iv e  th e  power 

r a d i a t e d  P ;

P = f (T e )n g n *  , , ,  ( 2 ,6 .1 )

where n* '  i s  th e  im p u r i ty  p a r t i c l e  d e n s i t y .  The fu n c t io n  f(Tg) i s  

p l o t t e d .  Between 25 and 100 eV , f(Tg) d e c re a s e s .  Below 100 eV th e  

lo s s e s  a re  dominated by  l i n e  r a d i a t i o n ;  above 100 eV b rem ss trah lu n g  domi

n a t e s .  At v e r y  h ig h  te m p e ra tu re s  th e  oxygen atoms a r e  co m ple te ly  io n iz e d ,

2 ,7  THE EFFECT OF BIAS FIELDS

I n  th e  h e a t in g  experim en ts  to  be d e s c r ib e d  in  Chapter IV, a b i a s  

f i e l d  was used  to  c o n t ro l  c e r t a i n  plasma c h a r a c t e r i s t i c s .  The r e s u l t s  o f  

th e s e  experim en ts  d i s a g re e d  w ith  i n i t i a l  com puta tiona l p r e d i c t i o n s  (see  

Chapter V), so '^ tha t th e  e f f e c t  o f  th e  b i a s  f i e l d  was s tu d ie d  more c a re 

f u l l y ,  This  s e c t io n  summarises p re v io u s  ex p er im en ta l  r e s u l t s ^ ^ ^  19)^

I f  a n e g a t iv e  b i a s  f i e l d  (n e g a t iv e  w i th  r e s p e c t  to  th e  main a x i a l  

f i e l d )  i s  in t ro d u c e d  in to  th e  gas b e fo re  th e  main az im u tha l  c u r r e n t  d is c h a rg e ,
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t h e  n e g a t iv e  f i e l d  can d i f f u s e  a c ro s s  th e  plasma c u r r e n t  sh ea th  and produce 

e x t r a  J o u le  h e a t in g .  During th e  tim e the^p lasm a c o n ta in s  a t r a p p e d  nega

t i v e  f l u x  th e  d e n s i t y  p r o f i l e  i s  hollow ; t h a t  i s ,  th e  peak d e n s i t y  o ccu rs  

sy m m e tr ic a l ly  about t h e  a x i s  (s e e  Chapter IV, F i g . 4 . 4 ) .  The i n t e r n a l  and 

e x t e r n a l  f i e l d  l i n e s  may c lo se  a t  th e  plasma ends, r e s u l t i n g  in  a plasma 

c o n t r a c t i o n  (see  S e c t io n  2 . 8 . 3 ) .

A p o s i t i v e  b i a s  f i e l d  in c r e a s e s  th e  p o s i t i v e  t r a p p e d  f lu x  n o rm ally  

found in  a t h e t a  p in c h .  T h is  red u ce s  th e  e f f i c i e n c y  o f  th e  shock h e a t in g ,  

r e s u l t i n g  in  low er te m p e ra tu re s .  L a rg e r  plasma r a d i i  a r e  produced; a t  

t h e  same tim e th e  plasm a b e t a  v a lu e  i s  reduced .

I f  b i a s  f i e l d s  a re  a p p l ie d  b e fo re  th e  a x i a l  p r e i o n i z a t i o n  curren t.,  

t h e  gas  breakdown tim e  i s  c h a n g e d ^ ^ ^ \  I t  h a s  been sugges ted  t h a t  smal] 

b i a s  f i e l d s ,  e i t h e r  p o s i t i v e  o r  n e g a t iv e ,  reduce  th e  e l e c t r o n  l o s s  to  th e  

w a l l s ,  in c r e a s in g  th e  i o n i z a t i o n  e f f i c i e n c y  and red u c in g  breakdown t im e s .

Large b i a s  f i e l d s  reduce  io n  induced secondary  em ission  from th e  w a l l s ,  th u s  

i n h i b i t i n g  th e  i o n i z a t i o n  p ro c e s s  and in c r e a s in g  th e  breakdown t im e .  E x p e r i

m ents have sho^vn t h a t  th e  minimum breakdown tim e o ccu rs  when b i a s  f i e l d s  

betw een 200 and 300 gauss  a r e  used^^^^.

2 .8  MAGNETOHYDRODYNAMIC (MED) INSTABILITIES

2 .8 .1  I n t r o d u c t io n

Plasma l i f e t i m e s  can be l i m i t e d  by  MHD , o r  macro, i n s t a b i l i l i t i e s ,  

w hich d r iv e  th e  plasm a to  th e  vacuum v e s s e l  w a l l s .  Three o f  t h e s e ,  th e  

r o t a t i n g  m = 2 , th e  r e s i s t i v e ,  and th e  m = 1 long  w aveleng th , o r  k in k ,  modes

a r e  d e s c r ib e d .  Each i s  r e f e r r e d  to  l a t e r  in  th e  t e x t ,  A rev iew  o f  m = l  

s t a b i l i t y  th e o ry  f o r  t h e t a  p in c h es  i s  g iv e n  in  S e c t io n  6 .2 ,
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2 . 8 .2  The R o ta t io n a l  I n s t a b i l i t y

A r o t a t i n g  m = 2 i n s t a b i l i t y ,  i l l u s t r a t e d  in  F i g . 2 . 4 ( a ) , i s  th e  most 

common n a t u r a l l y  o c c u r r in g  mode in  a t h e t a  p inch^^^ 23)^ p o s s ib le

mechanisms have been shown e x p e r im e n ta l ly  p o s s i b l e .

(21 24)I n  one m odel' ’ '  i t  i s  supposed t h a t  th e  r a d i a l  e l e c t r i c  space

charge f i e l d  i n  th e  c u r r e n t  sh ea th  i s  s h o r t - c i r c u i t e d  a t  th e  compression 

c o i l  ends, p roduc ing  a r a d i a l  d isp lacem en t c u r r e n t  which in  t u r n  p ro 

duces  an az im utha l fo rc e  F g ;

Fg oc J r  X . . . .  ( 2 .8 .1 )

H aines^^^^ has  p roposed  t h a t  sm all t r a n s v e r s e  f i e l d s  i n t e r a c t  w ith  th e

az im u th a l  p lasm a c u r r e n t  j  g to  g iv e  a lo n g i tu d in a l  H a l l  c u r r e n t  .

Then
*6 = X By . . . . ( 2 .8 .2 )

The growth r a t e  y i s  g iv en  by
JL

Y = ( m - l ) 2 Q  . . .  ( 2 .8 .3 )

where Q i s  th e  a n g u la r  plasm a v e l o c i t y  

m i s  th e  az im u tha l  mode number.

The o b s e rv a t io n  t h a t  m = 2 i s  th e  f a s t e s t  growing mode i s  ex p la in ed  by con

s i d e r i n g  f i n i t e  Larmor r a d iu s  e f f e c t s ^ ^ ^ '^ ^ ^ .

2 . 8 .3  The R e s i s t i v e  I n s t a b i l i t y

I f  r e s i s t i v i t y  i s  in c lu d ed  i n  MHD s t a b i l i t y  a n a l y s i s ,  t h e  id e a  o f  

" fro zen  i n ’ f i e l d  l i n e s  (s e e  S e c t io n  A .1 .3 )  i s  n o t  a p p l i c a b l e .  The plasma 

and th e  m agnetic  f i e l d  become de tached ,  a l lo w in g  new u n s ta b l e  modes^^^*^^). 

I n  a r e v e r s e  b i a s  t h e t a  p in c h ,  where th e  p lasm a l i e s  w i th in  an a n n u la r  

c y l in d e r  w i th  o p p o s i t e ly  d i r e c t e d  m agnetic  f i e l d s  on e i t h e r  s id e , ^ t h e  f i e l d  

l i n e s  imy c l o s e s t  th e  p lasm a ends (see  F i g . 2 . 4 ( ^ ) ) .  An a x i a l  c o n t r a c t io n  

r e s u l t s .  I f  th e  p lasm a has  a f i n i t e  c o n d u c t iv i ty  th e  f i e l d  l i n e s  may c lo se

anywhere a long  th e  a x i s ,  p roduc ing  plasm a r i n g s .  The i n s t a b i l i t y  produced

i s  c a l l e d  th e  r e s i s t i v e  t e a r i n g  mode, and has  been seen ex p e r im en ta lly ^ ^ ^
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2 . 8 . 4  The Kink, o r  Long Wavelength m = l ,  I n s t a b i l i t y

  A l i n e a r  t h e t a  p in c h  i s  n e u t r a l l y  s t a b l e  to  long  wave 1 en g th , m = 1

i n s t a b i l i t i e s ^ ^ ^ ) .  I f  an 1 = 0 (bu lged) f i e l d  i s  added, th e  m = l  i n s t a 

b i l i t y  i s  u n s ta b l e  w i th  a  g ro w th - ra te  y  g iven  by

where L i s  th e  b u lge  le n g th

i s  th e  A lfven  speed, = ^ e / ( \ ^ Q p ) ^

Tp i s  th e  plasm a r a d iu s

s u b s c r i p t  o r e f e r s  to  th e  un ifo rm  re g io n .(%') 4 f Æ)‘«- •
I  -L /2

The gro^vth o f  th e  i n s t a b i l i t y ,  i l l u s t r a t e d  in  F i g . 2 . 4 ( c ) ,  i s  accompanied by

a  p ro p a g a t io n  o f  i t s  am p litude  a long  th e  plasma column away from th e  b u lg e ,

w i th  a  v e l o c i t y  V . ;m=l '

= ^ 2  -  P . . . . ( 2 . 8 . 5 )

C onducting  w a l l s  s t a b i l i z e  th e  motion because  o f  th e  image c u r r e n t s  produced . 

E xperim en ts  have found t h a t  e q u a t io n  ( 2 .8 .4 )  d e s c r ib e s  th e  i n s t a b i l i t y  groivth 

a c c u r a t e l y .  F i n i t e  Larmor r a d iu s  e f f e c t s  a r e  though t to  damp modes w ith  

« ^ 2 ( 2 6 ) .

2 .9  THETA PINCH DESIGN CRITERIA

To com plete t h i s  rev iew , th e  c r i t e r i a  f o r  p roduc ing  a t h e t a  p in c h  

o f  l e n g th  L , l i f e t i m e  t and te m p e ra tu re  T a re  d e r iv e d .  I t  i s  assumed

t h a t  a long ,  n  t u r n  so le n o id  ( th e  t h e t a t r o n )  o f  in d u c tan ce  L i s  connected 

to  a low in d u c tan ce  c a p a c i to r  bank o f  C F a ra d s ,  charged to  V V o l ts .

The c u r r e n t  around th e  s o le n o id  i s  th e n ;

 _______ L

where

I  = J  s in  (JUt . . .  ( 2 .9 .1 )

UJ = -tL=. , . ,  (2 . 9 . 2 )
Vlc
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The in d u c tan ce  o f  th e  so le n o id  i s  g iven  by

L = -  . . .  ( 2 .9 .p )
( 37)and th e  a x i a l  m agnetic  f i e l d  by

B = — —  . . .  ( 2 . 9 . 4)

where A i s  th e  c ro s s  s e c t i o n a l  a r e a  o f  th e  s o le n o id .  I f  th e  c u r r e n t  

o s c i l l a t e s  s i n u s o id a l ly ,  th e  h a l f - p e r i o d  r e s t r i c t s  th e  plasma l i f e t i m e  

because  o f  th e  r a d i a l  expansion  to  th e  vacuum v e s s e l  w a l l s  (see  F i g . 2 . l ( c ) ) .  

I f  a l i f e t i m e  t  i s  r e q u i r e d ,  th e  h a l f  p e r io d  must be g r e a t e r  th a n  T 

Using eq u a t io n  ( 2 .9 .2 )  a r e s t r i c t i o n  on th e  so le n o id  in d u c tan ce  i s  found :

L ^ —  . . . .  ( 2 . 9 . 5)
TT®C

During th e  t im e  T th e  plasm a should  be f r e e  from energy  and p a r t i 

c l e  l o s s e s .  A x ia l mass flow  (see  F i g . 2 .2 )  imposes a minimum le n g th  on th e  

plasma and so le n o id  i f  a r e a  waves a re  n o t  to  d i s tu r b  th e  plasma midplane 

Then
4, ^  2 V  T . . . (2 . 9 . 6 )

where v  = Cg V l -  P , . . .  ( 2 .9 .7 )

Cg be ing  th e  sound speed. V alues  o f  Cg and p must be assumed f o r  th e

r e q u i r e d  p lasm a. Thermal conduc tion  imposes a minimum leng th^^^^  (see  

F i g . 2 . 2) :

I  2 V? X g e V g  . . .  ( 2 . 9 . 8 )

where i s  th e  e l e c t r o n - e l e c t r o n  mean f r e e  p a th

i s  th e  e l e c t r o n  th e rm a l v e l o c i t y .

A xia l mass flow  dom inates e l e c t r o n  th e rm a l conduction (10)

2X V.
- J T  '  • • •  (2 -9 .9 )

where v^ i s  th e  ion  th e rm al v e l o c i t y .  I f  a x i a l  mass flow  dom inates, 

eq u a t io n s  ( 2 . 9 . 3 ),  ( 2 .9 .5 )  and ( 2 .9 .6 )  r e s t r i c t  th e  p ro d u c t  n^A :

n^A ^
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Having chosen th e  p a ra m e te rs  n ,  A , L  and C th ro u g h  e q u a t io n s  

( 2 , 9 . 5) and ( 2 . 9 . 10) ,  th e  r e s u l t i n g  plasma te m p e ra tu re  can he e s t im a te d  

from Mewe’s form ula, e q u a t io n  ( 2 . 4 . 2 ) .  With a 30^ J o u le  h e a t in g  c o n t r ib u 

t i o n  (see  s e c t i o n  2 .5 )  t h i s  becomes

kT = 3 \  p

where th e  symbols and u n i t s  a r e  d e f in e d  w ith  eq u a t io n  ( 2 .4 . 2 ) .  S u b s t i t u t i n g  

f o r  Bg = WB, and u s in g  e q u a t io n s  ( 2 . 9 . l ) ,  ( 2 .9 .3 )  and ( 2 . 9 . 4 ) ,  g iv e s

* y  '  . • • •  (2 -9 -1 2 )

T h e re fo re  th e  a re a  A and th e  number o f  t u r n s  n should  be m inim ised.

The te m p e ra tu ie  T can be v a r i e d  by  changing th e  charg ing  v o l t a g e  V and 

th e  i n i t i a l  p r e s s u r e  p .

2 .1 0  SUMMARY

A t y p i c a l  t h e t a  p in c h  has  a te m p e ra tu re  o f  100 eV , a d e n s i t y  o f  

10^® p a r t i c l e s  cm"®, a r a d iu s  o f  1 c m ,  and a l i f e t i m e  o f  10 ( i s .  The 

plasma i s  h e a te d  by  an im p los ion ,  an a d i a b a t i c  com pression and J o u le  h e a t in g ,  

During th e  im p los ion  micro i n s t a b i l i t i e s  produce an e f f e c t i v e  c o l l i s i o n  

f req u en cy  such t h a t  th e  shock w id th  i s  l e s s  th a n  th e  mean f r e e  p a th  f o r  

b in a r y  c o l l i s i o n s .  These i n s t a b i l i t i e s  produce an anomalous r e s i s t i v i t y  

and d i f f u s i o n  c o e f f i c i e n t .  The e x te r n a l  m agnetic  f i e l d  c o n t in u es  to  

in c re a s e  a f t e r  th e  im p los ion ,  h e a t in g  b o th  e l e c t r o n s  and io n s  a d i a b a t i c a l l y .

The most im p o rtan t  l o s s  mechanisms a r e  th e rm al conduc t ion  a long  th e  

f i e l d  l i n e s ,  a x i a l  mass flow, im p u r i ty  r a d i a t i o n  and c ro s s  f i e l d  d i f f u s i o n .  

Thermal conduc tion  l o s s e s  impose a maximum o b ta in a b le  te m p e ra tu re .

B ia s  f i e l d s  a re  used  to  c o n t ro l  th e  p lasm a te m p e ra tu re  and b e t a .  

N e g a t iv e -b ia s  f i e l d s  in c re a s e  th e  te m p e ra tu re  and b e t a ,  w h ile  p o s i t i v e  b i a s  

f i e l d s  d e c re a se  th e  te m p e ra tu re  and b e t a .

-  20 -



R o ta t io n a l  i n s t a b i l i t i e s  d r iv e n  by  az im u tha l  j  X B fo rc e s  a re  th e  

m ost common n a t u r a l l y  o c c u r r in g  mode in  a t h e t a  p in c h .  A s t r a i g h t  t h e t a  

p in c h  i s  n e u t r a l l y  s t a b l e  to  t h e  m= 1 long  w avelength , o r  k in k ,  mode. 

However, a bu lged  t h e t a  p in c h  i s  m = l  u n s ta b le ;  th e  r e s u l t i n g  d isp la cem e n ts  

p ro p a g a te  a long  th e  f i e l d  l i n e s .
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(a )  The R o ta t io n a l  m =2  I n s t a b i l i t y

(1 ) ROTATING PLASMA 
CYLINDER IN A 

. MAGNETIC FIELD

(2) CENTRIFUGAL FORCES 
ELONGATE THE CROSS 

SECTION

(3 ) PLASMA STARTS 
TO DIVIDE

( 4) PIASMA DinDED,EACn 
HALF ROTATING 

. TOWARDS THE WALLS

(b) The R e s i s t i v e  T ea r ing  I n s t a b i l i t y  

• COMPRESSION COILd
^ B i

B,

( 1 ) CLOSED FIELD LINES AT THE ENDS OF A 
REVERSE (NEGATI\T3) BIAS THETA PINCH 

CAUSE AXIAL CONTRACTION

(2 ) IF  B= 0 WITHIN THE PLASMA AND THE 
RESISTIVITY i  0, FIELD LINES CAN CLOSE 

ANYWHERE AND PRODUCE PLASMA RINGS

(c )  The Long Wavelength m = 1 I n s t a b i l i t y  

______________ ^COMPRESSION COIL

( n n i i i L i i j  ) j i m m m m r y y . y i

( 1) A BULGED PLASMAS IS  PRODUCED 
IN A— 1 = 0 MAGNETIC FIELD

(2 ) A KINK- OR m = 1 INSTABILITY 
DEVELOPS, MUCH PROPAGATES 

ALONG THE PLASMA

F i g . 2 .4
Some MH D i n s t a b i l i t i e s  commonly found in  t h e t a  p in c h  plasm as
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C H A P T E R  I I I

THE 3 .5 m  THETATRON

3.1  INTRODUCTION

Most o f  t h e  experim en ts  to  he r e p o r te d  were perform ed on a 3 .5 m  

long t h e t a t r o n ,  which i s  now d e s c r ib e d .  The az im u tha l and a x i a l  c u r r e n t  

c i r c u i t s ,  th e  b i a s  f i e l d  c i r c u i t  and th e  vacuum system  a re  d e s c r ib e d .  The 

d i s t i n c t i v e  f e a t u r e s  a r e  d is c u s s e d ,  in  p a r t i c u l a r  th e  s e r i e s  tu r n s  conqires- 

s io n  c o i l  and th e  sm all az im u tha l  e l e c t r i c  f i e l d  p roduced , A 2m long  

t h e t a t r o n  u sed  f o r  p r e l im in a r y  experim ents  on p e r tu rb e d  plasma motion i s  

compared w ith  th e  3 . 5 m t h e t a t r o n ,  and th e  main d i f f e r e n c e s  em phasised.

3 .2  THE AZIMUTHAL CURRENT CIRCUIT

A com pression c o i l  (see  s e c t io n  2 .2 )  was d es ig n ed ,  u s in g  th e  c r i t e r i a  

p r e s e n te d  i n  s e c t io n  2 .9 ,  to  produce a plasm a w ith  a te m p era tu re  o f  up to  

50 eV , f r e e  from end e f f e c t s  (see  s e c t io n  2 .6  and F i g . 2 .2 )  a t  th e  midplane 

f o r  1 5 [is . Seven s e r i e s  tu r n s  were used , each t u r n  b e in g  50 cm long  and 

hav ing  an i n t e r n a l  r a d iu s  o f  6 .5 cm . F i g . 3 .1  i s  a pho tograph  o f  th e  machine, 

F i g . 3 .2  shows a f r o n t  v iew, p la n  and c ro s s  s e c t i o n .  Each o f  th e  7 - tu rn s  

was in te rc o n n e c te d  by  a d ia g o n a l  ta b  (see  F i g . 3 . 2 ( b ) ) ,  which h e lp ed  to  p r o -

f3s)duce a smooth c u r r e n t  d i s t r i b u t i o n  in  th e  c o i l '  .

Unwanted t r a n s v e r s e  m agnetic  f i e l d s  were reduced  by  in c lu d in g  a f lu x  

gu ide  (see  F i g . 3 . 2 ( a ) ) .  T h is  c o n s is te d  o f  two c y l i n d r i c a l  aluminium a l l o y  

tu b e s ,  each 1 .6  m long and 0 .8  cm t h i c k ,  s p l i t  l o n g i t u d i n a l l y  a t  th e  ta b  

s id e  (see  F i g . 3 . 2 ( c ) ) .  Each s e c t i o n  was e l e c t r i c a l l y  connected  to  th e  com

p r e s s io n  c o i l  c e n t r e  t u r n .  A x ia l m agnetic  f i e l d s  could  p e n e t r a t e  th e  f l u x  

g u id e .  Azimutlial f i e l d s  were t h e o r e t i c a l l y  reduced  to  a v a lu e  on a x i s  o f  

0 .0 5 ^  o f  th e  v a lu e  o u ts id e  th e  g u id e (^ ^ ) .
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Both th e  com pression c o i l  and f lu x  gu ide  were machined w ith  180° , 

0 .5 cm  wide o p t i c a l  v iew ing  s l o t s  (see  F i g . 3 . 2 ( a ) ) .  The com pression c o i l

c e n t r e  t u r n  had s l o t s  every  4cm ; th e s e  were n o t  expec ted  to  s i g n i f i c a n t l y

p e r tu r b  th e  a x i a l  f i e l d ^ ^ ^ \  The volume between th e  vacuum tu b e  and th e

c e n t re  t u r n  was a v a i l a b l e  f o r  d ia g n o s t i c  p ro b es  and a s e c to r  loop ,  which was

used  to  e x c i t e  p lasm a m otion (see  C hapter V I l ) .

An 84pF c a p a c i to r  bank, w i th  a maximum charg ing  v o l t a g e  o f  4 5 kV , 

was connected  to  th e  com pression c o i l  by  56 p a r a l l e l  c a b le s  and 14 p a r a l l e l  

spark  gaps, which were t r i g g e r e d  by  a B lum lein  g e n e r a to r .  The e a r th  r e t u r n  

was p la c e d  between th e  d ia g o n a l  ta b  system  (see  F i g . 3 . 2 ( c ) ) ,  and connected  

to  a copper e a r th  mat.

The o s c i l l a t i n g  I q c u r r e n t  waveform was used  to  de te rm ine  th e  t o t a l  

c i r c u i t  impedance (se e  s e c t io n  A 2 .3 ) .  V alues o f  in d u c tan ce  and r e s i s t a n c e  

o b ta in e d  were
Lrjt = 330 nH

E j = 5mQ .

The induc tance  Lq o f  th e  7 - tu r n  com pression c o i l  was e s t im a te d  u s in g  

e q u a t io n t . ( 2 .9 ,3 ) , where th e  c ro s s  s e c t i o n a l  a re a  A was ta k e n  a s  th e  c o i l  

a r e a  minus th e  f lu x  gu id  a r e a ;

Lg = 190nH .

F i g . 3 , 3(b) i l l u s t r a t e s  th e  e l e c t r i c a l  c i r c u i t .  The e x t e r n a l  in d u c tan ce  

Lg was accounted  f o r  by th e  in d u c ta n c e s  o f  th e  t a b s ,  e a r t h  r e t u r n  p l a t e ,  

co nnec ting  c a b le s ,  spark  gaps and c a p a c i t o r s .

With th e  c a p a c i to r  bank charged to  4 5 kV th e  maximum c u r r e n t  measured 

was 690kA , reached  in  8 .3  |is  (see  s e c t io n  A 2 .3 ) .  U sing e q u a t io n  ( 2 .9 .4 )  th e  

maximum a x ia l  f i e l d  was c a l c u la te d  as  17.5kG . T h is  v a lu e  was confirm ed by  

s ea rch  c o i l  measurements (see  s e c t io n  A 2 .4 ) .
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3 .3  THE VACUUM SYSTEM

A c y l i n d r i c a l  q u a r tz  tu b e ,  i n t e r n a l  r a d iu s  4 ,3  cm and e x t e r n a l  r a d iu s

4 .7  cm , was supported  in s id e  th e  f lu x  gu ide  (see  F i g . 3 . 2 ( a ) ) .  The tu b e  

i n t e r i o r  was sand b l a s t e d  a t  p o s i t i o n s  o p p o s i te  th e  v iew ing  s l o t s ,  and th e  

e x t e r i o r  18(f o p p o s i te  th e  s l o t s  covered w ith  b la c k  p a p e r .  These p re c a u 

t i o n s  reduce o p t i c a l  plasm a r e f l e c t i o n s ,  which can co m plica te  o p t i c a l  d ia g -

. .  (41)n o s t i c s '  ,

A r o t a r y  pump, a m ercury d i f f u s i o n  pump and a n i t r o g e n  t r a p  were 

used  to  o b ta in  b ase  p r e s s u r e s  o f  5 X lOT? t o r r  , w i th  le a k  r a t e s  o f  5 X 10“^ 

m t o r r  l i t r e s  s~^ . D euterium  was in t ro d u c e d  in to  th e  system  th ro u g h  a 

h e a te d  n ic k e l  l e a k .  Gas p r e s s u r e s  were measured u s in g  P i r a n i  and io n i z a 

t i o n  gauges.

3 .4  ' n m  PEE-IONIZATION CIRCUIT

A 0.75 |JF  , 4 0 kV c a p a c i to r  was d isc h a rg e d  a x i a l l y  th ro u g h  th e  gas f o r  

p r e - i o n i z a t i o n .  The o s c i l l a t i n g  c u r r e n t  was e i t h e r  d iv e r t e d  a t  c u r r e n t  

zero  w i th  a spark  gap sw itch ,  o r  th e  c i r c u i t  c r i t i c a l l y  damped, to  p roduce a 

s in g le  c u r r e n t  p u ls e  o f  7 |is d u r a t io n  and 10 kA am p litu d e .  E ig h t  p r e 

i o n i z a t i o n  c u r r e n t  r e t u r n  b a r s  were used , p la c e d  sy m m e tr ica lly  abou t th e  

com pression c o i l  ( s e e  F i g . 3 . 2 (a )  and ( c ) ) .  A p r e - p r e i o n i z a t i o n  spark  gap 

was mounted in  th e  e a r t h  d i s c  (see  F i g . 3 . 2 ( a ) )  to  reduce  th e  gas  breakdown 

t im e; t h i s  was connected  to  th e  p o s i t i v e  te rm in a l  o f  th e  p r e - i o n i z a t i o n  

system . F i g . 3 . 2 (b) i l l u s t r a t e s  th e  e l e c t r i c a l  netw ork .

3 .5  THE BIAS FIELD CIRCUIT

A 190 pF c a p a c i to r  bank was d is c h a rg e d  in to  th e  com pression  c o i l  

th ro u g h  a 2 . 7 pH i s o l a t i n g  in d u c tan ce ,  to  produce a b i a s  f i e l d  w i th  a 

p e r io d  o f  150 p s  and a peak am plitude  o f  ± 1 .4 k G  (see  s e c t i o n  2 . 7 ) .  I f  

th e  b i a s  bank was t r i g g e r e d  about 3 5 p s  b e fo re  thev.main az im u tha l c u r r e n t ,  

t h e  r e s u l t i n g  b i a s  f i e l d  could  be c o n s id e re d  a c o n s ta n t  over th e  plasm a
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l i f e t i m e .  The i s o l a t i n g  in d u c tan ce  reduced  th e  peak a x i a l  m agnetic  f i e l d  

from 17.5kG to  17kG , F i g . 3 , 3 (a )  t a b u l a t e s  th e  main p a ra m e te rs  o f  th e  

az im utha l ( t h e t a )  c u r r e n t ,  th e  p r e i o n i z a t i o n  ( a x i a l )  c u r r e n t ,  and th e  b i a s  

f i e l d ,  c i r c u i t s .  . ,

3 .6  TI-IE DISTINCTIVE FEATURES .

Using a s e r i e s  t u r n  com pression c o i l  a l lo w s  th e  le n g th  and induc tance  

o f  th e  c o i l  to  be in c re a s e d  s im u l ta n e o u s ly  above normal v a lu e s ,  t y p i c a l l y  

2 m and 10 nH. E f f i c i e n t  energy  t r a n s f e r  from th e  c a p a c i to r  bank to  th e  

long  plasma can th e n  be o b ta in e d  w ith o u t  a c a r e f u l l y  des igned  low in d u c tan ce  

bmik.

The i n i t i a l  r a t e  o f  r i s e  o f  a x i a l  m agnetic  f i e l d ,  Bq , was ^ 3 .3 k G  

ps“^ , co rrespond ing  to  an az im utha l e l e c t r i c  f i e l d  a t  th e  vacuum tu b e  w a ll  

o f  Eg <: 70V cm“  ̂ (see  eq u a t io n  ( 2 . 3 . 1 ) ) .  The plasm a te m p era tu re  i s  a

f u n c t io n  o f  Eg ( se e  eq u a t io n  ( 2 .9 .1 1 ) ) ;  most t h e t a t r o n s  o p e ra te  w ith  Eg 

between 200 V cm"^ and 600 V cm"^ Using e q u a t io n  ( 2 .9 .1 1 )  and a

computer code (see  C hapter V ) , peak te m p e ra tu re s  o f  50 eV were p r e d i c t e d .

3 .7  THE 2 m THETATRON (44)

This  machine, s im i l a r  to  t h e  3 ,5  m t h e t a t r o n ,  was b u i l t  w i th  a 

7 s e r i e s  t u r n  com pression c o i l ,  2 m lo n g .  Each t u r n  was in te r c o n n e c te d  by  

s t r a i g h t  t a b s ,  a s  opposed to  d iag o n a l  t a b s  on th e  3^ 5 m t h e t a t r o n .  A 

f lu x  guide  w a s ,n o t  in c lu d e d ,  so t h a t  t r a n s v e r s e  f i e l d  components were 

expec ted .

The com pression c o i l  was connected  to  a 60 pF c a p a c i t o r  bank, which 

was charged to  35kV^ A peak a x i a l  f i e l d  o f  14kG , w i th  a q u a r t e r  p e r io d  

o f  9 P s ,  r e s u l t e d .

P r e io n i z a t i o n  was perform ed by  a clamped a x i a l  d is c h a rg e  o f  lOkA 

over 6 p s .  The vacuum system  was s i m i l a r  to  th e  3 .5 m  t h e t a t r o n  system  (see  

s e c t io n  3 . 3 ) .  F i g . 3 . 3 (c )  summarises th e  main e l e c t r i c a l  p a ra m e te rs  o f  th e

az im utha l and th e  a x i a l  c u r r e n t  c i r c u i t s .
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(a )  The 3 .5  , T h e ta t ro n  Bank P aram eters

CIRCUIT CAPACITANCE
(MF)

ENERGY
(kJ)

CURRENT 
(kA) , .

FIELD
(kG)

PERIOD
(us)

THETA Cq = 84 85 690 17 .5 33

BIAS Cp = 190 6 50 i  1 .4 150

PREION. Cg = 0.^75 0 .6 10 14

The S. 5 m T h e ta t ro n  C i r c u i t

A AZIMUTHAL CUIffiENT 
CIRCUIT ( l a )

B AXIAL CURRENT 
CIRCUIT ( l^ )

j----------- 1

____I

PLASMA

(c) The 2 m T h e ta t ro n  Bank P a ram eters

CIRCUIT CAPACITANCE
(UF)

ENERGY
(k j)

CURRENT
(kA)

FIELD
(kG)

PERIOD
(us)

THETA Cr = 60 3 6 .5 320 14 36

PREION. Cg = 0 .75 0.6 10 12

F i g . 3 .3
The e l e c t r i c a l  p a ra m e te rs
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C H A P T E R  IV

AN INVESTIGATION OF THE HEATING MECHANISMS IN A THETA PINCH

4.1  INTRODUCTION '

The experim en ts  to  d e te rm in e  th e  e f f e c t  o f  th e  i n i t i a l  c o n d i t io n s  on 

th e  3 .5 m  t h e t a  p in c h  plasm a c h a r a c t e r i s t i c s  a r e  d e s c r ih e d ^ ^ ^ ) .  P r e l im in 

a r y  experim en ts  were aimed a t  p ro duc ing  a h o t ,  r e p r o d u c ib le ,  MH D s ta b l e  

plasm a f o r  th e  p e r tu rb e d  m otion s tu d ie s  (s e e  C hapter V I l ) . The r e s u l t s  

a r e  compared w ith  th e  p r e d i c t i o n s  o f  a computer code in  C hapter V.^

The ex p er im en ta l  p ro ced u re  i s  d e s c r ib e d ,  and th e  r e s u l t s  o f  v a ry in g  

th e  b i a s  f i e l d ,  gas  f i l l i n g  p r e s s u r e ,  p r e i o n i z a t i o n  to  com pression  c u r r e n t  

d e la y  tim e .and th e  r a t e  o f  change o f  e x t e r n a l  m agnetic  f i e l d  a re  p r e s e n te d .  

Measurements o f  th e  plasm a diam agnetism , l i n e  mass, e l e c t r o n  d e n s i t y  p r o f i l e ,  

b e t a  and te m p e ra tu re  were made; d e t a i l s  o f  th e  d i a g n o s t i c  te c h n iq u e s  a r e  

g iven  in  Appendix A .2 . • The optimum i n i t i a l  c o n d i t io n s  f o r  a c h ie v in g  a h o t ,  

s t a b l e  plasma were d e te rm in ed .

4 .2  THE EXPERIMENTAL PROCEDURE

The vacuum tu b e  o f  th e  3 .5 m  t h e t a t r o n  (se e  C hapter  I I I )  was degassed  

by  r e p e a te d  d i s c h a rg e s  ( s e e  S e c t io n  2 . 6 . 3 ) ,  P u r i f i e d  d eu te r iu m  gas  was 

used  fo r  th e  ex p er im en ts .  Each plasm a produced  was pho tographed  w ith  a 

s t r e a k  camera th ro u g h  a 0 .5  cm wide s l i t  in  th e  com pression c o i l  c e n t r e  t u r n  

(see  S e c t io n  A .2 .6 ) ,  and th e  d iam agnetism  rec o rd e d  1 cm from t h i s  s l i t  ( s e e  

S e c t io n  A 2 .8 ) .  From th e  r e s u l t i n g  in fo rm a t io n  th e  average  te m p e ra tu re  

(se e  S e c t io n  A 2.10), ave rage  b e t a ,  w r i t t e n  (p )  (see  S e c t io n  A 2.10),  e l e c t r o n  

d e n s i t y  (see  S e c t io n  A 2 .7 ) ,  l i n e  mass (see  S e c t io n  A2.9) and r a d iu s  (see  

S e c t io n  A2.10) were deduced. A t y p i c a l  s e t  o f  c u r r e n t  waveforms, diamag- 

n e t i c  s i gna l and s t r e a k  pho tog raph  i s  shoim in  F i g , 4 . 2 ( b ) .  F i g . 4 .3  shows 

a t y p i c a l  i n t e n s i t y  and r a d i a l  e l e c t r o n  d e n s i t y  p r o f i l e .
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The i n i t i a l  c o n d i t io n s  v a r i e d  were :

(1) The c a p a c i to r  hank v o l t a g e .  T h is  c o n t r o l l e d  th e  e x te rn a l

m agnetic  f i e l d  , and th e  i n i t i a l  r a t e  o f  change o f  th e

e x te r n a l  m agnetic  f i e l d ,  B^ ,

( 2) The b i a s  f i e l d  B ^ .

(3) The f i l l i n g  p r e s s u r e  p .

( 4) The d e la y  between th e  a x i a l  p r e i o n i z a t i o n  c u r r e n t  and

th e  az im u tha l  c u r r e n t .  was d e f in e d  a s  th e  tim e between

th e  p r e i o n i z a t i o n  c u r r e n t  zero  and th e  s t a r t  o f  th e  az im utha l 

c u r r e n t ;  n e g a t iv e  v a lu e  o f  were p roduced  by  t r i g g e r i n g

th e  main c a p a c i t o r  bank b e fo re  th e  p r e i o n i z a t i o n  c u r r e n t  had 

reach ed  zero*

A l i m i t e d  scan  o f  th e  v a r i a b l e s ,  w i th  th e  emphasis on d e te rm in in g  th e  

dependence o f  th e  plasm a te m p e ra tu re  on th e  i n i t i a l  c o n d i t io n s ,  was perform ed, 

E xperim ents  showed t h a t  t h e  l i n e  mass was a f u n c t io n  o f  p and o n ly

(s e e  s e c t io n  4 . 4 . 6 ) .  The average  te m p e ra tu re ,  d e r iv e d  from th e  d iam ag n e t ic  

s ig n a l  (s e e  e q u a t io n  A 2 .2 2 ) , can be v r r i t t e n

T « ---------------   . . .  ( 4 . 2 . 1 )

where S i s  th e  d iam agnetism , M i s  th e  l i n e  mass. Changing (g) from 

0 to  th e  maximum v a lu e  o f  0 .5  (se e  e q u a t io n  A2.1?) d e c re a s e s  T^^ by  15^. 

T h e re fo re  f o r  c o n s ta n t  M and B th e  te m p e ra tu re  i s  a p p ro x im a te ly  p ro p o r 

t i o n a l  to  th e  d iam agnetism . T h e re fo re  f o r  c o n s ta n t  p and B^ th e  

o p t i m i s a t io n  o f  b i a s  B^ and d e la y  f o r  th e  maximum te m p e ra tu re  was

perfo rm ed  as  an o p t im is a t io n  f o r  maximum diam agnetism .

4 .3  THE EXPERIMENTAL ERRORS

When one o b s e rv a t io n  was made f o r  a p a r t i c u l a r  s e t  o f  c o n d i t io n s ,  

t h e  e r r o r s  were ta k e n  as  th e  p e rc e n ta g e  e r r o r s  g iv en  in  Appendix A 2 and 

sunmiarlsed^in F ig .A 2 .2. When a number o f  o b s e r v a t io n s  was made f o r  th e  

same i n i t i a l  c o n d i t io n s ,  th e  most p ro b a b le  e r r o r ,  r ,  was used^^^^ :
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r  = 0 .85  . . .  ( 4 .3 .1 )
i t / n -  1

where i s  th e  d e v i a t i o n  o f  th e  i^ ^  o b s e rv a t io n  from th e  mean

n i s  th e  number o f  o b s e r v a t io n s .

E r r o r  b a r s  i n d i c a t e  th e  most p ro b a b le  e r r o r .  O therw ise  p e rc e n ta g e  e r r o r s

must be assumed.

4 .4  THE EXPERIMENTAL RESULTS

4 .4 .1  V arying th e  P re s s u re

The d eu te r iu m  gas  f i l l i n g  p r e s s u r e  was v a r i e d  betw een 10 m to r r  and 

50 m torr  , and th e  d iam agnetism  re c o rd e d  a t  4 p.s and 8 jis a f t e r  th e  s t a r t

o f  th e  main az im utha l c u r r e n t  Ig • The o th e r  v a r i a b l e s  were s e t  to

. Tpi = 0 lis ;

B, = 0 kG ;

B^ = 2 .9  kG ps'-^ .

The maximum diam agnetism  o ccu r red  f o r  20 ^  p 50 m to rr  . Above 

3 0 m to rr  th e  plasm a was d i f f u s e .  Below 2 0 m to rr  th e  s t r e a k  p h o to g rap h s  

showed a plasma wobble o f  about 0 .5  cm Below 10 m to r r  th e  gas  b re a k 

down became e r r a t i c .  A working p r e s s u r e  o f  30 m to rr  was chosen.

4 . 4 .2  V arying  th e  P r e i o n i z a t i o n

The p r e i o n i z a t i o n  to  main az im u tha l  c u r r e n t  d e la y ,  , was v a r i e d

betw een -  3 |Js and +20p ,s  , w i th  th e  o th e r  v a r i a b l e s  :

p = 30 m to rr  ;

B i  = 0 kG;

Bq = 2 .2  to  3 .3 k G |j s “  ̂ .

F o r  a l l  th e  v a lu e s  o f  B^ used ,  th e  d iam agnetism , r e c o rd e d  a t  4 jis and

8 ,_^was_a. maximum when was -  2 ps  ; t h a t  i s ,  when th e  az im u th a l  c u r r e n t

was i n i t i a t e d  b e fo re  th e  p r e i o n i z a t i o n  c u r r e n t  was z e ro .  With T^j < -  2 ps
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th e  s t r e a k  pho tog raphs  showed an asymmetric im plos ion  fo llow ed  by an m = l  

i n s t a b i l i t y  (see  S e c t io n  2 . 8 . 4 ) .  Plasma r o t a t i o n  (se e  S e c t io n  2 . 8 . 2 ) ,  ■ 

deduced from s te r e o s c o p ic  s t r e a k  pho to g rap h s ,  was observed  w ith  -  2 ps

-1and Bq < 2 .2  kG ps

When Tpj was in c re a s e d ,  th e  plasm a became d i f f u s e  and th e  diamag

n e t is m  d ec re ase d ; f o r  c o n s ta n t  Bq t h i s  d e c re a se  was e q u iv a le n t  to  a 

d e c re a se  i n  te m p e ra tu re  ( se e  S e c t io n  4 . 2 ) .  F i g . 4 .1  i l l u s t r a t e s  th e  depen

dence o f  d iam agnetism  on Tpj and Bq . With Bq = 3 .3 k G p s “  ̂ th e  diamag

n e t ism , and t h e r e f o r e  th e  te m p e ra tu re ,  v a r i e d  s t r o n g ly  f o r  -  2 < Tpj < 2 ps . 

As Bq was d ec re ase d  th e  d iam agnetism  was found to  be l e s s  dependent on 

; w i th  Bq = 2 .6 k G p s “  ̂ and Tpj ^  4 ps th e  p lasm a was co ld .  Two 

v a lu e s  o f  Tpj were chosen f o r  f u r t h e r  ex ,)erim ents; Tpj = 0 and -  2 ps .

4 .4 .3  The E f f e c t  o f  B ia s  F i e l d  on th e  P re io n iz e d  Plasma

I t  was found t h a t  th e  b i a s  f i e l d ,  p r e s e n t  i n  th e  gas  b e fo re  p r e 

io n i z a t i o n ,  a l t e r e d  th e  gas breakdown time^^^^ (see  S e c t io n  2 , 7 ) ,  F i g . 4 . 2 (a )  

shows two s t r e a k  p h o tog raphs  o f  th e  p r e io n i z e d  gas ,  one w i th  a b i a s  f i e l d  

o f  -  350 G and one w i th  no b i a s  f i e l d .  With no b i a s  f i e l d  th e  z p in c h  

p r e i o n i z a t i o n  p roduced  a p lasm a im p lo s io n  to  th e  a x i s  in  0 .6  ps , fo llow ed  

by  an expansion  to  th e  vacuum tu b e  w a l l s  a f t e r  a f u r t h e r  2 p s .  When a 

b i a s  f i e l d  was a p p l ie d  th e  r a p id  c o n t r a c t io n  and 63q)ansion were n o t  observed ,  

and th e  l i g h t  i n t e n s i t y  was more un ifo rm .

4 . 4 .4  V arying th e  B ia s  F i e l d  (n e g a t iv e )

The b i a s  f i e l d  B^ was v a r i e d  between 0 and -  1 kG , w i th  

p = 3 0  m to rr  ;

^  Tpj = 0 and -  2 ps ;

Bo = 2 .2  to  3 .3  kG ps"^ .

F i g . 4 , 2(b) shows a t y p i c a l  s e t  o f  c u r r e n t  waveforms, d iam ag n e t ic  s igna] and 

a s t r e a k  p h o tog raph .  F i g . 4 .3  shows an i n t e n s i t y  p r o f i l e  and th e  r e s u l t i n g
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r a d i a l  e l e c t r o n  d e n s i t y  p r o f i l e  a t  4 ps , f o r  T^j — 0 ps , Bq — 2 .9  kG ps 

and B i  = 0 .  F ig .  4 .4  shows an i n t e n s i t y  p r o f i l e  a t  4 ps f o r  = 0 ps  ,

Bq =i 2 .9  kG ps"^ and B^ = -  1 kG . I n  t h i s  case  th e  t r a p p e d  n e g a t iv e  f l u x  

produced a ho llow  p r o f i l e  (s e e  S e c t io n  2 . 7 ) .  F o r  B^ > -  500 G ho llo w  

p r o f i l e s  were n o t  observed  a f t e r  4 ps , im ply ing  t h a t  th e  t r a p p e d  n e g a t iv e  

f lu x  d i f f u s e d  o u t o f  th e  p lasm a. F or B^ < -  500 G th e  s t r e a k  ph o to g rap h s  

showed a r a p id  r a d i a l  expansion  a f t e r  4 p s  ; a co rre sp o n d in g  in c r e a s e  i n  

th e  diam agnetism  was o b se rv ed .  T h is  r a d i a l  expansion  was assumed to  be 

caused by th e  jo i n in g  o f  t h e  i n t e r n a l  and e x t e r n a l  f i e l d  l i n e s  ( s e e  S e c t io n  

2 .7 ) ,  which p roduces  an a x i a l  plasma c o n t r a c t i o n .

F i g . 4 .5  shows th e  d iam agnetism  a t  4 .0  and 8 .0  ps  a s  a fu n c t io n  o f  

Bq and B̂  , f o r  = 0 ps . The diam agnetism  d e c re a se d  a s  Bq was

d ec re ase d ;  t h i s  was n o t  n e c e s s a r i l y  a s s o c i a t e d  w ith  a te m p e ra tu re  d e c re a se  

because  o f  th e  dependence o f  l i n e  mass M on Bq . S im i la r  r e s u l t s  were 

o b ta in e d  w ith  = -  2 ps , b u t  th e  d iam agnetism  was l a r g e r .

Using e q u a t io n s  A2.21 and A2.22, w i th  measured v a lu e s  o f  plasm a 

r a d iu s  and l i n e  mass (see  S e c t io n  4 . 4 .6 ) ,  th e  d iam agnetism  was i n t e r p r e t e d  

as  v a lu e s  of (g )  and average  te m p e ra tu re  Tjj^. F i g . 4 .6  shows th e  d e r iv e d  

v a lu e s  o f  (P) a t  4 ps and 8 ps a s  a f u n c t io n  o f  B^ and , w i th

Bq = 3 .3 k G p s “^ .  N ega tive  b i a s  f i e l d s  in c re a s e d  (g) , e s p e c i a l l y  f o r  

Tpj = 0 ps . A s im i l a r  in c re a s e  i n  (p> was found f o r  Bq < 3 .3 k G p s ~ ^ .

4 .4 .5  V arying th e  B ias  F i e l d  ( p o s i t i v e )

The b i a s  f i e l d  was v a r i e d  between 0 and 500 G , w i th

p = 3 0  m to rr  ;

T _ =  0 and -  2 ps ;
— p i

Bq = 3 .3  kG p s - i  .

U s in g  th e  same p ro ced u re  as  d e s c r ib e d  in  S e c t io n  4 . 4 .4 ,  v a lu e s  o f  average  

te m p era tu re  T^^ were d e r iv e d .  F ig .  4 .7  shows th e  dependence o f  T j^  a t
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4 lis on th e  b i a s  f i e l d  ( p o s i t i v e  and n e g a t iv e )  and Tpj, w i th

Bq = 3 .3 k G p s “^ .  F or T^j = - 2  p s ,  n e g a t iv e  b i a s  f i e l d s  in c re a s e d  

and p o s i t i v e  b i a s  f i e l d s  d ec re ase d  . For t^ j  = Ops , n e g a t iv e  b i a s

f i e l d s  s h a rp ly  in c re a s e d  P o s i t i v e  b i a s  f i e l d s  B^ < 200 G in c re a s e d

^Av» ^  200 G d ec re a se d  . With jB^j ^  260 G , was in d e 

penden t o f  Tpj ,  The two com pu ta tiona l cu rves  on F i g . 4 .7  a r e  e x p la in e d  i n  

S e c t io n  5 .3 .4 .

H ea ting  r a t e s ,  T ^ ^ , d e f in e d  as  th e  in c r e a s e  i n  ave rage  te m p e ra tu re  

over th e  f i r s t  4 ps , were c a l c u l a t e d  as  f u n c t io n s  o f  Bq , B^ and T^j .

The r e s u l t s ,  p l o t t e d  in  F i g . 4 .8 ,  show t h a t  T^^ in c re a s e d  as  Bq was 

d ec re ase d .  The h e a t in g  r a t e s  f o r  a p lasm a w i th  a ± 500 G b i a s  f i e l d  were 

independen t o f  T^j . A lthough th e  d iam agnetism  d e c re a se d  w i th  d e c r e a s in g  

Bq ( see  F i g . 4 .5 ) ,  th e  change in  l i n e  mass ( s e e  S e c t io n  4 .4 .6 )  dom inated 

th e  c a l c u l a t i o n s .

4 .4 .6  The E f f e c t  o f  th e  I n i t i a l  C o n d it io n s  on th e  L ine  Mass

The l i n e  mass, o b ta in e d  from th e  r a d i a l  mass o s c i l l a t i o n  f req u en cy  

(see  S e c t io n  A 2.9),  was c a l c u l a t e d  a s  a p e rc e n ta g e  o f  th e  i n i t i a l  f i l l i n g  

mass. F i g . 4 .9  i l l u s t r a t e s  th e  r e s u l t i n g  mass c o l l e c t i o n  p e rc e n ta g e  as  a 

f u n c t io n  o f  Bq and p . F o r  b o th  20 m to rr  and 30 m to r r  th e  mass c o l l e c 

t i o n  d ec reased  w ith  d e c re a s in g  Bq . B ia s  f i e l d s  |B ^ | ^  500 G d id  n o t  

a f f e c t  th e  r e s u l t s ;  n o r  d id  changing T^j from -  2 ps to  + 1 5 p s  ,

4 .5  SUMMARY

P re l im in a ry  experim en ts  w i th  no b i a s  f i e l d  and a p r e i o n i z a t i o n  to  

main az im utha l c u r r e n t  d e la y  T^j = 0 p s  produced  a p lasm a w ith  an av e ra g e  

tem p era tu re  T ^  = 24 eV and an average  b e t a  (p )  = 0 .2  a f t e r  4 ps  . The 

plasma p a ram e te rs  were s t r o n g ly  dependent on th e  i n i t i a l  c o n d i t io n s ;  d e c re a s -  

^pl - 2 p s  in c re a s e d  T^^, to  44 eV and <p> to  0 .4 .  Both

th e s e  plasm as were MHD s t a b l e  and r e p ro d u c ib le  f o r  a t  l e a s t  15 p s .
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Small n e g a t iv e  b i a s  f i e l d s  -  200 G in c re a s e d  th e  te m p e ra tu re

and reduced  th e  c r i t i c a l  dependence on th e  i n i t i a l  c o n d i t i o n s .  V alues  o f  

<P> = ^0 ,5  were o b ta in e d .  The plasm as produced  u s in g  Tpj = -  2 ps , o r  

Tpl = Ops and B^ 350 G, were s u i t a b l e  f o r  th e  p e r tu r b e d  p lasm a m otion

experim ents  (see  C hapter V I l ) .

Small p o s i t i v e  b i a s  f i e l d s  B^ ^  200 G in c re a s e d  th e  av e ra g e  tem pera

t u r e  fo r  Tpj = Ops . With t^ j  = -  2 ps  p o s i t i v e  b i a s  d e c re a se d  t h e  a v e r 

age te m p e ra tu re .  L a rg e r  v a lu e s  o f  p o s i t i v e  b i a s  d e c re a se d  th e  te m p e ra tu re  

f o r  a l l  v a lu e s  o f  Tpj .

The p e rc e n ta g e  o f  th e  f i l l i n g  mass c o l l e c t e d  i n  th e  p lasm a d e c re a se d  

w i th  d e c re a s in g  e x t e r n a l  m agnetic  f i e l d ;  w ith  Bq = 2 .2  kG ps"^ and a f i l l i n g  

p r e s s u r e  o f  30 m to rr  o n ly  13^ o f  th e  mass was c o l l e c t e d .

The h e a t in g  r a t e  d e c re a se d  w ith  in c r e a s in g  Bq . A v a lu e  o f  

Bq = -3kG ps^^  was found below which th e  h e a t in g  r a t e  in c r e a s e d  and th e  l i n e  

mass d ec re ase d .
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C H A P T E R  V

A COMPARISON BETIÆEN THE EXI^ERIMEJNTAL HEATING RESULTS 

AND THE PREDICTIONS OF A COMPUTER CODE

5.1 INTRODUCTION

The p r e d ic t i o n s  o f  a computer code which s im u la te d  th e  h e a t in g  and 

energy  l o s s  p ro c e s s e s  p r e s e n t  in  a t h e t a  p in c h  a r e  d e s c r ib e d .  A d e s c r i p 

t i o n  o f  th e  code i s  g iv e n ,  fo llow ed  hy th e  computed r e s u l t s  o f  v a ry in g  th e  

io n i z a t i o n  c o e f f i c i e n t  and im p u r i ty  c o n te n t  o f  th e  p r e io n i z e d  g as ,  and th e  

b i a s  f i e l d .  These r e s u l t s  in c lu d e  a r e l a t i o n s h i p  betw een th e  h e a t in g  

r a t e  and th e  i n i t i a l  r a t e  o f  r i s e  o f  e x t e r n a l  m agne tic  f i e l d ,  T oc ,
3  

O
which ag re e s  w ith  ex p er im en ta l  r e s u l t s .

The e x p e r im e n ta l ly  observed  dependence o f  t e n ^ e r a t u r e  on th e  b i a s  

f i e l d  and p r e i o n i z a t i o n  to  main az im u tha l  c u r r e n t  d e l a y  ( s e e  C hap ter  IV) 

i s  ex p la in ed  by  c o n s id e r in g  p a r t i a l  i o n i z a t i o n .  F o r  t h i s  p u rp o se  an 

ana logy  i s  made between th e  p r e io n i z e d  gas  and an a f t e r g lo w  p la sm a . A 

concluding  s e c t i o n  summarises th e  main r e s u l t s ,  and c o n s id e r s  p o s s i b l e  

fu tu r e  experim en ts .

5.2 IHÉ COMPUTER CODE

A r a d i a l  v e r s io n  o f  th e  H a in -R o b e r ts  MED c o d e (G 0 ,6 l)  ^o

determ ine  th e  e f f e c t  o f  b i a s  f i e l d s ,  p a r t i a l  i o n i z a t i o n  and im p u r i t i e s  on 

a t h e t a  p in c h .  T h is  programme so lv e s  th e  MHD e q u a t io n s  f o r  a t h r e e  

f l u i d  plasma o f  io n s ,  e l e c t r o n s  and n e u t r a l s  i n  an  i n f i n i t e l y  long  c y l i n 

d e r .  A ll  te m p e ra tu re s  can r e l a x  tow ards  one a n o th e r  by  e l a s t i c  c o l l i 

s io n s  excep t f o r  io n  and n e u t r a l  p a r t i c l e  te m p e ra tu re s ;  h e r e  charge  

exchange i s  assumed to  dom inate .  Both io n s  and e l e c t r o n s  a r e  shock 

hea te d .  J o u le  h e a t in g  and r a d i a t i o n  lo s s e s  a re  c o n f in e d  to  t h e  e l e c t r o n s .  

F r i c t i o n a l  h e a t in g  between io n s  and e l e c t r o n s  i s  in c lu d e d .
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Recombination o f  io n s  and e l e c t r o n s ,  and l i n e  r a d i a t i o n ,  a r e  n o t  

in c lu d e d .  The c o e f f i c i e n t s  i n  t h e  programme were chosen to  s u i t  th e  

Culham 8 m t h e t a  p in ch ;  t h a t  i s ,  f o r  a h ig h  te m p e ra tu re  t h e t a  pinch^®^^

The v a r i a b l e s  used  were

a  th e  i o n i z a t i o n  c o e f f i c i e n t  o f  th e  p r e io n i z e d  gas

Y th e  p e rc e n ta g e  o f  im p u r i ty ,  ta k e n  as  oxygen

th e  b i a s  f i e l d  

B th e  peak e x t e r n a l  m agne tic  f i e l d

UU th e  m agnetic  f i e l d  o s c i l l a t i o n  f req u en cy  (B = B s in u ) t )

r  th e  vacuum tu b e  w a l l  r a d iu s

p th e  i n i t i a l  f i l l i n g  p r e s s u r e

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

Each conpu te r  ru n  was s t a r t e d  by  d e f in in g  th e  p r e io n i z e d  gas  te m p e ra tu re

Tĵ  = Tg = 2 eV . The i n i t i a l  p a r t i c l e  d i s t r i b u t i o n s  were e i t h e r  p l a n a r

o r  p a r a b o l i c .  o

5 .3  THE COMPUTATIONAL RESULTS

5 .3 .1  The E f f e c t  o f  V arying  th e  I o n i z a t i o n  C o e f f i c i e n t  ( s e e  S e c t io n  2 .6 .2 )  

The code was run  w ith  t h e  i o n i z a t i o n  c o e f f i c i e n t  a = 1 . 0  and 0 . 1 ,  

w ith  '

Y = 0 

= 0 G 

B = 7 to  77 kG 

U) =“ 2 ^  10^ r a d  s“  ̂

r  = 4 cm

p = 20 m to rr  o f  Dg ,

The r a d i a l l y  averaged  e l e c t r o n  te m p e ra tu re  Tg i s  shown i n  F i g . 5 .1  f o r  

B^ = 2.44kG  and 7 .8 5 kG ^s"^ , a  = 1 .0  and 0 .1 .  W ith B^ = 2 .4 4 k G ( is “  ̂

t h e  h e a t in g  r a t e  was reduced  by  85^  by d e c re a s in g  th e  i o n i z a t i o n  c o e f f i -  

c i e n f f r o m  1 .0  ( f u l l y  io n iz e d )  to  0 .1  (lO ^ io n iz e d )  . With Bg = 7 .85  kG Jis '^ , 

th e  h e a t in g  r a t e  was reduced  by  30^. F ig .  5 .2  shows th e  h e a t in g  r a t e  T
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as  a. fu n c t io n  o f  Bg and a ;  in  a l l  th e  ca se s  c o n s id e re d  t h e r e  was l e s s  

th a n  5^ d i f f e r e n c e  between Tg and T^. The two cu rves  shown f o r  a = 1 . 0

and 0.1 converge f o r  Bg > lO k G jis"^ .  With a  = 1 .0  th e  h e a t in g  r a t e  i s
A _

d e s c r ib e d  by  T «  B^ . With a =  0 .1  t h e r e  i s  a v a lu e  o f  Bg -  IkG pis

below which no h e a t in g  o c c u rs .  The p o i n t s  marked A to  E a r e  d i s c u s s e d  

in  S e c t io n  5 ,4 .5 .

5 .3 .2  The E f f e c t  o f  V arying th e  Im p u r i ty  C on ten t ( s e e  S e c t io n  2 .6 .3 )

The code was run  w i th  th e  im p u r i ty  c o n te n t  y = 0 ,  0 .1  and 1 ,0 ^

o f  oxygen, w i th

a  = 1 .0  
B^ = 0 G 

B = 14kG

ID = 1 .7 5  X 10^ ra d  s“  ̂

r  = 4 cm .

p = 2 0 m to rr  Dg

The r e s u l t i n g  r a d i a l l y .averaged  e l e c t r o n  te m p e ra tu re s  a r e  shown i n  F i g . 5 .3 ,  

With 0 .1 ^  o f  oxygen th e  h e a t in g  r a t e  was reduced  by  50%. With 1% o f  

oxygen th e  maximum te m p e ra tu re  was reac h ed  a t  2 p.s ; a f t e r  t h i s  t im e  th e  

energy  lo s s e s  due to  b re m s s tra h lu n g  r a d i a t i o n  were g r e a t e r  th a n  th e  ene rgy

in p u t ,  and th e  p lasm a coo led .  These cu rves  r e l a t e  t o  th e  2 m t h e t a t r o n

d e s c r ib e d  in  S e c t io n  3 .7 .

5 .3 .3  The E f f e c t  o f  V arying  th e  B ia s  F i e l d

The code was ru n  w i th  th e  b i a s  f i e l d  B^ = 0 ,  ± 0 .5 ,  ±  1 .0  and

± 1 .5  kG , w ith

& =  1 . 0  

y = 0 

B = 20kG

ÜÜ = 2 .15  X 10^ ra d  s"^ 

r  = 4 cm

p = 20 m to rr  Dg .

F i g . 5 .4  shows th e  t o t a l  l i n e  energy  a t  2 .3 |j .s  , d e r iv e d  from th e  p a r t i c l e
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d e n s i ty ,  te m p era tu re  and m agnetic  f i e l d ,  a s  a f u n c t io n  o f  t h e  b i a s  f i e l d .  

The r e s u l t s  a re  no rm alised  to  th e  l i n e  energy  w ith  = OG. P o s i t i v e  

b i a s  d ec reased  th e  energy , and n e g a t iv e  b i a s  in c re a s e d  th e  ene rgy  up to  

tw ic e  t h a t  f o r  B^ = OG. T em peratures  were found to  depend on th e  

b i a s  f i e l d  in  a s im i l a r  manner ( s e e  S e c t io n  5 . 3 . 4 ) .

5 .3 .4  S im u la t io n s  o f  th e  E xperim en ta l C o n d it io n s  

The code was run  w i th  

a  = 0 . 1 ,  0 .5  and 1 .0

Y = 0

B^ = 0 ,  6250  , -  500 and -lOOOG 

B = 17kG

W  = 1 .9  X 10^ ra d  s"^ '

r  = 4 .3  cm 

p = 3 0  m to rr  Dg ,

to  s im u la te  th e  i n i t i a l  c o n d i t io n s  u sed  in  th e  h e a t in g  ex p er im en ts  d e s 

c r ib e d  in  C hapter IV. R ad ia l  te m p e ra tu re  p r o f i l e s  showed t h a t  b o th  T^ 

and Tg were c o n s ta n t  to  w i th in  20% a c ro s s  th e  p lasm a. F or t im e s  < 2 '^s 

Tg was g r e a t e r  th a n  T^ , b u t  a f t e r  t h i s  t im e  th e  te m p e ra tu r e s  r e la x e d  

to  w i th in  5% o f  each o t h e r .  E l e c t r o n  d e n s i t y  p r o f i l e s  were G aussian  

excep t when n e g a t iv e  b i a s  f i e l d s  were u sed ; th e n  h o llo w  p r o f i l e s  were 

found. I n  a l l  c a se s  th e  t r a p p e d  n e g a t iv e  f l u x  d i f f u s e d  o u t  o f  th e  p lasm a 

w ith  an e - f o ld in g  tim e  *^1 |jls ; t h i s  j u s t i f i e d  th e  a ssum ption  t h a t  a l l  

t r a p p e d  f l u x  was p o s i t i v e  i n  th e  d e r i v a t i o n  o f  average  te m p e ra tu re  from 

th e  d iam agnetism  (se e  S e c t io n  A .2 .1 0 ,  e q u a t io n  A .2 .2 0 ) .

The con fu ted  average  te m p e ra tu re s  a t  4 |ls a r e  p l o t t e d  i n  F i g . 4 .7  

a s  two cu rv es ,  f o r  CX=0.5 and 1 .0 .  A llow ing f o r  th e  e x p e r im e n ta l  e r r o r s  

(see  F ig .A 2 .2 )  t h e  e x p e r im e n ta l ly  de te rm ined  te m p e ra tu re s  l i e  betw een 

th e  com puta tional c u rv e s .

C a lc u la t io n s  o f  th e  l i n e  mass showed t h a t  a t  l e a s t  80% o f  th e  

i n i t i a l  f i l l i n g  mass was c o l l e c t e d ,  even w ith  a = 0 . 1 .  Changing th e
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i n i t i a l  p a r t i c l e  d i s t r i b u t i o n  from p la n a r  to  p a r a b o l i c  changed th e  l i n e  

mass by  l e s s  th a n  5%. No i n d i c a t i o n  o f  a l i n e  mass dependence on Bq , 

a s  observed  e x p e r im e n ta l ly  (see  F i g . 4 .9 ) ,  was found.

I n  F i g . 5 .5  com puta tional and e x p e r im en ta l  d iam agnetism s and tem pera

t u r e s  a re  compared. F i g . 5 . 5 (a )  shows t h a t  th e  f i r s t  peak  o f  th e  diamag

n e t i c  s ig n a l  was w e ll  p r e d i c t e d ,  b u t  a s t ro n g  damping o f  t h e  o s c i l l a t i o n s  

was found. The average d ia m ag n e t ic  s ig n a l  was w e l l  p r e d i c t e d .  F i g . 5 . 5(b) 

shows th e  computed and ex p er im en ta l  average  te m p e ra tu r e s  a s  a f u n c t io n  c f  

tim e; th e y  were found to  a g re e ,  w i th in  th e  ex p e r im e n ta l  e r r o r s .

5 .4  A COMPARISON BET^ÆEN THE EXPERIMENTAL 
AND COMPUTATIONAL RESULTS

5 .4 .1  I n t r o d u c t io n

The experim en ta l  o b s e rv a t io n s  d e s c r ib e d  i n  C hap te r  IV a r e  d i s c u s s e d  

w ith  r e f e r e n c e  to  t h e  com pu ta tiona l r e s u l t s .  E x p la n a t io n s  a r e  su g g es ted  

fo r  th e  fo llo w in g  phenomena

(1) The dependence o f  te i ip e r a t u r e  on th e  p r e i o n i z a t i o n  to  main

az im utha l c u r r e n t  d e la y  ( s e e  S e c t io n  4 . 4 .2  and 4 . 4 . 5 ) .

(2) The dependence o f  te m p e ra tu re  on th e  b i a s  f i e l d  (se e

S e c t io n s  4 . 4 .4  and 4 . 4 . 5 ) .

(3 ) The dependence o f  l i n e  mass on Bg ( s e e  S e c t io n  4 .4 .6 )

( 4) The damping o f  th e  r a d i a l  o s c i l l a t i o n s  (se e  S e c t io n  5 .3 .4 )

( 5) The dependence o f  th e  h e a t in g  r a t e  on Bg (s e e  S e c t io n  4 . 4 . 5 ) .

5 .4 .2  Tem perature and P r e i o n i z a t i o n  to  Main A zim uthal C u rre n t  D elay

I t  was found t h a t  in c r e a s in g  th e  d e la y  betw een th e  p r e i o n i z a 

t i o n  and main az im u tha l c u r r e n t  d e c re a se d  th e  d iam agnetism  and te m p e ra tu re  

o f  th e  plasma ( s e e  S e c t io n  4 . 4 . 2 ) .  T h is  was expec ted  b ecau se  a lo n g e r  

d e la y  a l low s th e  p r e io n i z e d  plasm a to  cool and t h e  io n s  and e l e c t r o n s  to

recom bine. The i o n i z a t i o n  c o e f f i c i e n t  i s  reduced ; t h e r e f o r e  t h e  f i n a l  

te m p era tu re s  o b ta in e d  in  th e  t h e t a  p in c h  a re  reduced  ( s e e  F i g , 5 .1  and 5 . 2 ) .
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However, many t h e t a  p in c h e s  have o p e ra te d  w i th  > GO^s w ith o u t  a

l a rg e  tem p era tu re  r e d u c t io n (^ ^ )^  T h is  can he e x p la in e d  w i th  r e f e r e n c e  to  

F i g . 5 .2 .  The h e a t in g  r a t e ,  T ^  , i s  a f u n c t io n  o f  and th e  i o n i z a 

t i o n  c o e f f i c i e n t  a  . F o r  Bg ^  lO k G jis" ’- , r e d u c in g  a  from 1 .0  to  0 .1  

h a s  l i t t l e  e f f e c t  on th e  h e a t in g  r a t e .  The 3 .5 m  t h e t a t r o n  o p e ra te d  w i th  

Bg ^ 3.3kGias~^ ( th e  p o i n t s  marked A on F i g . 5 . 2 ) .  I n  t h i s  case  th e  h e a t 

ing  r a t e ,  and c o n seq u en t ly  th e  f i n a l  p lasm a te m p e ra tu re s  o b ta in e d ,  a re  

g r e a t l y  reduced  as  a  i s  d e c re a s e d .  T h e re fo re  th e  com pu ta tions  show t h a t  

th e  3 .5 m  t h e t a  p in c h  te m p e ra tu re s  were s t r o n g ly  dependen t on th e  i o n i z a 

t i o n  c o e f f i c i e n t  a>  and co n se q u e n t ly  on th e  d e la y  t im e  ''’p i »  a s  was f  o and 

e x p e r im e n ta l ly .

F i g . 4 .7  shows t h a t ,  f o r  a p lasm a w ith o u t  a b i a s  f i e l d ,  th e  tem pera

t u r e  a f t e r  4 ^s  was in c re a s e d  from 25 eV to  44 eV i f  t h e  d e l a y  Tpj was 

reduced  from 0|j.s to  -  2 |is  . These two te m p e ra tu re s  c o rre sp o n d ,  w i th in  

th e  experim en ta l  e r r o r s ,  to  th e  conputed te m p e ra tu re s  w i th  th e  i o n i z a t i o n  

c o e f f i c i e n t  a  = 0 .5  and 1 .0 .  I f  th e  te m p e ra tu re  dependence on i s

a consequence o f  th e  i o n i z a t i o n  c o e f f i c i e n t ’s dependence on Tpj , a mecha

nism must be found which p r e d i c t s  a d e c re a se  i n  a  from 1 .0  to  0 .5  i n  2p.s.

An ana logy  i s  made betw een th e  p r e io n iz e d  gas  and an a f t e r g lo w  

plasm a. Long and Newton^^^^ have c o m p u ta t io n a l ly  a n a ly se d  a hydrogen  a f t e r 

glow in  2 0 m to rr  o f  hydrogen, w i th  d e n s i t i e s  and te m p e ra tu r e s  s i m i l a r  to  

th o se  expec ted  i n  th e  p r e io n iz e d  g a s .  These c o n p u ta t io n s  showed t h a t  a 

r a p id  co o l in g  a t  th e  p lasm a edges o c c u r re d  f o r  th e  f i r s t  few m icroseconds ,  

caused by  w a ll  c o n t a c t .  To m a in ta in  p r e s s u r e  b a la n c e  th e  p lasm a expanded. 

T here fo re  th e  e l e c t r o n  te m p e ra tu re s  and d e n s i t i e s ,  which were l i n k e d  by  

th r e e  body reco m b in a t io n  (see  S e c t io n  A1.3) were red u ced  i n  t h e  c e n t r a l  

r e g io n ,  and a dense a tom ic l a y e r  formed c lo se  to  t h e  w a l l .  A f t e r  th e  

i n i t i a l  sharp  d e c re a se  i n  e l e c t r o n  d e n s i t y  a slow f a l l  was found, w i th  an 

e - f o ld in g  tim e o f  20 p.s . These computed p r e d i c t i o n s  were found to  ag ree

-  54 -



w ell  w ith  experim en ta l r e s u l t s ^ ^ ^ ) ,  a l th o u g h  th e  r a p id  expans ion  to  th e  

w a l l s ,  p roducing  a sharp  i n i t i a l  d e c re a se  i n  e l e c t r o n  d e n s i t y ,  was a compu

t a t i o n a l  e f f e c t  due to  th e  i n i t i a l  la c k  o f  thermodynamic e q u i l ib r iu m .

The p r e i o n i z a t i o n  system  used  f o r  th e  3 .5 m  t h e t a  p in c h  p roduced  a 

r a p id  c o n t r a c t io n  and expansion  (se e  F i g . 4 . 2 ( a ) ) .  T h e re fo re  t h e  n e u t r a l  

p a r t i c l e  d e n s i t y  should  in c r e a s e  r a p id l y ,  a s  computed by  Long and Newton, 

w ith  a co rrespond ing  d e c re a se  i n  t h e  i o n i z a t i o n  c o e f f i c i e n t .  T h is  mecha

nism would e x p la in  th e  dependence o f  a  on t h e  d e la y  Tpj which i s  

n e c e s s a ry  to  e x p la in  t h e  te m p e ra tu re  dependence on . Any im p u r i t i e s

in t ro d u c e d  in to  th e  p r e io n i z e d  gas  by  plasm a w a ll  c o n ta c t  would a lso  

reduce  th e  f i n a l  t h e t a  p in c h  te m p e ra tu re s  o b ta in e d  (s e e  S e c t io n  5 . 3 . 2 ) .

5 .4 .3  Tem perature and B ia s  F i e l d

F i g . 4 .7  shows th e  e x p e r im en ta l  and computed te m p e ra tu re s  a t  4 p,s 

fo r  a t h e t a  p in c h  plasm a w i th  Bg = S .SkO jis"^  and b i a s  f i e l d  B^ betw een 

- 5 0 0  and + 500 g a u ss .  As th e  b i a s  f i e l d  was in c r e a s e d ,  e i t h e r  p o s i t i v e  

o r  n e g a t iv e ,  ,the ex p e r im en ta l  te m p e ra tu re  w i th  th e  d e la y  Tpj = 0 

approached th e  te m p e ra tu re  w ith  Tpj = - 2 | j , s  ; b o th  were th e n  i n  agreem ent 

w ith  th e  conqauted te m p e ra tu re  f o r  th e  i o n i z a t i o n  c o e f f i c i e n t  a = 1 . 0 .

F i g . 4 . 2 (a )  shows a s t r e a k  pho to g rap h  o f  th e  p r e i o n i z a t i o n  gas  w i th  

and w ith o u t  a b i a s  f i e l d ;  th e  b i a s  f i e l d  was found to  i n h i b i t  t h e  con- 

c o n t r a c t i o n  and expansion  a s s o c i a t e d  w ith  t h e  z p i n c h  p r e i o n i z a t i o n .  The 

com bination  o f  an a x i a l  f i e l d  and a z p i n c h  i s  c a l l e d  a s t a b i l i z e d  p in c h ;  

th e  a x i a l  m agnetic  f i e l d  red u ce s  th e  plasm a r a d i a l  v e l o c i t y .  By r e s t r i c t 

ing  th e  r a d i a l  expansion  to  th e  w a l l ,  th e  sharp  d e c re a s e  i n  th e  e l e c t r o n  

d e n s i t y  and th e  i o n i z a t i o n  c o e f f i c i e n t  (se e  S e c t io n  5 .4 .2 )  would n o t  o c c u r .  

T h e re fo re  b i a s  f i e l d s  would in c re a s e  th e  i o n i z a t i o n  c o e f f i c i e n t  and conse -  

9yG n tly_exp la in  th e  t e n ^ e r a t u r e  dependence shown i n  F i g . 4 ,7 .
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5 .4 .4  The Line Mass

The experim ents  to  d e te rm in e  th e  l i n e  mass showed t h a t  t h e  p e rc e n 

ta g e  o f  th e  i n i t i a l  f i l l i n g  mass c o l l e c t e d  was a fu n c t io n  o f  th e  f i l l i n g  

p r e s s u re  and th e  i n i t i a l  r a t e  o f  r i s e  o f  e x t e r n a l  m agne tic  f i e l d ,  Bg , 

h u t  n o t  a fu n c t io n  o f  th e  d e la y  Tpj o r  th e  b i a s  f i e l d  ( s e e  S e c t io n  

4 . 4 .6 ) .  The computed r e s u l t s  p r e d i c t e d  a t  l e a s t  an 80% mass c o l l e c t i o n ;  

t h i s  v a lu e  was changed l e s s  th a n  5% by  v a ry in g  th e  b i a s  f i e l d ,  i o n i z a t i o n  

c o e f f i c i e n t  and im p u r i ty  c o n te n t .

Both th e  experim en ts  and th e  com puta tions  showed t h a t  t h e  mass 

c o l l e c t i o n  was i n s e n s i t i v e  to  t h e  p r e io n iz e d  gas  c o n d i t io n s .  I t  i s  

sugges ted  t h a t  reco m b in a t io n  p r o c e s s e s ,  exc luded  from th e  computer code, 

may be im p o r tan t  i n  d e te rm in in g  th e  l i n e  mass. D uring th e  e a r l y  s ta g e s  

o f  th e  t h e t a  p in c h  th e  plasm a p e r ip h e r y  would be co ld ;  re c o m b in a t io n  o f  

io n s  and e l e c t r o n s  would a l lo w  th e  r e s u l t i n g  n e u t r a l  p a r t i c l e s  to  escape 

from th e  plasm a and reduce  th e  mass c o l l e c t i o n .  As Bg was in c re a s e d  

th e  h e a t in g  r a t e  would i n c r e a s e ,  so t h a t  few er n e u t r a l  p a r t i c l e s  would be 

produced and th e  mass c o l l e c t i o n  would in c r e a s e .  A dense  l a y e r  o f  n e u t r a l  

atoms o u ts id e  th e  p lasm a column might h e lp  to  damp th e  r a d i a l  mass o s c i l l a 

t i o n s ,  and e x p la in  th e  d is c re p a n c y  betw een th e  ex p e r im e n ta l  and co n fu te d  

d iam agnetism  (see  F i g . 5 . 5 ( a ) ) .

5 .4 .5  The H ea ting  B a tes

E xperim en ta l d e te rm in a t io n s  o f  th e  h e a t in g  r a t e  T showed t h a t  . 

in c re a s in g  Bg d e c re a se d  T, (se e  F i g . 4 . 8 ) ,  c o n t r a r y  to  th e  co m p u ta tio n a l  

r e s u l t s  (see  F i g , 5 . 2 ) .  T h is  i s  e x p la in e d  by  c o n s id e r in g  t h e  p lasm a l i n e  

mass; a s  B^ was d e c re a se d  th e  l i n e  mass d e c re a se d ,  so t h a t  t h e  a v a i l 

a b le  energy  was used  to  h e a t  fewer p a r t i c l e s ,  p ro d u c in g  h ig h e r  te m p e ra tu re s ,

,  -  An a n a l y t i c  form ula  d e r iv e d  by  Mewe^^^^ ( e q u a t io n  ( 2 . 4 . 2 ) )  p r e d i c t s

t h a t  th e  f i n a l  plasma te m p e ra tu re  i s  a f u n c t io n  o f  th e  f i l l i n g  p r e s s u r e  p :

-  56 -



T (% . . . .  ( 5 . 4 , 1 )
p3

I t  vas  assumed t h a t  a l l  th e  gas v as  c o l l e c t e d  by  th e  im p lo s io n .  E x p e r i 

ments on th e  Culham 8 m t h e t a  p in c h  were perform ed  to  d e te rm in e  th e  depen

dence o f  te m p e ra tu re  on th e  i n i t i a l  f i l l i n g  p r e s s u r e ,  u s in g  l a s e r  l i g h t  

s c a t t e r i n g  t e c h n i q u e s ^ ^ ^ \  The r e s u l t s  ag reed  w ith  th e  p r e d i c t i o n s  o f  

th e  H ain -R oberts  MHD code; in  a l l  c a se s  th e  mass c o l l e c t i o n  v a s  ^100%. 

Both th e  experim en ta l  and co m pu ta tiona l r e s u l t s  can be f i t t e d  to  an e x p re s 

s io n  in  th e  form o f  e q u a t io n  ( 5 . 4 . 1 ) .

I f  th e  p e rc e n ta g e  o f  mass c o l l e c t e d  i s  m ^ , e q u a t io n  ( 5 . 4 . l )  can 

be used  to  p r e d i c t  th e  dependence o f  th e  h e a t in g  r a t e  on th e  mass c o l l e c 

t i o n  and th e  p r e s s u r e  :

I  «  — -— 0 . . . .  ( 5 . 4 . 2 )

The e x p e r im e n ta l ly  measured h e a t in g  r a t e s  were co n v e r ted  to  t h e  e q u iv a le n t  

h e a t in g  r a t e  f o r  100% mass c o l l e c t i o n  u s in g  e q u a t io n  ( 5 . 4 . 2 ) ;  t h e  r e s u l t s  

a re  shown in  F i g . 5 .6 .  Also shown a r e  t h e  co m p u ta tio n a l  h e a t in g  r a t e s ,  w ith  

approx, 100% mass c o l l e c t i o n .  With Tpj = - 2  (is t h e  e x p e r im en ta l  h e a t in g  

r a t e s  l i e  between th e  co m p u ta tio n a l  cu rves  f o r  t h e  i o n i z a t i o n  c o e f f i c i e n t  

a  = 0 .5  and 1 .0 .  With = 0 (is t h e  h e a t in g  r a t e s  l i e  betw een t h e

curves  f o r  a  = 0 .1  and 0 .5 .  The e q u iv a le n t  h e a t in g  r a t e s  i n c r e a s e  w i th  

in c re a s in g  Bg, and in c r e a s e  f o r  d e c re a s in g  “̂ pj > i n  acco rd an ce  w i th  t h e  

p ro d e ss  sugges ted  to  e x p la in  th e  e x p e r im e n ta l ly  d e te rm in ed  dependence o f  

te m p era tu re  on ( s e e  S e c t io n  5 . 4 . 2 ) .

To d e r iv e  a g e n e ra l  e x p re s s io n  f o r  th e  h e a t in g  r a t e ,  e q u a t io n  ( 5 ,4 .2 )  

i s  combined w ith  th e  com pu ta tiona l h e a t in g  r a t e ,  T «  B^ , to  g iv e

_ _ _ _ _ _  ^ “ ~ ~  I  • . . .  ( 5 . 4 . 3 )
( < Y >
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The vacuum tu b e  w a ll  r a d iu s  r  can be accoun ted  f o r  by  r e p l a c in g

by th e  az im utha l e l e c t r i c  f i e l d  a t  th e  tu b e  w a l l ,  Eg (s e e  e q u a t io n  ( 2 . 3 . 1 ) ) .

Then (rB ) ^
T oc ^  . . . .  ( 5 .4 .4 )

(mpP)^

E qua tion  ( 5 .4 .4 )  was u sed  to  s c a le  th e  e x p e r im en ta l  h e a t in g  r a t e s  

(see  F i g . 4 .8 )  to  a t h e t a  p in c h  w i th  a 4 cm tu b e  w a ll  r a d i u s ,  and 100% 

mass c o l l e c t i o n  o f  20 m to rr  o f  d eu te r iu m . The r e s u l t s  a r e  shown in  

F i g . 5 .2  a s  th e  ex p er im en ta l  r a n g e s  marked A .  The ra n g e s  marked B a re

th e  s c a le d  h e a t in g  r a t e s  o f  t h e  Culham H B T X  f o r  a ran g e  o f  p r e 

io n iz e d  gas  c o n d i t io n s ,  o b ta in e d  from th e  d ia m a g n e t i s m ^ ^ ^ \  Range C

corresponds  to  th e  s c a le d  h e a t in g  r a t e s  o f  t h e  Culham 8 m t h e t a  p in c h ,

( 42)o b ta in e d  by l a s e r  l i g h t  s c a t t e r i n g  e x p e r im e n ts '  \  Again th e  r e s u l t s

a re  shown f o r  a range  o f  p r e io n i z e d  gas c o n d i t io n s .  P o in t  D co r re sp o n d s

to  th e  German ISAR I  t h e t a  p in c h ^ ^ ^ ^ .  I n  t h i s  experim en t t h e  e l e c t r o n  

te m p e ra tu re ,  o b ta in e d  from th e  continuum  l i g h t  em iss io n ,  was l a r g e r  th a n  

th e  io n  te m p e ra tu re ,  o b ta in e d  from th e  n e u t ro n  e m is s io n .  Because a l l  th e  

computed v a lu e s  o f  T^ were w i th in  5% o f  Tp , th e  ex p e r im en ta l  h e a t in g  

r a t e  was p l o t t e d  as  an ave rage  h e a t in g  r a t e .  S i m i l a r l y  t h e  p o i n t  E was 

d e r iv e d  fo r  th e  American SCYLLA IV t h e t a  p in ch ^^ ^^ ,  where T^ was o b ta in e d  

from th e  s o f t  X -ray  em ission  and Tp deduced from p r e s s u r e  b a la n c e  con

s i d e r a t i o n s .

The s c a le d  h e a t in g  r a t e s  l i e  betw een th e  computed h e a t in g  r a t e s  

w ith  th e  i o n i z a t i o n  c o e f f i c i e n t  (X = 1 .0  and 0 .1  , co n f irm in g  t h e  h e a t in g  

r a t e  e q u a t io n ,  e q u a t io n  ( 5 . 4 . 4 ) ,  over a range  1 .5  ^  B^ ^  OOkGjas"^ ,

10 ^ p ^ 30 m to rr  and 4 ^ r  ^ 6 cm . None o f  th e  experim en ts  c o n s id e re d  

were a f f e c t e d  by  end lo s s e s ;  th e s e  were n o t  in c lu d e d  i n  th e  computer code 

^ c a lc u la t i o n s .
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A comparison can be made between e q u a t io n  ( 5 .4 .4 )  and Mewe’s ana

l y t i c  ex p re s s io n  fo r  th e  peak te m p e ra tu re  o f  a t h e t a  p in c h  ( s e e  e q u a t io n  

(2 . 4 . 2 ) ) .  I f  i t  i s  assumed t h a t  th e  te m p e ra tu re  h a s  a s in u s o id a l  tim e 

dependence, Mewe's e x p re s s io n  g iv e s

T oc B ÿ  . . .  ( 5 . 4 . 5)

where (JU i s  th e  freq u en cy  o f  th e  s in u s o id a l  m agnetic  f i e l d .  T h is  

e x p re s s io n  ag re e s  w i th  e q u a t io n  ( 5 .4 .4 )  over  th e  p a ra m e te r  ra n g e s  con

s id e re d ,

A. s c a l in g  law used  a t  Los Alamos^^^^ supposes t h a t  th e  p lasm a i s

shock h e a te d  by  an amount p r o p o r t i o n a l  to  th e  az im u th a l  e l e c t r i c  f i e l d  Eg 

f o r  a tim e p r o p o r t i o n a l  to  E .^  , and i s  th e n  a d i a b a t i c a l l y  h e a te d ;

T cc E2 B . . . .  ( 5 . 4 . 6 )

I f  i t  i s  assumed t h a t  th e  te m p e ra tu re  dependence on t im e  i s  s in u s o id a l ,  

then
.  A ■
T «  r% Bf . . . .  ( 5 . 4 . 7)o '

■ ,  '  , 5

This dependence o f  T on B^ i s  much g r e a t e r  th a n  t h a t  found e i t h e r  

c o m p u ta t io n a l ly  o r  e x p e r im e n ta l ly .

5 .5  CONCLUSIONS

5 .5 .1  Summary .

Com putational s im u la t io n s  o f  th e  h e a t in g  and energy  l o s s  p r o c e s s e s  
. .

i n  a t h e t a  p in c h  showed t h a t ,  w ith  th e  i n i t i a l  r a t e  o f  r i s e  o f  e x t e r n a l  

f i e l d  B^ ^  lOkG pls"^, th e  i o n i z a t i o n  c o e f f i c i e n t  and im p u r i ty  c o n te n t  o f  

th e  p r e io n iz e d  gas governed th e  f i n a l  p lasm a te m p e ra tu re .  When th e  p r e 

io n iz e d  gas was 10% io n iz e d ,  a v a lu e  o f  B^ 1 kG |js~^ was found below 

^ ^ch th e  plasma d id  n o t  h e a t .  A s c a l in g  law was found which p r e d ic t e d  

th e  plasma maximum h e a t in g  r a t e  1* ;
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(rB yz

r  i s  th e  vacuum tu b e  w a ll  r a d iu s

p i s  th e  f i l l i n g  p r e s s io n

iHp i s  th e  p e rc e n ta g e  o f  mass c o l l e c t e d .

R e s u l t s  from f iv e  s e p a r a te  experim en ts  were shown to  be w e ll  d es 

c r ib e d  by  t h i s  form ula .

The h e a t in g  experim en ts  perfo rm ed  on th e  3 .5 m  t h e t a  p in c h ,  summa

r i s e d  in  S e c t io n  4 .5 ,  showed t h a t  a r e p r o d u c ib le ,  MHD s t a b l e  p lasm a 

could  be produced w ith  a te m p e ra tu re  above 50 eV, s u i t a b l e  f o r  th e  e x p e r i 

ments on p e r tu rb e d  motion (se e  C hapter  V I l ) . N eg a tiv e  b i a s  f i e l d s  

in c re a s e d  th e  plasma te m p e ra tu re  and reduced  th e  te n p e r a t u r e  dependence on 

th e  t im e  d e la y  between th e  p r e i o n i z a t i o n  c u r r e n t  and th e  com pression  cu r

r e n t .  T h is  dependence was a c c r e d i t e d  to  th e  i o n i z a t i o n  c o e f f i c i e n t  o f  

th e  p r e io n iz e d  gas; th e  r a p id  r a d i a l  expansion  coo led  th e  p lasm a, in c re a s e d  

th e  atom d e n s i t y  and reduced  th e  i o n i z a t i o n  c o e f f i c i e n t .  B ia s  f i e l d s  

i n h i b i t e d  th e  expansion , and in c re a s e d  th e  c o e f f i c i e n t .

Experim ents  showed t h a t  th e  l i n e  mass M was a f u n c t io n  o f  B^; 

t h i s  was n o t  found c o m p u ta t io n a l ly .  I t  was su g g es ted  t h a t  p a r t i c l e  l o s s  

p ro c e s s e s  n o t  in c lu d e d  in  th e  computer code, i n  p a r t i c u l a r  th e  recom bina

t i o n  o f  io n s  and e l e c t r o n s ,  would a l lo w  n e u t r a l  atoms to  escape  from th e  

plasma and reduce  th e  l i n e  mass. L a rg e r  v a lu e s  o f  B^ , p ro d u c in g  l a r g e r  

h e a t in g  r a t e s ,  would in c r e a s e  th e  l i n e  mass because  re c o m b in a t io n  r a t e s  

d e c re ase  a s  th e  te m p e ra tu re  in c r e a s e s .  A l a y e r  o f  n e u t r a l  p a r t i c l e s  

o u ts id e  th e  plasm a m ight e x p la in  th e  damping o f  t h e  d ia m a g n e t ic  s ig n a l  

o s c i l l a t i o n s  Observed e x p e r im e n ta l ly .
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5 .5 ,2  A p p l ic a t io n s  and F u tu re  Work

T heta  p in ch  d es ig n  (see  S e c t io n  2 .9 )  should in c lu d e  a c o n s id e ra t io n  

o f  th e  p r e io n iz e d  g as .  The reduced  h e a t in g  r a t e s  produced hy  p a r t i a l  p r e 

i o n i z a t i o n  can he overcome u s in g  small b i a s  f i e l d s ;  a l t e r n a t i v e l y  th e  

com pression c o i l  induc tance  and th e  c a p a c i to r  bank should  be chosen so 

t h a t  Bq > 10 k G |is“  ̂ ; th e n  th e  h e a t in g  r a t e  i s  l a r g e  enough to  overcome 

th e  energy  l o s s e s .

An ana logy  was made between th e  p r e io n iz e d  gas and an a f te rg lo w  

plasma to  e x p la in  th e  te m p e ra tu re  dependence on th e  d e la y  and th e

b i a s  f i e l d .  I n t e r f e r o m e t r i c  and s p e c tro s c o p ic  s tu d ie s  would determ ine 

th e  i o n i z a t i o n  c o e f f i c i e n t ,  and check th e  v a l i d i t y  o f  th e  analogy.

The H ain -R oberts  MHD code should  be adap ted  to  in c lu d e  recombina

t i o n  o f  e l e c t r o n s  and io n s .  The dependence o f  th e  l i n e  mass and th e  damp

ing  o f  th e  r a d i a l  o s c i l l a t i o n s  might th e n  be e x p la in ed .  Line r a d i a t i o n  

should  a lso  be in c lu d ed ; th e  e f f e c t  o f  im p u r i t i e s  on th e  plasma pa ram ete rs  

could th e n  be compared w i th  com puta tional p r e d i c t i o n s .
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C H A P T E R  VI

A IHEORY FOR PLASMA DISPLACEMENTS DUE TO 

A LOCAL PERTURBING MAGNETIC FIELD

6.1   ̂ INTRODUCTION

A th e o ry  d e s c r ib in g  th e  motion o f  a long , s t r a i g h t  t h e t a  p inch  in  

th e  p re s e n c e  o f  a n ea rb y  c u r r e n t  loop w ith  i t s  a x i s  p a r a l l e l  to  th e  plasma 

i s  p r e s e n te d ^ ^ ^ ) .  T h e o re t ic a l  p r e d ic t io n s  o f  th e  model w i l l  be used  fo r  

a com parison w ith  experim en ta l r e s u l t s  in  Chapter V I I I .

The d is tu rb a n c e  o f  th e  plasma e q u i l ib r iu m  p o s i t i o n  due to  a time 

dependent c u r r e n t  in  th e  loop i s  used  to  c a l c u la te  th e  r e s t o r i n g  fo rc e s  on 

th e  p lasm a. F or t h i s  purpose  th e  method o f  Haas and ¥esson^^^^, reviewed 

in  S e c t i o n '6 .2 ,  i s  ad ap ted .  The r e s u l t i n g  equa t ion  o f  motion i s  analysed  

u s in g  two methods.

An a l t e r n a t i v e  t h e o r y ^ ^ ^ \  based on th e  i n t e g r a t i o n  o f  th e  j  XB 

fo rc e  over th e  plasma volume, le a d s  to  a s im i la r  eq u a t io n  o f  motion. This 

e q u a t io n  i s  an a ly se d ,  and th e  r e s u l t s  conpared w ith  th o se  o f  th e  f i r s t  

model. The a p p l i c a b i l i t y  o f  each model to  th e  experim ents  d esc r ib e d  in  

C hapter V II i s  c o n s id e re d  in  Chapter V I I I .

6 .2  THE THETA PINCH EQUATION OF MOTION

Haas and WessonX^^^, and M o rse ^^ ^ \  have analysed  th e  s t a b i l i t y  o f  

an i n f i n i t e l y  long ,  axisym m etric  t h e t a  p inch  to  long wavelength, m= 1 

motion (see  S e c t io n  2 . 8 . 4 ) .  The Haas and Wesson th e o ry  i s  summarised 

h e r e .

C onsider  a p e r f e c t l y  conducting , com pressib le  plasma w ith  a trap p ed  

m agnetic  f i e l d -  B^ , s e p a ra te d  from a vacuum re g io n  w ith  a f i e l d  B^ by  a 

sharp  boundary . I t  i s  assumed t h a t  no c u r re n ts  flow w ith in  th e  plasma 

*bôdy, im plying no p re s s u re  g r a d ie n t s .
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The e q u i l ib r iu m  i s  o b ta in e d  by a small, param eter  expansion in  0 , 

th e  r a t i o  o f  th e  plasma r a d i u s . R to  th e  a x ia l  d is ta n c e  along the ,p lasm a 

over which q u a n t i t i e s  v a ry .  The hydro magnetic energy principle^® ^^ i s  

a p p l ie d  to  th e  model, assuming t h a t  th e  c h a r a c t e r i s t i c  le n g th s  o f  l i n e a r  

p e r t u r b a t i o n s  a re  o f  th e  same o rd e r  as  th e  e q u i l ib r iu m  c h a r a c t e r i s t i c  

l e n g th s .

The a x i a l  (z) motion and th e  d i s t o r t i o n  in  th e  ( r ,0 )  p lane  a re

assumed to  be n e g l i g i b l e ,  so t h a t  th e  d isp lacem en t i s  o f  th e  form

§ = § . ( z ) ,  where § i s  th e  d isp lacem en t in  th e  ( r , 0 )  p la n e ,
r , 0 0

Using th e  above assum ptions  th e  k i n e t i c  energy T o f  th e  plasma 

can be w r i t t e n  ;

’̂ = i I p(S)'• . . . ( 6 . 2 . 1 )

The p o t e n t i a l  energy change . ÔW caused by  th e  d isp lacem en t § i s

ÔW = 6¥g + . . .  (6 . 2 . 2 )

where th e  s u r fa c e  energy  i s  g iv e n  by

6W = r p Rdz . . .  (6 . 2 . 3)
' ® 4^0 dz

th e  vacuum energy  6¥ i s  g iven  by 

and th e  f l u i d  j ine rgy  6¥^ i s  g iven  by

' =  2 7 ^ ’' i  -  5  f T  > -  (6 -2 -5 )

where R^ i s  th e  conducting w all  r a d iu s .  The Lagrangian i s  g iven  by

X = J  L dz = T -  6¥ . •••  (6 .2 .6 )

From H a m il to n ’s p r i n c i p l e  th e  equa t ion  o f  motion i s

H  ■ ^  (ô (ô i7 S t )  " ^  (a (a s /s t ) )  " ° . . . ( 6 . 2 .7 )

-  69 -



E x p lic i t ly  t h i s

+ (^^XE)((’̂ -P̂ )+T (3-2P))

■ ^ ) ) )  Ç . . .  (6 .2 .8 )

where _ 2
a  = -------

F or a s t r a i g h t  p in c h ,  R /  R (z ) .  I f  th e  conducting w a ll  r a d iu s  :.s 

much l a r g e r  th a n  th e  plasma r a d iu s  (R^ » R) , th e n  a  -»■ 0 and equation  

(6 . 2 , 8 ) becomes

( 2 - g )  0 , . . .  ( 6 :2 .9 )>!
3 t"  ^  &z

where
Jj

HoP

an A lfven  v e l o c i t y  (see  S e c t io n  A1.3, under hydromagnetic waves). I f  

§ = 0 exp i  (uüt + k z ) ,  eq u a t io n  (6 .2 .9 )  becomes

(2 -  p) k^. . . .  (6 . 2 . 10)

T h e re fo re  long  w aveleng th  m= 1 p e r tu r b a t io n s  to  th e  magnetic f i e l d s  of 

a s t r a i g h t  t h e t a  p in c h  produce t r a n s v e r s e  hydromagnetic waves, which propa

g a te  a long  th e  f i e l d  l i n e s  w ith  a phase  v e l o c i t y  g iven  by

^  V 2 -  p . . . .  (6.2.11)

I f  m otion in  a n o n - i n e r t i a l  frame o f  re fe re n c e  i s  cons idered , th e  

Langrangian , e q u a t io n  (6 . 2 . 6 ) ,  must be r e p la c e d  by^^^^

£ = j L d z  = T -  6¥  -  mw(t) . § , . . .  (6 .2 .1 2 )

where m i s  th e  mass, and w (t)  i s  th e  a c c e le r a t io n  of th e  frame o f  r e f e r 

ence. I f  t h e  r e f e r e n c e  frame i s  d e sc r ib e d  by r](z» t) ,  th e  e x tra  term becomes

mw(t) , § = J p T | § d V  = TrJ  R^ pT| § dz . . . .  (6 .2 .1 3 )
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Using H a m i l to n 's  p r i n c i p l e ,  th e  equa t ion  of motion fo r  a s t r a i g h t  t h e ta  

p in c h  becomes . . . .   ̂ .

M  ( 2 - g )  ^  = 0 . . . . ( 6 . 2 . 1 4 )

6 .3  THE PLASMA EQUILIBRIUM IN THE PRESENCE OF 
A PERTURBING FIELd ( '^01

The momentum eq u a t io n  fo r  a plasma in  s t a t i c  eq u i l ib r iu m  i s

Vp = j  XB . . . .  ( 6 .3 .1 )

M u lt ip ly in g  e q u a t io n  ( 6 .3 ,1 )  by  B g iv es

B . Vp = 0 . . . .  ( 6 .3 .2 )

T h e re fo re  in  s t a t i c  e q u i l ib r iu m  th e  plasma p re s s u re  i s  c o n s tan t  along a 

l i n e  o f  f o r c e .  C onsider a l i n e  plasma, where th e  plasma ra d iu s  R i s  

sm all compared w ith  o th e r  c h a r a c t e r i s t i c  r a d i a l  le n g th s .  When a t h e t a -  

p in c h  i s  produced th e  plasma a x i s  corresponds to  th e  c e n t r a l  l i n e  o f  fo rce  

in s id e  th e  com pression c o i l .  This  l i n e  o f  fo rce  i s  th e n  th e  s t a t i c  equi

l i b r iu m  p o s i t i o n ,  by  e q u a t io n  ( 6 .3 . 2 ) .  I f  a p e r tu rb in g  f i e l d  B^ i s  

a p p l ie d  th e  c e n t r a l  l i n e  o f  fo rc e ,  and consequen tly  th e  e q u i l ib r iu m  p o s i 

t i o n ,  w i l l  move. ,

( 71)The eq u a t io n  d e f in in g  a l i n e  o f  fo rce  can be w r i t t e n '  :

d l  = BX . . .  (6 . 3 . 3 )

where d t  i s  an element o f  th e  l i n e  of fo rc e ,  \  i s  a co n s ta n t .

In  c y l i n d r i c a l  c o o rd in a te s  t h i s  becomes

~ = r ^  = ~ .  . . .  (6 . 3 . 4)

A m agne tic  f i e l d  b [ b ^  , B q , b J  can be expressed  in  te rm s o f  th e  v e c to r  

p o t e n t i a l  a J a ^  , Aq , a J  , where

B = V X Â . • • • (6 .3 .  5)

Assuming a x i a l  symmetry, equa t ion  (6 .3 .4 )  can then  be w r i t t e n  in  term s of
_------------------------  ( 72)

th e  v e c t o r  p o t e n t i a l  a s '
r  A g ( r , z) = X , (G .3.6)

where \  i s  a c o n s ta n t .
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C onsider  th e  case when a s t r a i g h t  t h e t a  p inch  i s  p e r tu rb e d  by an n 

t u r n  c u r r e n t  loop , a re a  and c u r r e n t  , w ith  i t s  a x is  p a r a l l e l  t o ,  and 

a d i s t a n c e  b from, th e  plasma (see  F i g . 6 . 1 ( a ) ) .  I f  any image c u r re n ts  

produced in  th e  conducting  compression c o i l  w a l ls  a re  n e g l ig ib l e ,  and th e

d i s t a n c e  b i s  much l a r g e r  th a n  th e  loop r a d iu s  r^  , th e  v e c to r  p o t e n t i a l

o f  th e  p e r tu r b i n g  f i e l d  is^ ^ ^ )

where r^ i s  th e  r a d i a l  c o o rd in a te  w ith  r e s p e c t  to  th e  loop . This i s  th e

v e c t o r  p o t e n t i a l  o f  a m agnetic  d ip o le  o f  moment M:

M = n A ^ I ^  . . .  (6 .3 .8 )

The v e c t o r  p o t e n t i a l  o f  th e  f i e l d  in s id e  th e  compression c o i l  w ith 

o u t  a plasm a can be w r i t t e n  in  c y l i n d r i c a l  co o rd in a te s  (r^ , 0 , z) as

B
= (r̂  ̂ -  b) ~  . . . .  (6 .3 .0 )

E q u a t io n  ( 6 .3 .9 )  d e s c r ib e s  th e  u n p er tu rb ed  plasma v e c to r  p o t e n t i a l  i f  th e

plasm a does n o t  p e r tu r b  th e  vacuum f i e l d  s i g n i f i c a n t l y ;  t h a t  i s ,  i f  th e  

plasm a has  a low p v a lu e  o r  a sm all r a d iu s .

The f i e l d  l i n e s  in  th e  co o rd in a te  system (r^ , 0 , z) a r e  axisymmetric; 

th e r e f o r e  e q u a t io n  ( 6 ,3 .6 )  can be a p p l ie d  to  d e s c r ib e  th e  motion o f  th e  f i e l d  

l i n e s  and c o n seq u en t ly  th e  plasma e q u i l ib r iu m  p o s i t i o n .  With no p e r tu rb in g

f i e l d  th e  v e c t o r  p o t e n t i a l  i s  g iven  by equa tion  (6 .3 .9 )  and th e  eq u i l ib r iu m  

p o s i t i o n  i s  d e f in e d  by r = b . E quation  (6 .3 .6 )  th en  g ives

^  (^1 ” ’~ § '  = \  (6 .3 .1 0 )

w ith  r^ = b . T h e re fo re  th e  plasma e q u i l ib r iu m  i s  de f ined  by X = 0 .

When th e  p e r tu r b in g  f i e l d  B^ i s  a p p l ied ,  th e  e q u i l ib r iu m  p o s i t i o n

i s  d e s c r ib e d  by e q u a t io n  ( 6 .3 .6 )  w ith  X = 6 :

r  (A° + Aq) = 0 . •••  (6 .3 .1 1 )

E x p l i c i t l y  t h i s  i s  :

-------------- ^7 - ^ ) = ° -  -  (6-3-12)
' 1
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E qua tion  (6 .3 .1 2 )  has  a s o lu t io n  o f  th e  form

^ ' . . .  (6 .3 .1 3 )
•n

w ith  1 • S u b s t i t u t i n g  fo r  r^ from equa tion  (6 .3 .1 3 )  in  equation

(6 .3 .1 2 )  g iv e s

( l  + (z /b )  = ) i  '  . . .  (6 .3 .1 4 )

T h e re fo re  r] , = r^ -  b (see  e q u a t io n  (6 .3 .1 3 ) ) ,  i s  th e  e q u i l ib r iu m  p o s i t i o n  

w ith  r e s p e c t  to  th e  i n i t i a l l y  s t r a i g h t  plasma.

I f  = I ^ f ^ t )  and Bg i s  c o n s ta n t ,  equa t ion  (6 .3 .1 4 )  can be 

w r i t t e n  a s

^n = "  &(%n)f(t) » . . .  (6 .3 .1 5 )

tip 2 n .Eq 

4TTb^ Be

. (6 .3 .1 6 )  

. (6 .3 .1 7 )

. (6 .3 .1 8 )  

. (6 .3 .1 9 )

"n

and g(%n) = ( l  + z ^ )   ̂ .

The fu n c t io n  g(zjj) d e s c r ib e s  th e  s p a t i a l  dependence o f  th e  eq u i l ib r iu m  

p o s i t i o n ,  and i s  shown in  E i g .6 .2 .

The assum ptions  in  th e  d e r iv a t io n  o f  th e  e q u i l ib r iu m  p o s i t i o n  

e q u a t io n  ( e q u a t io n  (6 .3 .1 4 ) )  a re

(1) The plasma does n o t  s i g n i f i c a n t l y  p e r tu rb  th e  vacuum f i e l d s ;

t h a t  is^  th e  plasma r a d iu s  i s  small o r  p «  1 .

(2) The plasma can be cons idered  as  a l i n e  plasma; t h a t  i s ,  th e

plasm a r a d iu s  i s  sm all .

(3 ) • The c u r r e n t  loop m agnetic  f i e l d s  can be cons idered  as magnetic

d ip o le  f i e l d s ;  t h a t  i s ,  b » r ^  .

( 4) The conducting  w a l l s  do n o t  produce image c u r r e n t s ;  t h a t  i s ,

_  %  »  ^  .

( 5) The e q u i l ib r iu m  d isp lacem en t i s  small ; t h a t  i s ,  Tl t  «

Each o f  th e s e  assum ptions  i s  j u s t i f i e d  b e fo re  th e  model i s  ap p l ied  to  

ex p la in  th e  experim en ta l  r e s u l t s  (see  Chapter V I I l ) .
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6 .4  PLASMA MOTION IN THE PRESENCE OF A PERTURBING FIELD (?9)

6 ,4 .1  The E qua t ion  o f  Motion

C onsider  th e  two d im ensional s i t u a t i o n  i l l u s t r a t e d  in  F i g . 6 . l ( h ) ,  

where th e  e q u i l ib r iu m  p o s i t i o n  n has been d isp la c e d ,  and th e  plasma i s  

fo l lo w in g  th e  e q u i l ib r iu m .  L et f  be th e  plasma d isp lacem ent from th e  

e q u i l ib r iu m .  Then
ÿ = n + § . . .  (6 .4 .1 )

where y  i s  th e  plasma d isp lacem en t v e c to r  in  th e  co o rd in a te  system 
d e f in e d  by  th e  s t r a i g h t  plasm a, and

§ i s  th e  plasma d isp lacem en t in  th e  co o rd in a te  system def ined  
by  th e  e q u i l ib r iu m .

I f È1
dz and ■~j « 1 , th e  two co o rd in a te  systems a re  eq u iv a len t ,  and

th e  plasm a d isp lacem en t y  i s  g iven  by

y = ri + § . . . .  (6 .4 .2 )

E q u a tio n  (6 .2 ,1 4 )  d e s c r ib e s  th e  plasma motion about a n o n - i n e r t i a l  e q u i l i 

brium , S u b s t i t u t i n g  f o r  § from equa t ion  (6 .4 .2 )  in  equation  (6 .2 .1 4 )  

g iv e s
f  y "  + 1 n "  = 0 . . . . ( 6 . 4 . 3 )

where V h = Vj  ̂V2 -  g , and r| i s  g iven  by  equa tion  ( 6 .3 .1 4 ) .

E q u a t io n  ( 6 .4 .3 )  i s  th e  eq u a t io n  o f  motion of  a t h e t a  p inch  plasma in  th e

p re se n c e  o f  th e  p e r tu r b in g  f i e l d  produced by a magnetic d ip o le .  I t  i s

th e  wave e q u a t io n  w ith  an a d d i t io n a l  fo rc in g  te rm  P ( z , t )  :

T l"(z ,t)  , . . . ( 6 . 4 . 4 )

where M i s  th e  plasma l i n e  mass. An analogy can be made between th e

plasma and a s t r i n g  under a te n s io n  T = V^_ ^M w ith  a d i s t r i b u t e d  d r iv in g  

fo rc e  P ( z , t ) .  The s o lu t i o n  o f  equa t ion  (6 .4 .3 )  w i l l  r e p r e s e n t  a wave 

motion, w i th  d isp la cem e n ts  p ro p ag a t in g  along th e  plasma column. These 

waves have been  c a l l e d  m = l  A lfven waves because th e y  a re  MED t r a n s -  

'v e r s e  m= 1 waves, p ro p a g a t in g  w ith  a phase v e l o c i t y  i  ^ 2 -  p .
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6 .4 .2  Plasma Motion w ith  an O s c i l l a t i n g  Current

C onsider  th e  plasm a motion produced when th e  c u r re n t  in  th e  loop 

i s  g iv en  hy  s in  urb . The equation  o f  motion, equa tion  (6 .4 .3 )

becomes

4 . . %

Using th e  n o rm a l is in g  e q u a t io n s ,  equa tion  (6 .3 .1 ? )  to  equa t ion  ( 6 .3 .1 9 ) ,  

t o g e th e r  w ith  th e  d e f i n i t i o n s

y„ = f  . . .  (6.4.6)

V
^n = tub . . .  (6 .4 .7 )

t ^  — iwt , . . .  (6 ,4 .8 )

and
f (^ „ )  = - 1

n \ n '

e q u a t io n  (6 ,4 .5 )  can be w r i t t e n

B^y B^y
~ r K  ~ T  = -  3 f ( z j  s in  . . . .  (6 .4 .1 0 )

The f u n c t io n  f ( z ^ ) ,  shown i n  F i g . 6 .2 ,  r e p r e s e n t s  th e  s p a t i a l  d i s 

t r i b u t i o n  o f  th e  e q u iv a le n t  fo rc in g  te rm  F ( z , t ) ,  d e f in e d  by equation

( 6 . 4 . 4 ) .  I t  has  a maximum v a lu e  when z^ = 0 ,  and a minimum va lue  when 

z^ = è  V s /2  . F o r  jz^l » 1 , f ( z ^ )  0 .  The c h a r a c t e r i s t i c  le n g th ,

d e f in e d  a s  th e  d i s t a n c e  over which f (z ^ )  changes s ign , i s  o f  o rd e r  %̂  = 1

E q u a t io n  (6 .4 .1 0 )  has  a s o lu t io n  y n = y n ( \ »  "̂ n » ^ n )  •  P^ak

d isp la cem e n t  y^ can be o b ta in ed  fo r  c e r t a in  l i m i t in g  c o n d i t io n s .  These

V n «  1 ^ n »  1

*  1 :  ?n  = °  ?n = "  1

i^n « 1 : yn = 0 ^ '

'Thé^paraîneter c h a r a c t e r i s e s  th e  s o lu t io n s  (see  equation  ( 6 .4 . ? ) ) .

For « 1 th e  d isp la cem e n ts  p ropaga te  q u ic k ly  from the  reg io n  %% = O'
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For «  1 th e  d isp la cem e n ts  a re  lo c a l i s e d  in  the  re g io n  z = 0 .

The e q u a t io n  o f  motion, equation  (6 .4 .1 0 ) ,  was solved u s ing  two 

d i f f e r e n t  methods. Appendix A3 d e sc r ib e s  th e  o p e ra t io n a l  c a lcu lu s  

approach , and Appendix A4 th e  num erical approach. Both methods gave 

s o lu t i o n s  to  w i th in  5^ o f  each o th e r .  R e su l ts  quoted below a re  f o r  con

s t a n t  v e l o c i t y  and e x te rn a l  magnetic f i e l d ;  t h a t  i s ,  k and V
m= 1

a r e  c o n s ta n t .

F i g . 6 .3  shows th e  s o lu t io n  o f  equation  (6 .4 .1 0 )  a t  z%=0 as a 

f u n c t io n  o f  th e  no rm alised  v e l o c i t y  . As i s  in c re a se d  the  modulus

o f  th e  f i r s t  peak d isp lacem en t,  |y^^j , in c re a s e s .  At th e  same time the  

d e la y  between th e  c u r re n t  peak, a t  t ^  = tt/ 2  , and th e  peak d isp lacem ent, 

i s  r ed u ce d .  I n  F i g . 6 .4  th e  peak d isp lacem en t y^ i s  shown as a fu n c t io n  

o f  Vjj . F o r V a = 0 ,  y^ = 0. For 7% ^  3 ,  ŷ  ̂ 1 . F i g . 6 .5  shows

th e  d e l a y  , i n  u n i t s  o f  t ^  , between th e  c u r re n t  and disp lacem ent 

p e a k s .  F or « 1 ,  cp̂  . For » 1 , cp̂  0 .

The peak e q u i l ib r iu m  d isp lacem en t,  g iven  by  equa t ion  ( 6 .3 .1 5 ) w ith  

f ( t )  = s i n  t a ,  i s  - 1  , reached  in  a tim e t ^  = tt/ 2. F i g . 6 .3  to  F i g . 6 .5  

show t h a t  a s  th e  n o rm alised  v e l o c i t y  i s  in c re a se d  th e  plasma d isplacem ent 

app roaches  th e  e q u i l ib r iu m  d isp lacem en t ; f o r  ^  3 th e  two d is p la c e 

ments a re  c o in c id e n t .

F i g . 6 .6  shows th e  d isp lacem en t yn , as  a fu n c t io n  o f  , fo r  

Va = 2 , The t im e  between th e  peak d isp lacem en ts  a t  %a — ^ %a "  6.67

co rresp o n d s  to  a p ro p a g a t io n  v e l o c i t y  Va = 2 .  At d i s ta n c e s  > 0.67 

th e  a p p a re n t  v e l o c i t y  i s  com plicated  by th e  s p a t i a l  d i s t r i b u t i o n  o f  the 

d r iv in g  fo rc e  ( f (^ a ^  in  F i g . 6 . 2 ) .

F i g , 6 .7  shows th e  s p a t i a l  dependence o f  th e  d isp lacem ent ya a t

' d i f f ë ï ^ E t ' t im e s ,  t ^  = 0.23 corresponds to  th e  tim e o f  peak disp lacem ent

a t  z = 0 .  As t  i s  in c re a se d  th e  d isp lacem ent sp reads  in  d is ta n c e  
n n
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so t h a t  th e  w avelength  i n c r e a s e s .  For e a r ly  tim es th e  d isp lacem ent 

fo llow s  th e  s p a t i a l  d i s t r i b u t i o n  o f  th e  d r iv in g  fo rce  ( f ( z ^ )  in  F i g . 6 .2 ) .

6 ,4 .3  Plasma Motion w ith  a Crowbarred Current

The e q u a t io n  o f  motion, equa t ion  ( 6 .4 .3 ) ,  was solved fo r  the  case 

o f  a crow barred c u r r e n t  i n  th e  loop producing  th e  p e r tu rb in g  magnetic f i e l d  : 

I a  = I o S i n U ) t ;  t  < *c . . . ( 6 . 4 . 1 1 )

I d  = lo  s in (w tc )  e x p ( -  — —)  ; t  2 t ^  . . .  (6 .4 .1 2 )

where t ^  i s  th e  crowbar tim e and t ^  i s  th e  decay tim e . Using the  

n o rm a l is in g  e q u a t io n s ,  (6 ,3 .1 7 )  to  (6 .3 .1 9 )  and (6 .4 ,6 )  to  ( 6 .4 .9 ) ,  the  

e q u a t io n  o f  motion can be w r i t t e n  as

B^y f~ ^ ^ n ^ ^ ^ n ^  s in  tj^ tj^ < tj^ .̂ (6 .4 .1 3 )
 E _ ^  = \  t  - t

2%n ! *n ^ *nc (6 -4 .14)

where t^ g  -  OUt  ̂ and t ^ ^  = ui)t  ̂ .

F i g . 6 .8  shows th e  d isp lacem en t ŷ  ̂ as  a f u n c t io n  o f  time t ^ ,

a t  = 0 and 1 . 0 ,  f o r  a s in u s o id a l  and crowbarred c u r r e n t .  A time

dependent e x t e r n a l  m agnetic  f i e l d , .  Bg = B ^ c o s t^ Q ,  i s  inc luded , which

a f f e c t s  th e  n o rm a l i s a t io n .  For th e  cases  shown,

t
= 0 .14  . . . .  (6 .4 .1 5 )

n

This  v a lu e  was chosen as  r e p r e s e n t in g  experim ental c o n d i t io n s  (see

S e c t io n  7 . 6 ) ,  The d isp lacem en ts  produced by a s in u s o id a l  c u r re n t  a re

shown a s  dashed l i n e s .  For th e  crowbarred c u r re n t ,  w ith  t ^  = t t /2  and

tv  = CO. t h a t  i s  , / . . \
s in  (jut ; t  < t ^  •••  (6 .4 .1 6 )

-  = ig  ; t  > tg  •••  (0 .4 .17 )

th e  d is p la c e m e n ts  a r e  shown as  a f u l l  l i n e .  The eq u i l ib r iu m  displacem ent

T\^(z^, t ^ )  (see  eq u a t io n  (6 .3 .1 5 ) )  i s  a l so  shown. For th e  crowbarred 

c u r re n t  case  th e  plasm a d isp lacem en t approaches th e  eq u i l ib r iu m  displacem ent
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fo r  >  2 .5 .  Because o f  th e  tim e v ary ing  e x te rn a l  f i e l d  B^ (see  

e q u a t io n  ( 6 .4 .1 5 ) ) ,  in c re a s e s  w ith  t im e.

6 .5  A THEORY FOR PLASMA MOTION DERIVED FROM THE I x B  FORCES 
(THE MUTUAL INDUCTANCE THEORY) (08)

6 .5 .1  I n t r o d u c t io n

An a l t e r n a t i v e  model fo r  c a l c u la t in g  the  plasma motion produced hy

a l o c a l  p e r tu r b i n g  m agnetic  f i e l d  has been proposed by Junker e t  a l ( ® ^ \

A c u r r e n t  in  th e  loop e x te rn a l  to  th e  plasma induces a c u r re n t  d e n s i ty

j  g in  th e  p lasm a. I f  th e  plasma d iam agnetic  c u r re n t  d e n s i ty  i s  , th e  

fo rc e  p e r  u n i t  l e n g th  a c t in g  on th e  plasma i s

F = F i ( j o , I d )  + > Id) (6 .5 .1)

F^ and Fg a re  l i n e a r  fu n c t io n s  o f  I ^ , b u t  F^ i s  q u a d ra t ic  in  1^

because  jg  «  I ^ .  The fo rc e  F^ i s  assumed to  dominate; t h i s  i s  th e

fo rc e  o b ta in e d  by i n t e g r a t i n g  XB^ (B^ i s  th e  p e r tu rb in g  f i e l d  produced 

by th e  c u r r e n t  I ^  in  th e  lo o p ) .  A mutual induc tance  argument i s  used 

to  e v a lu a te  t h i s  i n t e g r a l .

6 .5 .2  The E q u a t io n  o f  Motion

C onsider  th e  geom etry shown in  F i g . 6 .1 ,  b u t  w ith  r e c ta n g u la r  

c o o rd in a te s  ( x , y , z ) .  The fo rc e  p e r  u n i t  le n g th ,  F^ , a c t in g  on th e  plasma 

in  a d i r e c t i o n  p e rp e n d ic u la r  to  th e  a x i s ,  i s

^  F^ = Ifl (6 .5 .2 )

where M i s  th e  mutual induc tance  between th e  plasma and th e  c u r re n t  loop. 

I f  th e  p e r tu r b i n g  f i e l d  B^ com plete ly  p e n e t r a te s  th e  plasma, then

Mlg = Ap . . .  ( 6 .5 .3 )

where A^ i s  th e  plasma c ro ss  s e c t io n a l  a rea
B^^ i s  th e  a x i a l  component o f  th e  p e r tu rb in g  f i e l d  on th e  plasma

a x i s .  -
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Using e q u a t io n  ( 6 .5 .3 )  th e  fo rce  (eq u a t io n  (6 .5 .2 ) )  can he w r i t t e n

BB
^  “ Jo •••  (6 . 5 . 4)

I f  no c u r r e n t s  flow  w i th in  th e  plasma body, M axwell's  equa tion  VXB = n Ï

g iv es

ÔX 3z . . .  (6 . 5 . 5)

The plasm a d iam ag n e t ic  c u r r e n t  can be expressed  in  terms of  the  i n t e r 

n a l  and e x t e r n a l  f i e l d s  as

Kd Jo = "  (®e“ ®i)

= - Bg(l - Vl-p) ... (6.5.6)
Using e q u a t io n s  ( 6 .5 . 6 ) ,  ( 6 .5 .5 )  and (6 .5 .4 )  th e  fo rc e  F^ can be w r i t t e n

A B f  ,------ \ bB
= - - ^ ( 1  -  V i - p j . . . . ( 6 . 5 . 7)

The m agnetic  f i e l d  a t  a d i s ta n c e  b from an n t u r n  c u r re n t  loop 

o f  a re a  A^ and c u r r e n t  I ^  can be d e r iv e d  from th e  v e c to r  p o t e n t i a l  

Aq i n  e q u a t io n  ( 6 .3 . 7 ) ,  u s in g  B = VXÂ:

3 Ü n A, I , bz

■ -

S u b s t i t u t i n g  f o r  B̂  ^ from eq u a t io n  (6 .5 .8 )  in to  equation  (6 .5 .7 )  g ives

4 p b ^  ( l  + (z /b )^ )2

The plasm a e q u a t io n  o f  motion i s  th e n  g iven  by th e  equation  fo r  a s t r a i g h t  

t h e t a  p in c h  (e q u a t io n  ( 6 .2 .9 ) )  w ith  an a d d i t io n a l  fo rc in g  te rm :

çÉzL _ v3 = . . . ( 6 . 5 . 10)
S t"  “

where y^ i s  th e  d isp lacem en t 

M i s ' t h e  l i n e  mass

\ = i  ,
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The assum ptions  o f  th e  th e o ry  a re  :

(1) The f i e l d  com ple te ly  p e n e t r a t e s  th e  plasma.

(2) V XB-ĵ  = 0 j t h a t  i s  th e  plasma does no t p e r tu rb  th e  
vacuum f i e l d .

(3) The loop  can be con s id e red  to  produce a magnetic d ip o le  f i e l d ;  
t h a t  i s ,  b » r ^  , where r^  i s  th e  loop r a d iu s  .

6 .5 .3  The S o lu t io n  o f  th e  E qua tion  o f  Motion

The e q u a t io n  o f  motion, equa t ion  (6 .5 .1 0 ) ,  can be w r i t t e n  in  

no rm alised  u n i t s .  F o r a s in u s o id a l  loop c u r re n t  = I ^ s in u o t ,  equa

t i o n  (6 , 5 . 10) becom es:

—  -  —  = -  3 f  ( z j  s in  t „  . . . ( 6 , 5 , 1 1 )
a=n

■where jA  =  ^  . . .  ( 6 . 5 . 1 2 )

4 TT M b^ Uü̂

z
%n= b . . .  (6 ,5 .14 )  

t  = (Jüt . . .  (6 .5 .15 )n

\3
f ( z  ) = i l —l I s Z k L  . . .  (6 .5 .16 )

( I h- ( z A ) " ) ^

The s p a t i a l  d i s t r i b u t i o n  o f  th e  d r iv in g  fo rce  F ^ ( z , t ) ,  desc r ibed  

by f ( z ^ ) ,  i s  t h e  same as  t h a t  f o r  th e  e q u i l ib r iu m  model, and i s  shoim in  

F i g . 6 .2 .  E q u a t io n  (6 .5 ,1 1 )  was solved u s in g  th e  methods g iven  in  

Appendix A3 and Appendix A 4. F i g . 6 .9  shows th e  f i r s t  peak d isplacem ent,

, a t  z^ = 0 , a s  a fu n c t io n  o f  th e  norm alised  v e l o c i t y  . For 

Vn « 1 , y^ ^ 6  tt. For » 1 , ŷ  ̂ «  T here fo re  th e  th e o ry  p r e 

d i c t s  a  f i n i t e  d isp la cem e n t w ith  no p ro p ag a t io n  v e lo c i ty ;  th e  displacem ent 

d e c re a se s  a s  th e  v e l o c i t y  in c re a s e s .
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6.6 A COMPARE SON BET̂ VEEN THE EQU1LIBR113M AND 
THE MUTUAL INDUCTANCE THEORY PREDICTIONS

Both t h e o r i e s  (see  S e c t io n s  6 .4  and 6 .5 )  r e s u l t  in  an equation  o f  

motion which can be w r i t t e n  as  th e  wave equation  w ith  an a d d i t io n a l  d i s 

t r i b u t e d  d r iv in g  fo rc e  E ( z , t ) .  For th e  eq u i l ib r iu m  th e o ry  (see  equation

(6 . 4 . 4) )

“  4 n b ^  Bg ■ ( l  + ( z / b ) " ) î

For th e  mutual in d u c tan ce  th e o ry  (see  equation  (6 .5 .9 ) )

F ^ ( z , t )  ^ °  B ( 1 - A -  p) ( l - 4 ( z A ) 2 )
M ' '   ----------------------------------------------------------------f  . .  (6 . 6 . 2)

4 n b " M  ( l  + ( z » " ) 2

The r a t i o  o f  th e  two fo rc in g  te rm s i s

. . . .  ( e .e .2 )
F ^ ( z , t )  A^B^ (1 - v l  ~ p) ( l - V l - p )

The main d i f f e r e n c e s  between th e  p r e d ic t io n s  o f  th e  two models a re

(1 ) = 0. The e q u i l ib r iu m  th e o ry  p r e d i c t s  no d isp lacem ent.  The 

m utual in d u c ta n c e  th e o ry  p r e d i c t s  a norm alised  peak displacem ent 

^  = -  6 p ( s e e  F i g . 6 . 9 ) .

(2) Vjj »  1 . The e q u i l ib r iu m  th e o ry  p r e d ic t s  y^ -> - 1  (see F i g . 6 .4 ) .

The mutual in d u c tan ce  th e o ry  p r e d ic t s  y^ «  (see F i g . 6 .9 ) .

(3 ) p «  1 .  The e q u i l ib r iu m  th e o ry  p r e d i c t s  a f i n i t e  displacem ent.

The mutual in d u c tan ce  th e o ry  p r e d ic t s  -*• 0 ,

6 .7  SUMMARŶ

Two t h e o r i e s  which d e s c r ib e  th e  plasma motion produced by the  f i e l d  

of a nea rb y  c u r r e n t  loop  have been d esc r ib e d .  Both were based on th e  

Haas and Wesson s t a b i l i t y  a n a ly s i s  o f  a t h e t a  p inch .

The e q u i l ib r iu m  theory^^^^ es tim ated  th e  r e s to r in g  fo rce  on th e  

plasma when th e  e q u i l ib r iu m  p o s i t i o n  was d is p la c e d .  An express ion  fo r  

th e  e q u i l ib r iu m  p o s i t i o n  was d e r iv ed  in  term s o f  th e  v e c to r  p o t e n t i a l s  of 

th e  p e r tu r b in g  and u n p e r tu rb e d  f i e l d s .  Allowing small o s c i l l a t i o n s  bo
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the  e q u i l ib r iu m  r e s u l t e d  in  an equa t ion  o f  motion, which was solved analy

t i c a l l y  and n u m e r ic a l ly .  The plasma d isp lacem ent, a fu n c t io n  o f  th e  

a x i a l  p o s i t i o n ,  t im e  and p ro p a g a t io n  v e lo c i ty ,  was found to  fo llow  th e  

e q u i l ib r iu m  f o r  l a r g e  v e l o c i t i e s .  As th e  v e l o c i t y  was reduced th e  plasma 

d isp lacem en t d e c re a se d ,  u n t i l  f o r  zero  v e lo c i ty ,  zero d isp lacem ent was 

found, - ■

The m utual in d u c tan ce  th eo ry f^ S )  es tim ated  th e  jX B  fo rces  ac t in g  

on th e  plasm a by  c o n s id e r in g  th e  f i e l d  coupling between th e  loop and the  

p lasm a. An e q u a t io n  o f  motion s im i la r  to  t h a t  o f  th e  eq u i l ib r iu m  th e o ry  

was d e r iv e d .  F or ze ro  p ro p a g a t io n  v e l o c i t y  a f i n i t e  d isplacem ent was 

p r e d ic te d ;  t h i s  d isp la cem e n t  v a r i e d  as  fo r  la rg e  v e l o c i t i e s  ,

No d isp la c e m e n ts  were p r e d i c t e d  f o r  a low p plasma, where th e  diamagnetic 

c u r r e n t  approaches  z e ro .
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B
Wall a t  «30

T

b

I z
■■

z
. . 1 

' —:
r , ^

Dipole . .

C e n t r e  l ine 
of  f o r c e

Dipole
a x i s

T?rE PLASIvIA AND EQUILIBRIUM COORDINATES

E q u i l i b r iu m sma

Dipole

F ig .6.1
The plasma and equilibrium geometry

— 83 —



ex

N o r m a l i s e d  axial  pos'n(Zn)

3 02 01 0

0 * 5

F ig .6.2
The s p a t i a l  dependence o f  th e  eq u i l ih r iu m  p o s i t i o n  

g (z ^ )  and th e  fo rc in g  fu n c t io n  f(%a)

— 84 —



N o rm a l i s e d  t im e  t^ -« -  

3 0

CU

**ü

V = 0-5
\ n

u

F i g . 6.3
The n o rm a l ise d  d isp lacem en t as a fu n c t io n  o f  th e  
n o rm a l ised  tim e t ^  and norm alised  v e l o c i ty

-  85 -



o

N

O
ih

CQ -p (0 *H

O (O

A 2
' d  - Pw
w «H

•O
oto

h  -H

,d 44

O
Oo

îuaiuaoDidsip %Dad pasiinuijofj

-  86 -



4*0

t s >

*o

a .

5 0
N o r m a l i s e d  v e lo c i ty  Vn

F i g , 6 .5
The ph ase  d e la y  a g a in s t  th e  norm alised v e l o c i ty

-  8 7  -



V „ = 2 - 0

O i

c
>>

C
w
e
Ù)
o

CL

‘*6
x>
Ù)
i/>

* 5
Ê
L.
O

z

Z„= 2 33

Normalised t im e  t „ - *

- h o Z = 0 '0

F ig .6.6
The normalised displacement as a function 

of axia l position  .and time t^

— 88 —



N o r m a l i s e d  d i s t a n c e

2 0

C Lto
*0
"O
to

F i g . 6 .7
The s p a t i a l  dependence o f  th e  normalised 

d is p la c e m e n t  as  a fu n c t io n  of time

-  ‘89 -



Normalised time
nC

0 -

•o

Yjj F u l l  l i n e  -  Plasma d isp la c e m e n t ,  c row barred  c u r r e n t
Broken l i n e  -  Plasma d is p la c e m e n t ,  s i n ,  c u r r e n t  

T|^ F u l l  l i n e  -  E q u i l ib r iu m  d isp la c e m e n t ,  crow barred  c u r r e n t

F i g . 6 .8
Plasma and e q u i l ib r iu m  d isp la c e m e n ts  f o r  s in u s o id a l  

and crow barred  loop  c u r r e n t s

-  90 -



677 —̂

<>>

a .
tn

CL

*o
I/)

z :

100101001
Norm al i sée !  v e l o c i t y  Vn

F i g . 6 .9
The peak d isp la c e m e n t  a s  a fu n c t io n  o f  t h e  n o rm a l ised  

v e l o c i t y  ( th e  mutual in d u c tan ce  th e o ry )

-  91 -



C H A P T E R  VII

AN EXPERIMENTAL STUDY OF THE PLASMA MOTION 

PRODUCED BY A PERTURBING MAGNETIC FIELD

7.1 INTRODUCTION

The experim en ts  perfo rm ed  on two t h e t a  p in c h  p lasm as to  d e te rm in e  

the  e f f e c t  o f  a p e r tu r b i n g  m agnetic  f i e l d  produced hy  a c u r r e n t  c a r ry in g  

c o i l  a r e  d e s c r ib e d .  The c o i l  d e s ig n  and th e  f i e l d s  p roduced  a re  d e s c r ib e d .  

High speed p h o to g ra p h ic  t e c h n iq u e s  were u sed  to  measure th e  p lasm a d i s p l a c e 

ment, p ro p a g a t io n  v e l o c i t y  and s p a t i a l  damping. R e s u l t s  a r e  p r e s e n te d  f o r  

a h ig h  b e t a ( ^ ^ )  ( th e  3 ,5 m  t h e t a t r o n )  and a low beta^^^^  ( th e  2m t h e t a t r o n )  

plasma.

7.2 THE DIAGNOSTIC TECHNIQUES

The s ta n d a rd  d i a g n o s t i c  te c h n iq u e s  u sed  a r e  d e s c r ib e d  in  Appendix A 2. 

Plasma p r o p e r t i e s  were o b ta in e d  from d ia m ag n e t ic  s ig n a l s  and i n t e n s i t y  p ro 

f i l e s .  Plasma m otion was m easured a s  th e  movement o f  th e  maximum l i g h t  

i n t e n s i t y  p o s i t i o n ,  re c o rd e d  on a s t r e a k  pho tog raph  (see  S e c t io n  A2.6) and 

measured w ith  a m ic ro d e n s i to m e te r  to  an  a c c u ra c y  à  0 .05 cm . O ther e x p e r i 

mental e r r o r s  a r e  g iv e n  i n  F ig .A 2 .2.

7.3  THE SECTOR COIL

A sm all  c o i l ,  c a l l e d  a  s e c to r  c o i l ,  was p la c e d  between th e  compres

sion c o i l  and th e  vacuum tu b e  a t  th e  m idplane o f  th e  2 m and 3 .5  m t h e t a -  

t ro n s  ( s e e  C hapter  I I I ) .  F i g . 7 . 1 (a)  and 7 .1 (b )  show a f r o n t  view  and c ro s s  

s e c t io n  o f  th e  s e c t o r  c o i l  i n s id e  th e  t h e t a t r o n .  The f l u x  gu ide  in  th e  

3.5m t h e t a t r o n  d id  n o t  ex tend  in to  th e  c e n t r a l  r e g io n  ( s e e  F i g . 3 . 2 ( a ) ) ,  so 

th a t  th e  s e c t o r ^ c o i l  a r e a  was n o t  r e s t r i c t e d .

 Both t h e o r i e s  p r e s e n te d  i n  C hapter VI p r e d i c t  t h a t  an n t u r n  c u r r e n t

loop, a re a  A^ and c u r r e n t  1^ , p roduces  a fo rc e  F on a p lasm a (see  

equations ( 6 .6 .1 )  and (6 .6 .2 ) )  :
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• F «  n A ^ I ^  . . . .  ( 7 .3 .1 )

C e r ta in  s e c to r  c o i l  d e s ig n  c r i t e r i a  can be d e r iv e d ,  assuming t h a t  e q u a t io n

(7 . 3 . 1 ) i s  v a l i d .

I f  a s e c to r  c o i l  o f  in d u c ta n c e  L i s  e n e rg i s e d  by  a c a p a c i t o r  bank 

of c a p a c i ta n c e  C charged  to  a v o l t a g e  V , t h e  maximum c u r r e n t  i n  t h e  c o i l ,

l o '  i s
Iq  = ^  f j Y i  * •** ( l» 3 .2 )

The in d u c ta n c e  o f  an n  t u r n  c o i l  can be ex p ressed  a p p ro x im a te ly  as

L = n% Lo . . .  ( 7 . 3 . 3 )

where i s  th e  in d u c ta n c e  o f  1 t u r n .  S u b s t i t u t i n g  f o r  L from e q u a t io n

( 7 . 3 , 3 ) and I^  from e q u a t io n  ( 7 .3 .2 )  in to  e q u a t io n  ( 7 .3 .1 )  g iv e s

F «  . . . .  ( 7 .3 .4 )

There fore  th e  maximum fo rc e  p roduced  by  an n t u r n  c o i l  i s  independen t o f  

the  number o f  t u r n s ,  b u t  d i r e c t l y  p r o p o r t i o n a l  to  t h e  a r e a .  The number o f  

tu rn s  c o n t r o l s  th e  p e r io d  o f  o s c i l l a t i o n .  At l e a s t  two com plete c u r r e n t  

o s c i l l a t i o n s  were r e q u i r e d  f o r  t h e  experim en ts  d e s c r ib e d  i n  S e c t io n  7 .5  

and 7 .6 .  Because th e  p lasm a l i f e t i m e  was r e s t r i c t e d  to  15 p.s th e  number 

of t u r n s  was r e s t r i c t e d  to  5 o r  l e s s .

Two 3 t u r n  s e c to r  c o i l s  were wound from SVG 16 copper w ire ,  in s u 

la te d  w i th  p o ly th e n e .  Each c o i l  was 0 .7 cm  wide, and occup ied  one q u a r t e r  

of th e  a re a  betw een th e  com pression  c o i l  and th e  vacuum tu b e  (se e  F i g . 7 . 1 (b ) )  

a t  th e  m idp lane . F iv e  c a p a c i t o r  banks were u sed  to  e n e rg i s e  th e  c o i l s ;  

two on th e  2 m t h e t a t r o n  and t h r e e  on th e  3 .5  m t h e t a t r o n .  The s e c to r  

co il  c i r c u i t  p a ra m e te rs  a r e  t a b u l a t e d  in  F i g . 7 .2 .  T y p ic a l  c u r r e n t s  were 

20kA, w i th  p e r io d s  o f  5 | i s .
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7.4 THE SECTOR COIL MAGNETIC FIELDS

The m agnetic  f i e l d s  produced  hy s e c t o r  c o i l  c i r c u i t  4 (s e e  F i g . 7 .2 )  

were measured u s in g  sm all s e a rc h  c o i l s  ( s e e  S e c t io n  A 2 .4 ) .  F i g . 7 .3  shows 

the e x p e r im en ta l  v a lu e s  o f  and Bj  ̂ , th e  components o f  f i e l d  a lo n g  and

p e rp e n d ic u la r  t o  th e  tu b e  a x i s ,  a s  f u n c t io n s  o f  th e  a x i a l  d i s t a n c e  z from 

the c o i l .  (C o o rd in a te s  z and x i n  F i g . 7 . 1 ( a ) . )  The s o l i d  l i n e s  r e p r e 

sen t th e  a n a l y t i c  s o l u t i o n  f o r  t h e  f i e l d s  p roduced  on th e  com pression  c o i l  

ax is  by a m agnetic  d ip o le  o f  moment M :

M = n Ajj I ^ .  . . , ( 7 . 4 . 1 )

These f i e l d s  can be d e r iv e d  from th e  v e c t o r  p o t e n t i a l  ( s e e  e q u a t io n  ( 6 . 3 . 7 ) ) ,  

and a re

^
where b i s  th e  d i s t a n c e  betw een th e  d ip o le  a x i s  and th e  com pression c o i l  

ax is ,  = 5 .6  cm . The a n a l y t i c  e x p re s s io n s  u n d e re s t im a te d  th e  f i e l d s  p ro 

duced ; t h i s  i s  d i s c u s s e d  in  S e c t io n  8 . 2 . 7 .  The c h a r a c t e r i s t i c  a x i a l  

len g th  was about 5 cm.

7.5 THE EXPERIMENTS WITH A LOW BETA PLASMA^^^^ ' ,

The 2 m t h e t a t r o n ,  d e s c r ib e d  in  S e c t io n  3 .7 ,  was o p e ra te d  w ith  f i l l i n g  

p re s su re s  o f  10 and 20 m to r r  o f  hydrogen, and a main c a p a c i to r  bank v o l t a g e  

of 34kV . T h is  produced  a peak a x i a l  m agne tic  f i e l d  o f  1 4 kG in  9 [jis.

F ig .7 .4  t a b u l a t e s  th e  plasm a average  b e t a ,  te m p e ra tu re  and a r e a  a s  fu n c t io n s  

of th e  f i l l i n g  p r e s s u r e  and t im e .  At b o th  f i l l i n g  p r e s s u r e s  th e  peak 

tem perature  was abou t 10 eV , and th e  average  b e t a  ^ 0 . 1 .  The plasma r a d iu s  

reached a minimum b e f o r e  th e  m agnetic  f i e l d  reach ed  a maximum; t h e r e f o r e  

the plasma d i f f u s e d  a c r o s s  th e  f i e l d  l i n e s .  These c h a r a c t e r i s t i c s  were 

thought to  be caused  by  im p u r i t i e s  (s e e  S e c t io n  5 . 3 . 2 ) .  Each plasm a used  

for experim en ts  was r e p r o d u c ib le  and MHD s t a b l e  f o r  10 jis .
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The e f f e c t  o f  e n e rg i s in g  s e c to r  c o i l  system  1 (s e e  F i g , 7 .2 )  l .O j i s  

a f t e r  th e  s t a r t  o f  th e  az im u th a l  com pression c u r r e n t  i s  shown i n  F i g . 7 .5 .

F i g . 7 . 5 (a )  shows th e  s e c t o r  c o i l  and com pression c o i l  c u r r e n t  waveforms.

F i g . 7 . 5(h) shows a s t e r e o s c o p ic  s t r e a k  p i c t u r e ,  ta k e n  a t  45° above and 55° 

below th e  com pression  c o i l  a x i s  (s e e  F i g . 7 . 1 ( b ) ) , w ith  no s e c to r  c o i l  c u r r e n t .  

The plasm a was s t r a i g h t .  F i g . 7 . 5 (c )  shows a s t e r e o s c o p ic  s t r e a k  pho tog raph  

when th e  s e c to r  c o i l  was e n e rg i s e d .  A g ro s s  p lasm a m otion  was found i n  th e  

± x  d i r e c t i o n  (see  F i g . 7 . 1 ( a ) ) .  No r o t a t i o n  o c c u r re d .  S e c to r  c o i l  c u r r e n t s  

in  th e  -  0 d i r e c t i o n  p roduced  plasm a d isp la c e m e n ts  i n  t h e  + x d i r e c t i o n ;  

c u r r e n ts  i n  th e  + 0 d i r e c t i o n  produced  d isp la c e m e n ts  i n  th e  -  x d i r e c t i o n .

F i g . 7 .6  shows s t r e a k  p i c t u r e s  ta k e n  o f  th e  plasm a m otion  i n  th e  ± x  

d i r e c t i o n  when s e c t o r  c o i l  system  2 (se e  F i g . 7 .2 )  was e n e rg i s e d  1 .0  |js a f t e r  

the  com pression c u r r e n t .  The m otion  a t  3 a x i a l  p o s i t i o n s ,  z = 0 ,  5 .3  and 

10.8 cm, i s  shown f o r  th e  10 m to rr  and 20 m to rr  p lasm as (se e  F ig .  7 . 4 ) .  A 

maximum d isp la c e m e n t  o f  abou t one p lasm a r a d iu s  was produced  a t  z = 0  cm by 

a s in u s o id a l  s e c to r  c o i l  c u r r e n t  o f  16 kA . At z = 5 .3  cm th e  d isp la cem e n t  

was about 10^ o f  t h a t  a t  z = 0 cm. No m otion was d e t e c t e d  a t  10 .8  cm. These 

s t re a k  p i c t u r e s  were ta k e n  on a sh o t  to  sh o t  b a s i s ;  each p h o tog raph  was 

r e p ro d u c ib le  to  w i th i n  th e  e x p e r im e n ta l  e r r o r s .

F or t im e s  l e s s  th a n  1 |is  a f t e r  th e  im p los ion  th e  i n t e n s i t y  p r o f i l e s  

were f l a t ,  making a n a l y s i s  o f  t h e  m otion d i f f i c u l t .  The d e la y  betw een th e  

compression c o i l  and s e c to r  c o i l  c u r r e n t s  was in c re a s e d  to  4 .0  ^ s ;  th e  

plasma i n t e n s i t y  p r o f i l e s  were th e n  more peaked (s e e  F i g . 4 .3 )  so t h a t  th e  

d isp lacem en t,  measured by  a m ic ro d e n s i to m e te r ,  was more a c c u r a t e .  F i g . 7 .7  

shows th e  measured d isp la c e m e n t  a t  z = 0 cm when s e c t o r  c o i l  system  2 was 

energ ised  4 . 0 j i s a f t e r  t h e  com pression  c u r r e n t ,  f o r  a 2 0 m to rr  plasm a (see

Fig._7.4).. A -16  kA s in u s o id a l  c u r r e n t  produced  a 0 .4  cm o s c i l l a t i n g  p lasm a

d isp lacem ent a p p ro x im a te ly  in  phase  w i th  th e  s e c t o r  c o i l  c u r r e n t .
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7.6 THE EXPERIMENTAS WITH A HIGH BETA PLASMA^^^^

The 3 ,5  m t h e t a t r o n  (se e  C hap ter  I I I )  ŵ as used  to  p roduce  a h ig h  0 

plasma f o r  experim en ts  on p e r tu r b e d  m otion . F i g . 7 .8  t a b u l a t e s  t h e  measured 

plasma p a ra m e te rs  a s  f u n c t io n s  o f  th e  i n i t i a l  c o n d i t io n s  (se e  C hap ter  IV ).

Four d i f f e r e n t  p lasm as  were u s e d .  With no b i a s  f i e l d  (se e  S e c t io n  2 .7 )  th e  

com pression c u r r e n t  was i n i t i a t e d  2 )is b e fo r e  th e  end o f  th e  a x i a l  p r e i o n i z a 

t i o n  c u r r e n t ,  w ith  th e  main c a p a c i t o r  bank charged  to  35, 40 and 4 5 kV . The 

plasmas p roduced  had v a lu e s  o f  (P) 0 .4 ,  and te m p e ra tu re s  =^50 eV .

D ecreasing  th e  c h a rg in g  v o l t a g e  in c re a s e d  t h e  te m p e ra tu re  (see  S e c t io n  5 . 4 . 5 ) .  

A n e g a t iv e  b i a s  f i e l d  B^ = -  350G was u sed ,  w ith  th e  com pression  c u r r e n t  

i n i t i a t e d  a t  th e  p r e i o n i z a t i o n  c u r r e n t  z e ro ,  to  p roduce  a p lasm a w ith  an 

ap p ro x im a te ly  t im e  in d e p en d en t b e t a  v a lu e .  Each p lasm a used  was MHD s t a b l e  

and r e p ro d u c ib le  f o r  a t  l e a s t  15|j,s .

S e c to r  c o i l  system s 3 , 4 and 5 (see  F i g . 7 .2 )  were used  to  e x c i t e  

plasma m otion . S te r e o s c o p ic  s t r e a k  p i c t u r e s  showed t h a t  th e  p lasm a motion 

was always i n  th e  ± x  d i r e c t i o n  (se e  F i g . 7 .1  (a)), and t h a t  th e  p lasm a r a d i a l  

d e n s i ty  p r o f i l e s  were n o t  d i s t o r t e d .

The t h r e e  p lasm as  p roduced  w i th o u t  a b i a s  f i e l d  (see  F i g . 7 .8 )  were 

p e r tu rb e d  u s in g  s e c t o r  c o i l  system s 3 and 4 ( se e  F i g . 7 .2 ) ,  w i th  d e la y s  

between th e  com pression  c u r r e n t  and s e c to r  c o i l  c u r r e n t  o f  1 .0  and 4 .0  p s .  

Plasma d is p la c e m e n ts  were measured a t  fo u r  a x i a l  p o s i t i o n s ,  z = 0 ,  4 ,  8 and 

12 cm, a s  f u n c t io n s  o f  th e  s e c t o r  c o i l  c u r r e n t  and p lasm a p a ra m e te r s .

F i g . 7 .9  shows s t r e a k  p h o to g rap h s  o f  t h e  p lasm a m otion  in  th e  ± x  

d i r e c t io n  when s e c to r  c o i l  system  4 was e n e rg i s e d  1 |is a f t e r  t h e  com pression  

cu rren t ,  w i th  th e  main c a p a c i t o r  bank charged  to  4 5 kV (plasm a 1, F i g . 7 . 8 ) .  

P ic tu re s  a to  d were r e c o rd e d  a t  z = 0 to  12 cm, w i th  a peak s e c to r  

coil c u r r e n t  o f  - 1 5 . 5kA. A tim e  d e la y  betw een th e  d isp la c e m e n t  maxima a t  

d i f f e r e n t  a x i a l  p o s i t i o n s  showed t h a t  p ro p a g a t io n  o c c u r re d .
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F i g . 7 .10  shows th e  measured plasm a d is p la c e m e n ts  o b ta in e d  by  scann ing  

the ph o to g rap h s  in  F i g . 7 .9  w i th  a m ic ro d e n s i to m e te r .  The peak d isp la c e m e n t  

a t  z = 0 cm was Ov.6 cm. A p ro p a g a t io n  v e l o c i t y  o f  16 cm[is"^ was measured 

over an a x i a l  d i s t a n c e  o f  8 cm.

The peak d is p la c e m e n t  a t  z = 0 cm, and th e  p r o p a g a t io n  v e l o c i t y ,  

ob ta ined  u s in g  s e c t o r  c o i l  system s 3 and 4 (see  F i g . 7 .2 )  on p lasm as 1 , 2 

and 3 (see  F i g . 7 .8 ) ,  a r e  t a b u l a t e d  i n  F i g . 7 .1 1 .  Peak d isp la c e m e n ts  

decreased  a s  t h e  main c a p a c i t o r  bank v o l t a g e  was in c re a s e d ;  t h a t  i s ,  when 

the  e x te r n a l  a x i a l  f i e l d  was in c r e a s e d .  I n c r e a s in g  t h e  s e c to r  c o i l  c u r r e n t  

de lay  from l . O ^ s  to  4 . 0 n s  reduced  th e  d isp la c e m e n t  b u t  in c re a s e d  th e  

p ro p ag a t io n  v e l o c i t y .  Changing from s e c to r  c o i l  c i r c u i t  3 to  4 in c re a s e d  

the  s e c to r  c o i l  c u r r e n t  from 1 0 .5  to  20 ,6  kA , and d e c re a se d  th e  f req u en cy  

from 2 .7  to  1 .3 5  r a d  ( s e e  F i g . 7 . 2 ) .  The d isp la c e m e n ts  o b ta in e d  w ith

c i r c u i t  4 were tw ic e  th o s e  o b ta in e d  w i th  c i r c u i t  3; t h e  p ro p a g a t io n  v e l o c i t y  

was changed l e s s  th a n  th e  e x p e r im en ta l  e r r o r s  o f  15^.

The peak d is p la c e m e n t  a t  z = 0, y , was measured a s  a f u n c t io n  o f
/

the  s e c to r  c o i l  c u r r e n t  1^ , f re q u e n c y  UÜ , and th e  p lasm a p a ra m e te r s .

F i g . 7.12 shows y  as  a f u n c t io n  o f  1^ f o r  s e c to r  c o i l  c i r c u i t  4 ,  w ith  

plasmas 1 , 2 and 3 ( s e e  F i g . 7 . 8 ) .  A l i n e a r  r e l a t i o n s h i p  was found between 

y and 1^ f o r  c o n s ta n t  p lasm a c o n d i t io n s ;  t h a t  i s ,  f o r  f ix e d  v o l t a g e  and 

delay . F i g , 7.13 shows y  a s  a f u n c t io n  o f  1^ f o r  s e c t o r  c o i l  c i r c u i t  

3; ag a in  y was l i n e a r l y  dependen t on 1^ f o r  c o n s ta n t  p lasm a c o n d i t io n s .  

Changing th e  d i r e c t i o n  o f  th e  s e c to r  c o i l  c u r r e n t  r e v e r s e d  th e  d i r e c t i o n  o f
A
y, b u t  d id  n o t  change i t s  a b s o lu t e  v a lu e .

Plasma 4 _ (se e  F i g . 7 .8 ) ,  p roduced  w i th  a n e g a t iv e  b i a s  f i e l d ,  was 

exc ited  by  s e c to r  c o i l  c i r c u i t  5 (see  F i g . 7 .2 )  e n e rg ise d  5 |is  a f t e r  th e

compression c u r r e n t .  The s e c to r  c o i l  c u r r e n t  ( l^  = 2 2 k A ,  UU = 1 .2 5  ra d  |is  ̂) 

vas e i t h e r  a l low ed  to  o s c i l l a t e ,  o r  was crow barred  a t  c u r r e n t  maximum by  a
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metal to  m etal sw i tch  to  p roduce  an approx im ate  s te p  c u r r e n t  waveform.

F i g . 7 .1 4  shows th e  s t r e a k  p h o to g rap h s  ta k e n  a t  z = 0 cm and th e  c u r r e n t  

waveforms w ith  (a)  no s e c t o r  c o i l  c u r r e n t ,  (h) a s in u s o id a l  c u r r e n t ,  and 

(c) a c row barred  c u r r e n t .  F i g . 7 .15  shows th e  measured p lasm a d isp la c e m e n ts  

a t  z = 0 cm and 4 cm. With th e  crow barred  c u r r e n t ,  which decayed w i th  an 

e - fo ld in g  tim e o f  15p,s , t h e  p lasm a moved outw ards to  a p o s i t i o n  equal to  

t h a t  when a s in u s o id a l  c u r r e n t  was used ,  and th e n  r e la x e d  tow ards  th e  a x i s  

in  a t im e  g r e a t e r  th a n  th e  rem ain ing  plasm a l i f e t i m e  o f  8 p.s. Peak d i s p l a c e 

ments o f  0 ,6  cm and v e l o c i t i e s  o f  30 cm|is~^ were o b se rv ed .

A s p a t i a l  damping o f  th e  p ro p a g a t in g  plasm a d isp la c e m e n ts  was found 

(see F i g . 7 . 9 ) ,  Measurements o f  th e  d isp la c e m e n t  p roduced  by  a s in u s o id a l  

s e c to r  c o i l ’ c u r r e n t  were u sed  to  d e r iv e  an e - f o ld i n g  damping l e n g th .  The 

r e s u l t s ,  t a b u l a t e d  i n  F i g . 7 .1 6 ,  show t h a t  d o u b lin g  t h e  c u r r e n t  f req u en cy  

reduced th e  damping le n g th ,  t y p i c a l l y  1 5 c m ,  by abou t 10^. D ecreas ing  th e

main c a p a c i t o r  bank v o l t a g e  d e c re a se d  th e  damping l e n g th .

7.7 SUMMARY

A c u r r e n t  loop  ( s e c t o r  c o i l )  n e a r  a t h e t a  p in c h  produced  g ro s s  plasm a 

d isp lacem en ts  i n  th e  p la n e  o f  th e  loop  a x i s  and th e  com pression  c o i l  a x i s .

No plasm a r o t a t i o n  o r  d i s t o r t i o n  o f  th e  r a d i a l  d e n s i t y  p r o f i l e  was observed .

A 3 t u r n  s e c t o r  c o i l  c u r r e n t  o f  16 kA p roduced  a peak d isp la cem e n t  

of 0 .4  cm in  a low b e t a ,  10 eV plasm a. At a x i a l  p o s i t i v e  g r e a t e r  th a n  5 cm 

from th e  p la n e  o f  t h e  s e c to r  c o i l  th e  p lasm a d isp la c e m e n t  was l e s s  th a n  10^ 

of th e  maximum d is p la c e m e n t .

A 3 t u r n  s e c to r  c o i l  c u r r e n t  o f  21 kA produced  a peak d isp la cem e n t  

of 0.6  cm in  a - h ig h  b e t a ,  50 eV p lasm a, which p ro p a g a te d  a x i a l l y  away from 

the p la n e  o f  th e  c o i l^ ^ ^ ^ .  The peak plasm a d isp la c e m e n t  was p r o p o r t i o n a l

to th e  c o i l  c u r r e n t ,  and d e c re a se d  as  th e  e x t e r n a l  a x i a l  m agnetic  f i e l d  was 

in c re a sed .  S in u s o id a l  c u r r e n t s  produced  o s c i l l a t i n g  d is p la c e m e n ts ;  a
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s tep  c u r r e n t  caused th e  plasm a to  move to  an e q u i l ib r iu m  p o s i t i o n  which was 

d isp la c e d  from th e  i n i t i a l  u n p e r tu rb e d  e q u i l ib r iu m  p o s i t i o n ^

P ro p a g a t io n  v e l o c i t i e s  measured w i th  h ig h  b e t a  p lasm as were between 

15 and 30cm |is~^ ; th e y  in c re a s e d  a s  th e  d e la y  betw een th e  com pression 

c u r re n t  and th e  s e c to r  c o i l  c u r r e n t  was in c r e a s e d .  A s p a t i a l  damping o f  

the  p ro p a g a t in g  d is p la c e m e n ts  was measured; t y p i c a l  e - f o ld in g  le n g th s  were 

15cm . This  l e n g th  was reduced  by  10^ when th e  s e c to r  c o i l  c u r r e n t  f r e 

quency was doub led .
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(a )  FIîONT VIEW

■ SECTOR COIL

(b) CROSS SECTION

(TOP) UPPER 
/  STEREO 

VIEWVAC m i  TUBE-

1 D VIEW

LOWER
STEREO

S e c to r  c o i l  w i th
c u r r e n t  in  -  0 d i r e c t i o n

F i g . 7.1
Diagrams o f  t h e  s e c to r  c o i l  geom etry
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T h e ta t ro n 2 m 3. 5 m

Text i o Q
R ef .  No, X O 4 0

c (pF) 0.1 0 .4 0.1 0 .4 0 .5

V (kV) 40 40 40 40 40

Ad (cm®) 28 28 16 16 16

h (cm) 6 .0 6 .0 5 .6 5 .6 5.6

n 3 3 3 3 3

l o  M 8 . 4 1 6 .0 1 0 .5 20 .6 22 .0

U)(rad 2 .2 1 .1 2 .7 1 .3 5 1 .2 5

Lt ( f ) 2 .1 5 2 .1 5 1 .37 1 .37 1 .37

Lc (mH) 1 .8 1 .8 1 .1 1 .1 1 .1

Q 20 10 34 1 6 .7 15

Lji i s  th e t o t a l  c i r c u i t  in d u c ta n c e

L i s  th e in d u c ta n c e  o f  th e  c o i lc

F i s . 7 .2  .

The s e c t o r  c o i l  c i r c u i t  p a ra m e te rs
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P re s s u re 20 m to rr Hs 10 m to rr Ha

t(^is) B^(kG) T*(eV) Ap(cm^) <P) T*(eV) Ap(cm^)

0 0 ~  1 ^  1

1 2 .5 0 .17 5 1 6 .0 0 .2 12 1 2 .5

2 4 .8 0 .15 7 7 .0 0 .07 6 .5 5.3

3 7 .0 0 .0 5 5 6 .0 0.03 5 .0 4 .8

4 9 .0 0 .02 3 .5 5 .2 0 .015 3 .5 4 .3

. 5 1 0 .7 0.01 2 5 .2 0.01 0 .7 4 .2

6 1 2 .0 0 .005 2 5 .4 0.01 0 .4 4 .2

9 1 4 .0 0.002 1 .4 6 .0 0.005 0 .4 4 .9

Line

(gm.

Mass 

cm“  ̂) 5 .6  X 10'-8 4 .3  X 10-®

Mass 45^ .  . 7 0 ^C o l le c t io n
-

* Tem pera tu res  o b ta in e d  from d iam agnetism  and im p u r i ty  
l i n e  r a d i a t i o n  h i s t o r y  ( s e e  S e c t io n  A 2 . l l ) .

F i g . 7 .4

The 2 m t h e t a  p in c h  p a ra m e te rs
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(b)

(c

(d) 3cm

---------------------------- 15/Lts------------------------------

F i g .7 .9

streak p h o to g ra p h s o f  th e  3 .5  m th e t a  p in ch  

(a )  z = O c m ;  (h ) z = 4 cm ; ( c )  z = 8 cm ; (d ) z = 12 cm
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+5

cy
EyuJD
< XlO
O

x - \
/

0 /

X Z = O cm
o Z *= 4  cm

"t Z = 8  cm
o Z = 12cm

\

• I

Time (jLis)

Plasma 1 (se e  F i g . 7 .8 ) ,
S e c to r  c o i l  c i r c u i t  4 ( s e e  F i g , 7 .2 ) ,  
I q = -  15 .5kA  .

F i g . 7 .10
The h ig h  b e t a  plasm a d isp la c e m e n t

lO
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S ector  c o i l  c i r c u i t  4 (l^  = 20 .6  kA , o) = 1 .35rad ^ is  ’•)

D elay  ( [ i s ) V o lta g e  (kV) 45 40 35

y (cm) 0 .8 0 .95 1 .0
1 V(cm. lis“^) 16 16 20

4
y  (cm)

V(cm. IJs""^)

0 .5

23

0 .55  

24

0 .65

30

S e c to r  c o i l  c i r c u i t  3 ( I q = 10. 5 kA , tu = 2 .7  r a d  [ i s ~

D elay  (jas) V o ltage  (kV) 45 40 35

y  (cm) 0 .4 0 .45 0 .5
1

V(cm. lis~^) 15 16 22

4
y (cm)

V ( cm. |is"^ )

0 .25

22

0.3

23

0 .35

28

D elay  -  th e  com pression  to  s e c t o r  c o i l  c u r r e n t  d e la y  

V o ltag e  -  t h e  main c a p a c i to r  hank ch a rg in g  v o l t a g e  

y  -  th e  f i r s t  peak d isp la c e m e n t  a t  z = o cm 

V -  th e  p ro p a g a t io n  v e l o c i t y  measured over  z = 0 to  z = 8  cm

F i g . 7.11
The peak d is p la c e m e n ts  and p ro p a g a t io n  v e l o c i t i e s
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V = 3 5 k V  

^ V = 4 0 k V

SECTOR COIL CIRCUIT 4
1 0

o  = l ' 3 5  x l O  r a d .  s'

o  Aixs d e l a y  
X I/.IS d e l a y

V = 4 5 k V

V = 3 5 k V

E
O

< > 1

O

N

o>

o
CDU

0
0 20

C u r r e n t  4 ( k A )

F i g .7.12
Peak d isp la c e m e n t  a g a i n s t  c u r r e n t
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SECTOfi COIL CIRCUIT 3
V = 3 5 k V

CO = 2 - 7  X  10 r o d .  s

© 4 / i s  d e l a y  

X I p s  d e l a y

0  5

V = 4 0 k V

V = 4 5 k V

V = 5 5 k V

< > »
V = 4 0 k Vo

N

V = 4 5 k V

û>
C u

0
0 1 0

C u r r e n t  I  ( k A )
0

F i g . 7 .13

Peak d isp la c e m e n t  a g a i n s t  c u r r e n t
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Main Bank
Charging v o l t a g e  (kV) 45 40 35

S e c to r
C oil
C i r c u i t
4
((D = 1 .3 5  r a d  p s" i  )

1 |is 
D elay

4 jis 
D elay

15 cm 

17 cm

20 cm 

15 cm

8 cm 

7 cm

S e c to r
C oil
C i r c u i t
3
(lD = 2 .7  ra d  jis"’-

1 lis 
D elay

4 jis 
D elay

13 cm 

15 cm

18 cm 

12 cm

8 cm 

6 cm

Plasma 4 (see  F i g . 7 .8 ) :  S e c to r  c o i l  c i r c u i t  5 ( s e e  F i g . 7 .2 )  

ID = 1 .2 5  ra d  ^ s ,  D elay  = 5 |is . Damping l e n g th  = 10 cm.

D elay  -  The com pression  to  s e c to r  c o i l  c u r r e n t  d e la y

F i g . 7.16 

Damping Lengths
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C H A P T E R  V II I  

A DISCUSSION OF THE EXPERIMENTAL RESULTS

8 .1  INTRODUCTION

The ex p e r im en ta l  r e s u l t s  r e p o r te d  i n  C hap ter  V II a r e  compared w i th  

th e  p r e d i c t i o n s  o f  th e  two t h e o r i e s  p r e s e n te d  i n  C hap ter  V I. The assump

t i o n s  o f  th e  e q u i l ib r iu m  th e o r y  (se e  S e c t io n  6 .3 )  a r e  compared w ith  th e  

experim en ta l  c o n d i t io n s ;  r e s i s t i v i t y ,  v i s c o s i t y  and image c u r r e n t s  i n  th e  

com pression c o i l  w a l l s  a r e  shown to  be im p o r ta n t .

Plasma d isp la c e m e n ts  and p ro p a g a t io n  v e l o c i t i e s  a r e  e x p la in ed  as  

fo rced ,  m = 1 A lfven  waves, as  p r e d i c t e d  by  th e  e q u i l ib r iu m  th e o ry .  The 

s p a t i a l  damping observed  i s  e x p la in e d  by making an ana logy  between th e  

ex p er im en ta l  waves and A lfven  waves^^^^ in  an i n f i n i t e ,  d i s s i p a t i v e  p lasm a.

The p r e d i c t i o n s  o f  th e  m utual in d u c ta n c e  th e o ry  ( s e e  S e c t io n  6 .5 )  a r e  

sho-vm to  d i s a g re e  w i th  th e  e x p e r im en ta l  r e s u l t s ;  t h i s  d isag ree m en t  i s  

d is c u s s e d .

8 .2  THE ASSUMPTIONS IN TIIE EQUILIBRIUM THEORY

8 .2 .1  I n t r o d u c t io n

The m a them atica l a s s u n p t io n s  used  i n  th e  e q u i l ib r iu m  th e o r y  a r e  j u s t i 

f ie d  b e f o r e  ap p ly in g  th e  th e o ry  to  e x p la in  th e  ex p e r im e n ta l  r e s u l t s  r e p o r te d

in  C hap ter  V I I .  I n  d e r iv in g  th e  Haas and Wesson e q u a t io n  o f  m otion f o r  a
/03 34^

th e t a  p in c h  (s e e  S e c t io n  6 .2 )  th e  fo l lo w in g  a s s u n p t io n s  were made'' ’ '  :

(1 ) The plasm a was c o l l i s i o n  dom inated .

(2 ) D i s s i p a t i v e  e f f e c t s  were n e g l i g i b l e .

( 3 ) There was a sh a rp  boundary  between th e  p lasm a and th e  e x t e r n a l  

m agnetic  f i e l d ,  w i th  no c u r r e n t s  f low ing  in  th e  p lasm a body.

( 4) The plasm a was i n f i n i t e l y  lo n g .

( 5) D i s t o r t i o n  in  th e  ( r , 0 )  p la n e  was n e g l i g i b l e .

(6) The conduc t ing  w a l l s  could  be n e g le c te d .
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When th e  Haas and Wesson th e o ry  was a p p l ie d  to  a t im e  v a ry in g  e q u i l ib r iu m  

p o s i t i o n  (se e  S e c t io n  6 .3 )  to  d e r iv e  an e q u a t io n  d e s c r ib in g  plasm a motion 

(see  S e c t io n  6 , 4 ) ,  th e  fo l lo w in g  assum ptions  were made;

( 7) The plasm a d id  n o t  p e r tu r b  th e  vacuum f i e l d s .

(8 )
ÔT1

ÔZ , and

where r| ( z , t )  i s  th e  e q u i l ib r iu m  p o s i t i o n

y  ( z , t )  i s  th e  plasm a p o s i t i o n

b i s  th e  d i s t a n c e  betw een th e  s e c to r  c o i l  a x i s  
and th e  p lasm a a x i s .

( 9 ) The m agnetic  f i e l d s  produced  by  th e  s e c to r  c o i l  could  

be  d e s c r ib e d  by  th e  f i e l d s  o f  a m agnetic  d ip o l e .

Each o f  th e s e  assum ptions  i s  compared w ith  th e  e x p e r im en ta l  c o n d i t io n s .  

Two t e s t  p lasm as a re  u sed  to  e s t im a te  th e  ex p er im en ta l  p lasm a p a ra m e te r s ,  

w ith  d e n s i t i e s  o f  10^^ p a r t i c l e s  cm“® and te m p e ra tu re s  o f  10 eV (hydrogen) 

and 60 eV (d e u te r iu m ) ,  co rre sp o n d in g  to  th e  2m (see  F i g . 7 .4 )  and th e  3 .5 m  

t h e t a  p in c h e s  (see  F i g . 7 .8 ) .

8 .2 .2  C o l l i s i o n s  '

The Haas and Wesson a n a ly s is^ ^ ^ ^  i s  b ased  on th e  MED e q u a t io n s  f o r  

a c o l l i s i o n a l ,  f u l l y  io n iz e d  plasm a , where t h e  p r e s s u r e  t e n s o r  i s  i s o t r o p i c .  

In  th e  ex p e r im en ta l  p lasm a, e l e c t r o n - e l e c t r o n  c o l l i s i o n s  p roduced  a M axw ellian  

e l e c t r o n  v e l o c i t y  d i s t r i b u t i o n  and io n - io n  c o l l i s i o n s  a M axw ellian io n  v e l o 

c i t y  d i s t r i b u t i o n ;  e l e c t r o n - i o n  c o l l i s i o n s  th e n  p roduced  an  e q u i p a r t i t i o n  

o f  energy .  F o r  th e  MHD e q u a t io n s  to  ap p ly  th e  c h a r a c t e r i s t i c  experimen

t a l  t im e , t y p i c a l l y  1 jjs , must be g r e a t e r  th a n  th e  l o n g e s t  s e l f  c o l l i s i o n  

t im e(^ ^ )  ( th e  i o n - io n  c o l l i s i o n  t im e ,  t ^ ^ ) .

F o r  t h e  2 m t h e t a  p in c h  (hydrogen, lO’-® p a r t i c l e s  cm"®, lO eV ), 

tgj^ ^ 5 „ X - 1 0 “® s . F o r  th e  3 .5 m  t h e t a  p in c h  (deu te r ium , 10^® p a r t i c l e s  cm“®, 

60 eV) t j j i  =“ 1 X 10-7 g  ̂ T h e re fo re  a l l  s e l f  c o l l i s i o n  t im e s  were l e s s  th a n  

the  c h a r a c t e r i s t i c  t im e .
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The c h a r a c t e r i s t i c  t im e  must a l so  be g r e a t e r  th a n  th e  e q u i p a r t i t i o n  

tim e tg q  i f  th e  MHD e q u a t io n s  a r e  to  ap p ly .  The lo n g e s t  e q u i p a r t i 

t i o n  t im e  o ccu rs  when th e  e l e c t r o n s  a re  h e a te d ,  b u t  t h e  io n s  a r e  co ld .

For th e  2 m t h e t a  p in c h ,  t  =- 1 X lO"? s . F o r  th e  3 .5  m t h e t a  p in c h ,  

tg q  2 X 10“® s . T h e re fo re  t h e  experim en ts  were perform ed  w i th  a ch a ra c 

t e r i s t i c  tim e t  ^  t g q , so t h a t  b o th  p lasm as were c o l l i s i o n  dom inated .

8 .2 .3  D i s s i p a t i o n

The MHD eq u a t io n s  used  by  Haas and Wesson do n o t  in c lu d e  r e s i s t i v i t y  

o r  v i s c o s i t y .  To e s t im a te  th e  r e l a t i v e  im portance o f  th e s e  two d i s s i p a t i v e  

p r o c e s s e s  i n  t h e  e x p e r im en ta l  p la sm as ,  th e  Reynolds number R^ and th e

P r a n d t l  number Pm a re  c a l c u l a t e d  f o r  th e  two t e s t  p lasm as  i n  a 1 0 kG

f i e l d .

The p ro d u c t  o f  th e  s e l f  c o l l i s i o n  tim e  t ^  and th e  c y c lo t ro n  f r e 

quency uUg c h a r a c t e r i s e s  th e  d i s s i p a t i v e  c o e f f i c i e n t  fo rm u lae .  F o r  th e  

t e s t  p la sm as

Wei t c i  (10 eV) 0 -5

®ce t e e  (10 eV) - 2 0  

Wei t c i  (60 eV) “  5

W^g (60 eV) -  270 .

Both p lasm as  have U) . t _ .  ^  1 and uü__ t  » 1; u nder  th e s e  c o n d i t io n s0 ]_ Cl cc c“

S p i t z e r ' s  form ula f o r  r e s i s t i v i t y  T] and B r a g i n s k i i ' s  fo rm ula  f o r

v i s c o s i t y  [ X  may be u sed .  The Reynolds number and P r a n d t l  number can

then  be c a l c u l a t e d  f o r  p lasm as w i th  a c h a r a c t e r i s t i c  v e l o c i t y  V = 1 X 10^ cm s"^

and a c h a r a c t e r i s t i c  l e n g th  L = 5 cm ( t y p i c a l  e x p e r im en ta l  v e l o c i t i e s  and

l e n g th s ) ,  to  g iv e  : •

2 m p lasm a (lO eV)

n I =“ 3X10® emu
^  = -1 X 1 0 -3  emu 3 Pm“  0 .2  %  - 1 .5 X 1 0 ®
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3 . 5 m plasma (60 eV)

j P m  =* 2 .5  X 10® %  = 2 .5  X 10^ .rijL 2 X 10® emu

)i 1 X 10“  ̂ emu

The r e l a t i v e  im portance  o f  p^  and can he e s t im a te d  h y  c o n s id e r in g

th e  damping o f  A lfven  waves^^^^ in  an i n f i n i t e  p lasm a w ith  t h e  same d e n s i t y ,  

te m p e ra tu re ,  f i e l d ,  c h a r a c t e r i s t i c  v e l o c i t y  and c h a r a c t e r i s t i c  l e n g th  as  

th e  t e s t  p lasm a. These waves a r e  s p a t i a l l y  damped w ith  an e - f o ld in g  l e n g th  

Zj) ( s e e  S e c t io n  A. 1 .3 ,  ’hydrom agnetic  w av es ')

^  VL® R L

where p  i s  th e  mass d e n s i t y .  F or th e  2 m plasm a (lO eV) p ^  i s  sm a ll ,  

so t h a t  r e s i s t i v i t y  dom inates  th e  damping o f  A lfven  waves, and Zp =“ 30 cm . 

F o r th e  3 .5 m  plasm a (60 eV) p^  i s  l a r g e ,  so t h a t  v i s c o s i t y  dom inates  th e  

damping, and Z p ^  2 .5  cm . Because th e  t e s t  p lasm as r e p r e s e n t  th e  expei i -  

mental p lasm as  (se e  F ig s .  7 .4  and 7 .8 )  i t  was expec ted  t h a t  d i s s i p a t i o n  would 

be im p o r ta n t .  The observed  damping o f  t h e  e x c i te d  m = 1 waves (see  

S e c t io n  7 .6 )  i s  e x p la in e d  by  c o n s id e r in g  d i s s i p a t i o n  i n  S e c t io n  8 . 5 ,

8 . 2 . 4  The Plasma Boundary

( 33 )The plasm a model assumed by Haas and Wesson' '  h a s  a square  tem pera

t u r e  and d e n s i t y  p r o f i l e ,  and sk in  c u r r e n t s  (s e e  S e c t io n  6 . 2 ) .  Because th e  

ex p e r im e n ta l  plasm a had a G aussian  d e n s i t y  d i s t r i b u t i o n  ( s e e  F i g . 4 .3 )  an 

average  b e t a ,  w r i t t e n  ( p ) ,  and an av e rag e  r a d i u s ,  r p , must be u sed  to  compare 

ex p e r im e n ta l  and t h e o r e t i c a l  r e s u l t s  (s e e  S e c t io n  A 2 .10 ) .

End e f f e c t s  were n o t  seen a t  th e  plasm a m idplane f o r  a t  l e a s t  lO jjs  , 

so t h a t  t h e  plasm a could  be c o n s id e re d  i n f i n i t e l y  long  ( s e e  S e c t io n  6 . 2 ) .  

Because th e  p e r tu r b i n g  f i e l d s  produced by  th e  s e c to r  c o i l  ( s e e  S e c t io n  7 .4 )  

d id  n o t  d i s t o r t  t h e  d e n s i t y  p r o f i l e s  (see  S e c t io n  7 .6 ) ,  t h e  assum ption  t h a t  

th e  d is p la c e m e n ts  could  be w r i t t e n  a s  § = ^ (z )  ( s e e  S e c t io n  6 .2 )  was

v a l i d .
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8 . 2 . 5  The Conducting W alls and th e  Plasma Radius

The e q u a t io n  o f  m otion f o r  a s t r a i g h t  t h e t a  p in c h  ( e q u a t io n  ( 6 .2 . 9 ) )  

does n o t  in c lu d e  th e  e f f e c t  o f  th e  r e s t o r i n g  f o r c e s  p roduced  hy  image c u r r e n t s

i n  th e  com pression  c o i l  w a l l s .  A p a ram e te r  a>
2 ■ •

2 r ,
a  =

K -
. . .  (8 . 2 .2)

where R^ i s  th e  conducting  w a ll  r a d iu s ,  i s  used  to  d e s c r ib e  th e s e  r e s t o r i n g  

fo r c e s  (s e e  e q u a t io n  ( 6 . 2 . 8 ) ) .  T y p ica l  e x p e r im en ta l  v a lu e s  gave a  0 .1  ; 

u n d e r  th e s e  c o n d i t io n s  th e  r e s t o r i n g  f o r c e s  a r e  n e g l i g i b l e .  T h is  was v e r i 

f i e d  by m odifying th e  num erica l  code to  in c lu d e  a f i n i t e  a  (s e e  appendix  

A .4 ) .

I t  was assumed t h a t  th e  plasma d id  n o t  p e r tu r b  th e  vacuum f i e l d s  (se e  

S e c t io n  6 . 3 ) ,  T h is  was co n s id e re d  v a l i d  f o r  th e  sm all ex p e r im en ta l  p lasm a 

r a d i i ,  =^1 cm.

8 .2 .6  The C o ord ina te  Systems

The s o l u t i o n  o f  th e  e q u a t io n  d e s c r ib i n g  th e  e q u i l ib r iu m  p o s i t i o n  n 

i n  th e  p re s e n c e  o f  a p e r tu r b i n g  f i e l d  ( e q u a t io n  ( 6 .3 .1 2 ) )  r e q u i r e d  r i / b « l .  

T y p ica l  e x p e r im en ta l  v a lu e s  gave r ] / b ^ 0 . 1 ,  so t h a t  t h i s  assum ption  was v a l i d .

When th e  Haas and Wesson th e o ry  was a p p l ie d  to  th e  moving e q u i l ib r iu m  

p o s i t i o n  ( se e  S e c t io n  6 .4 )  i t  was assumed t h a t  th e  plasma c o o rd in a te  system  

and th e  e q u i l ib r iu m  c o o rd in a te  system  were e q u iv a le n t .  This  r e q u i r e d

« 1andÔZ ÔZ

where y  i s  th e  plasma p o s i t i o n  abou t t h e  z a x i s  and r \  i s  t h e  e q u i l i 

brium  p o s i t i o n  abou t th e  z a x i s  (see  F i g . 6 . 1 ( b ) ) .  T y p ica l  e x p e r im en ta l  

v a lu e s  gave

dz
0 .2  and S3

ÔZ 0.1 .

T h e re fo re  th e  assum ptions  were v a l i d .
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8 . 2 ,7  The S e c to r  C oil M agnetic F i e l d s

Both t h e o r i e s  p r e s e n te d  i n  C hapter VI assumed t h a t  t h e  f i e l d s  p ro 

duced hy  th e  s e c to r  c o i l  could  be d e s c r ib e d  by  th e  f i e l d s  o f  a m agnetic  

d ip o l e .  F i g . 7 .3  shows t h a t  th e  a n a l y t i c  e x p re s s io n s  (see  e q u a t io n  ( 7 .4 .2 )

and ( 7 . 4 . 3 ) )  u n d e re s t im a te d  th e  f i e l d s  (see  S e c t io n  7 .4 ) .

The s e c to r  c o i l  geom etry  i s  i l l u s t r a t e d  i n  F i g . 8 . 1 ( a ) , By c o n s id e r 

ing  image c u r r e n t s  p roduced  i n  th e  com pression  c o i l  w a l l  (approx im ated  by a 

p la n e  s u r f a c e ,  a s  shown in  F i g . 8 . 1 ( b ) )  th e  f i e l d s  on th e  a x i s  ( x = b )  can be 

w r i t t e n

^ l ( x = b ) ( ^ )  =  +  ^ ( x = b  +  2 r ^ ) ( ^ )  • * *  ( 8 . 2 . 3 )

where
B(^_b) i s  th e  f i e l d  p roduced  by  a m agnetic  d ip o le ,  r a d iu s  ,

^(x=b + 2 r^ )  i s  th e  f i e l d  p roduced  by  th e  image c u r r e n t s  a t  x = b + 2 r^

F i g . 8 .2  shows t h a t  t h e  ex p e r im e n ta l  f i e l d s  a re  d e s c r ib e d  by  e q u a t io n  ( 8 .2 .3 )

fo r  th e  3 .5 m  t h e t a t r o n  (b = 5 .6 c m ,  r^j = 1 cm) , The m agnetic  moment Mj

used to  c a l c u l a t e  th e  f i e l d s  p r e d i c t e d  by  e q u a t io n  ( 8 .2 .3 )  was equa ted  to

th e  ex p e r im e n ta l  moment M b y  u s in g  an e q u iv a le n t  number o f  t u r n s  n j  ;

n  A,
n_ = — —  . . .  (8 . 2 . 4)

i. TT 2

T h ere fo re
Mj = n j  tt = n A ^ I ^  = M . . .  ( 8 .2 .5 )

where i s  th e  s e c to r  c o i l  c u r r e n t

A^ ^ i s  th e  s e c t o r  c o i l  a r e a

n i s  th e  number o f  s e c to r  c o i l  t u r n s

The a n a l y s i s  o f  C hap te r  VI r e q u i r e d  t h a t  th e  f i e l d s  be d e s c r ib e d  by

th e  f i e l d s  o f  a m agne tic  d ip o l e .  F i g . 8 .3  shows t h a t  t h e  ex p e r im en ta l  f i e l d s  

could be d e s c r ib e d  to  w i th i n  10^ (ex c e p t  f o r  |z j  =“ 10 cm) by  a m agnetic  

d ip o le  o f  moment M^ = 1 .8 M ,  and b = 6cm,
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8 .3  THE PROPAGATION VELOCITY

The e q u i l ib r iu m  th e o ry  (S e c t io n  6 .3 )  p r e d i c t e d  t h a t  th e  f i e l d s  p ro 

duced b y  a s e c to r  c o i l  w i th  a s in u s o id a l  c u r r e n t  shou ld  p roduce  m= 1 A lfven

waves w i th  a p ro p a g a t io n  v e l o c i t y  (s e e  e q u a t io n  ( 6 .4 . 3 ) )

B

where M i s  th e  l i n e  mass. P ro p a g a t io n  in  th e  h ig h  b e t a  plasma was observed  

and measured (se e  S e c t io n  7 .6 ) ;  th e  sm all damping le n g th s  observed  i n  th e  

low b e t a  plasm a p r o h ib i t e d  a c c u ra te  measurements (see  S e c t io n  7 . 5 ) .  The 

ex p e r im en ta l  p ro p a g a t io n  v e l o c i t y  Vppop was measured a s  th e  v e l o c i t y  o f  

t h e  f i r s t  peak d isp la cem e n t  over 8 cm (see  E i g .7 . 1 1 ) .  V^_ was c a lc u 

l a t e d  from measured v a lu e s  o f  e x te rn a l  f i e l d  B^ , l i n e  mass M , plasma 

r a d iu s  rp  and average  b e t a  (p) (see  S e c t io n  8 . 2 . 4 ) .  Average v a lu e s  were 

used  because  th e  plasma p r o p e r t i e s  were t im e  v a ry in g .  F i g . 8 .4  shows t h a t

V = V H , w i th  a p ro b a b le  e r r o r  o f  0 .1  . . .  ( 8 .3 .2 )p rop  m=l » ^

8 . 4  THE PLASMA DISPLACEMENT

The e q u i l ib r iu m  th e o r y  p r e d ic t e d  th e  n o rm a l ise d  peak  p lasm a d i s p l a c e 

ment i n  th e  p la n e  o f  a c u r r e n t  loop , y ^ , a s  a f u n c t io n  o f  th e  n o rm a l ise d  

v e l o c i t y  ( s e e  F i g . 6 . 4 ) .  For r e a l  d is p la c e m e n ts  p roduced  by  a s in u s o id a l  

c u r r e n t  o f  a n p l i tu d e  I q and f req u en cy  tu (se e  e q u a t io n  ( 6 . 4 . 6 ) )  ;

y  = k y^^(V^) . . .  ( 8 .4 . 1 )

where ( s e e  e q u a t io n  ( 6 .3 .1 7 ) )  : 2 |i M
k = ————  . . .  (8 . 4 . 2 )

4rrb^ B^

and M, t h e  m agnetic  d ip o le  moment, i s  g iv e n  by

M = nA^ I^  • • •  (8 . 4 . 3 )

where A4 i s  th e  c u r r e n t  loop  a r e a .  I t  was shown in  S e c t io n  8 . 2 . 7  t h a t  th e  

moment M should  be r e p la c e d  by M^ , where
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Ml = 1 . 8 M ( ^ ^ 6 c m )  . . . ( 8 . 4 . 4 )

T h e re fo re  eq u a t io n  ( 8 .4 ,1 )  becomes

y = K Iq  . . .  ( 8 . 4 . 5)

K ■ 3 %  ■ . . .

w ith  b = 6 cm , and = V^^/uub .

F ig u r e s  7 .12 and 7 .13 show t h a t  th e  ex p er im en ta l  peak d isp la c e m e n t  y  

was p r o p o r t i o n a l  to  th e  s e c to r  c o i l  c u r r e n t  Iq  f o r  c o n s ta n t  s e c to r  c o i l  

c u r r e n t  d e lay  and freq u en cy ,  and c o n s ta n t  main c a p a c i t o r  bank cha rg in g  v o l t a g e .  

V alues o f  ^exp o b ta in e d  from F i g s . 7 .12 and 7.13 were compared w ith  v a lu e s  

o f  ^ th e o r y -  d e r iv e d  from e q u a t io n  ( 8 . 4 . 6 ) ,  u s in g  tim e  averaged  v a lu e s  o f  

Bg , A4 and . The r e s u l t s ,  shown in  F i g . 8 .5 ,  show t h a t

K ^ e o r y  = ^ -2  . . . ( 8 . 4 . 7 )

w i th  a p ro b a b le  e r r o r  o f  0.1  .

T h e re fo re  th e  t h e o r e t i c a l  p r e d i c t i o n s  o v e re s t im a te d  th e  ex p e r im en ta l  r e s u l t s  

by abou t 20^. T h is  d is c re p a n c y  could  be due to  t h e  t im e  a v e ra g in g ,  o r  th e

a n a l y t i c  app ro x im atio n  to  t h e  s e c to r  c o i l  f i e l d s  (s e e  S e c t io n  8 . 2 .7 ,  and

e q u a t io n  ( 8 , 4 . 4 ) ) .

To remove th e  e r r o r s  in t ro d u c e d  by  th e  av e ra g in g  p r o c e s s ,  th e  d i s 

p lacem en ts  produced  w ith  plasm a 4 (see  F i g . 7 .8 )  were c o n s id e re d  (se e  F i g . 7 .1 5 ) ,  

For t h i s  p lasm a th e  measured p a ra m e te rs  were c o n s ta n t  to  w i th in  20^  from 4 jis 

to  12 pis a f t e r  th e  im p los ion ,  excep t f o r  t h e  e x te r n a l  f i e l d  Bq. The num eri

cal code was u s e d ,  w i th  a s i n u s o i d a l l y  v a ry in g  Bg and plasm a p a ra m e te rs  

measured a t  7 pis (s e e  F i g . 7 . 8 ) ,  to  p r e d i c t  th e  motion p roduced  by a s in u s o i 

dal and crowbarlred s e c to r  c o i l  c u r r e n t .  The p r e d i c t i o n s ,  compared w i th  th e  

experim en ta l  r e s u l t s  (s e e  F i g . 7 .15) in  F i g . 8 . 6 , show t h a t  t h e o r y  and e x p e r i 

ment a g re e  to  w i th in  th e  experim en ta l  e r r o r s  (y  ± 0 .05  cm, t  ± 0 .3  pis) . 

T h ere fo re  th e  o v e re s t im a t io n  o f  th e  c o n s ta n t  K (see  e q u a t io n  ( 8 . 4 . 6 ) )  in

F i g .8 .5  was a c c r e d i t e d  to  th e  av e ra g in g  p ro c e s s  used .
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P ro p a g a t io n  v e l o c i t i e s  cou ld  n o t  be measured in  th e  low b e t a  plasm a 

because  o f  t h e  sm all  damping l e n g th s  (see  S e c t io n  7 .5 ) .  T h e o r e t i c a l  v a lu e s  

o f  ^  4 0 cm |is“  ̂ were d e r iv e d  (se e  e q u a t io n  ( 8 . 3 . 1 ) ) ,  co rre sp o n d in g  to

n o rm alised  v e l o c i t i e s  ^  4; t h e r e f o r e  n o rm a l ised  peak d isp la c e m e n ts

1 were expec ted  (s e e  P i g . 6 . 4 ) .  Peak d is p la c e m e n ts  —1 .1 cm  were p r e 

d ic te d  w hereas ex p e r im en ta l  d isp la c e m e n ts  were =-0 .4  cm . T his  d is c re p a n c y  

i s  d i s c u s s e d  i n  S e c t io n  8 .5 .

8 .5  THE DA4P1NG

Damping le n g th s  between 5 cm and 20 cms were m easured (se e  P i g . 7 .1 6 ) .  

These a r e  e x p la in e d  by  making an an a lo g y  betw een th e  e x c i t e d  waves and A lfven  

waves i n  an i n f i n i t e ,  d i s s i p a t i v e  p lasm a. P o r  sm all damping, th e  e - f o ld i n g  

le n g th  i s  g iven  by  e q u a t io n  ( 8 .2 .1 )  / -

where \  i s  t h e  plasm a w ave leng th .

The v a lu e s  o f  Zj, c a l c u la te d  from e q u a t io n  ( 8 .5 .1 )  a r e  compared w ith  

th e  measured damping l e n g th s  in  P i g . 8 . 7 .  Time averaged  p lasm a p a ra m e te rs  

were u sed  to  d e r iv e  v a lu e s  o f  r e s i s t i v i t y  n and v i s c o s i t y  |_i ( s e e  S e c t io n

8 . 2 . 3 ) .  The v e l o c i t y  V was c a l c u la te d  a s  . The w aveleng th  \  was

tak en  a s  th e  c h a r a c t e r i s t i c  a x i a l  le n g th  o f  5 cm (see  S e c t io n  7 .4 ) ,  because  

com putations  showed t h a t  f o r  e a r l y  t im e s  th e  s p a t i a l  dependence o f  th e  p lasm a 

p o s i t i o n  was de te rm ined  by th e  c h a r a c t e r i s t i c  l e n g th  o f  t h e  p e r tu r b i n g  f i e l d s  

(see S e c t io n  6 . 4 .2 ,  and P i g . 6 . 7 ) .  I f  th e  w aveleng th  was i n v e r s e l y  p ro p o r 

t i o n a l  to  th e  s e c t o r  c o i l  f req u en cy  li) , Zp would be p r o p o r t i o n a l  to  l/uu^ . 

This was n o t  o b se rv ed .

The v a lu e s  o f  damping l e n g th  Z jj(theory) d e r iv e d  from e q u a t io n  ( 8 .5 .1 )  

fo r  t h e  h ig h  b e t a  p lasm a were dominated by  v i s c o s i t y ,  and were i n  o r d e r  o f  

magnitude agreem ent w i th  th e  ex p er im en ta l  r e s u l t s .  Reducing th e  main 

c a p a c i to r  bank v o l t a g e  d ec re a se d  th e  mass c o l l e c t i o n  and t h e r e f o r e  th e
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d e n s i t y  ( s e e  F i g . 4 .9 ) ,  so th e  damping l e n g th s  were d e c re a se d .  F o r  t h e  low 

b e t a  plasma r e s i s t i v i t y  dominated th e  v a lu e  o f  Zp ( th e o r y ) ;  a g a in  th e  th e o 

r e t i c a l  and e x p e r im en ta l  v a lu e s  were i n  o rd e r  o f  m agnitude agreem ent.

A lthough e q u a t io n  ( 8 .5 .1 )  i s  v a l i d  o n ly  f o r  A lfven  waves in  an i n f i n i t e  

medium w ith  Zp/X « 1 , a com parison o f  th e  e x p e r im en ta l  and t h e o r e t i c a l  damp- 

le n g th s  shows t h a t  t h e r e  i s  o rd e r  o f  m agnitude agreem ent.  F i n i t e  r e s i s t i v i t y  

can th e n  e x p la in  th e  damping a t  low te m p e ra tu re s  (lOeV) , and f i n i t e  v i s c o s i t y  

th e  damping a t  h ig h  te m p e ra tu re s  (50 eV) . The reduced  peak d isp la c e m e n ts  

observed  in  th e  low te m p e ra tu re  p lasm a (see  S e c t io n  8 .4 )  a r e  c o n s i s t e n t  w i th  

th e  v e r y  sm all damping l e n g th s  m easured.

8 .6  THE PREDICTIONS OF THE MUTUAL INDUCTANCE THEORY

The mutual in d u c tan ce  th e o ry  (see  S e c t io n  6 .5 )  was based  on a c a lc u 

l a t i o n  o f  th e  j  XB f o r c e s  over  th e  p lasm a volume; f o r  a p lasm a w ith  

P « 1 d is p la c e m e n ts  =- 0 were p r e d i c t e d .  F i g . 7 .7  shows t h a t  d is p la c e m e n ts  

0 .4cm  were observed  in  th e  low b e t a  p lasm a (see  F i g . 7 .4 ) ;  th e  mutual 

in d u c tan ce  th e o r y  p r e d ic t e d  d isp la c e m e n ts  =" 5X 1 0 “® cm . An e x p re s s io n  f o r  

th e  r a t i o  o f  th e  two t h e o r e t i c a l  f o r c e  te rm s can be w r i t t e n  (se e  e q u a t io n

( 6 .6 . 3 ) )  '  ,

  =  ... . . .  ( 8 .6 . 1 )
F ^(mutual in d u c ta n c e )  ( l  -  Vl -  p)

For a h ig h  b e t a  p lasm a, where p = (p) = 0 .5 ,  t h i s  r a t i o  i s  10. T h e re fo re  

th e  m utual in d u c tan ce  th e o r y  p r e d ic t e d  d isp la c e m e n ts  a t  l e a s t  an  o rd e r  o f  

magnitude s m a l le r  th a n  th e  e q u i l ib r iu m  th e o ry .  Because t h e  e q u i l ib r iu m  

th e o ry  p r e d ic t e d  th e  ex p e r im en ta l  r e s u l t s  to  w i th in  20^ (s e e  S e c t io n  8 .4 )  

th e  m utual in d u c ta n c e  th e o ry  was in a c c u r a t e ,

A com plete  c a l c u l a t i o n  o f  th e  j  XB f o rc e s  ( s e e  e q u a t io n  (6 .5 .1 ) )

would r e s u l t  i n  a d isp la cem e n t  p r o p o r t i o n a l  to  th e  sq u a re  o f  t h e  s e c to r

c o i l ' c u r r e n t  f o r  a low b e t a  p lasm a, because  th e  d ia m ag n e t ic  c u r r e n t
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approaches  zero  f o r  p « l  . The observed  d isp la c e m e n ts  were l i n e a r l y  depen

d en t  on . T h e re fo re  th e  model d e s c r ib e d  in  S e c t io n  6 .5  cannot a p p ly  to  

t h e  ex p e r im en ts .  The d isp la c e m e n t  o f  th e  p lasm a e q u i l ib r iu m  (se e  S e c t io n

6 . 3) must th e n  dominate th e  d isp la cem e n t  p roduced  by  th e  j  XB f o r c e s .

8 .7  SUMMARY

The p r e d i c t i o n s  o f  th e  e q u i l ib r iu m  th e o ry  (see  S e c t io n  6 .3 )  were com

p a red  w i th  th e  ex p e r im en ta l  r e s u l t s  (s e e  C hapter  V I I ) .  Each o f  th e  assump

t i o n s  used  to  d e r iv e  th e  e q u i l ib r iu m  th e o r j '  was c o n s id e re d ;  d i s s i p a t i o n  

and image c u r r e n t s  were shown to  be im p o r ta n t .  The s e c to r  c o i l  f i e l d s  

could  be approx im ated  to  th e  f i e l d s  p roduced  by  a m agnetic  d ip o le  (as  assumed 

in  th e  th e o ry )  i f  an e q u iv a le n t  d ip o le  moment was used  to  s im u la te  th e  e f f e c t  

o f  image c u r r e n t s .

P ro p a g a t io n  v e l o c i t i e s  measured in  th e  3 . 5 m lo n g ,  h ig h  b e t a  p lasm a 

were c o n s i s t e n t  w i th  t h e  p r e d i c t e d  p ro p a g a t io n  v e l o c i t y  2 -  p . Peak

plasma d is p la c e m e n ts ,  p r e d i c t e d  f o r  a s in u s o id a l  s e c t o r  c o i l  c u r r e n t ,  were 

20^ l a r g e r  th a n  th e  observed  d isp la c e m e n ts .  T h is  d is c r e p a n c y  was a c c r e d i t e d  

to  th e  t im e  av e ra g in g  p ro ced u re  u sed ; f o r  c o n s ta n t  p lasm a p a ra m e te rs  th e  

t h e o r e t i c a l  p r e d i c t i o n s  were w i th in  th e  ex p e r im en ta l  e r r o r s .  T h e re fo re  th e  

peak p lasm a d isp la c e m e n ts  were p r o p o r t i o n a l  to  th e  s e c t o r  c o i l  c u r r e n t ,  and 

i n v e r s e l y  p r o p o r t i o n a l  to  th e  e x t e r n a l  a x i a l  m agnetic  f i e l d .
I

D isp lacem en ts  measured on th e  2 m long ,  low b e t a  p lasm a were 25^ o f  

th o se  p r e d i c t e d .  The waves were damped w i th  an e - f o ld i n g  l e n g th  o f  5 cm; 

w ith  t h i s  damping i t  was expec ted  t h a t  th e  peak am p li tu d e  would be red u ce d .

The damping o f  th e  waves i n  b o th  th e  h ig h  and low b e t a  p lasm as  was 

a c c r e d i t e d  to  d i j s s ip a t iv e  e f f e c t s ,  which were n e g le c te d  in  t h e  th e o ry .  An 

analogy  betw een th e  e x p e r im en ta l  waves and A lfven  waves i n  an i n f i n i t e .

d i s s i p a t i v e  p lasm a was made. Using a w aveleng th  de te rm ined  by  th e  s p a t i a l  

d i s t r i b u t i o n  o f  th e  f o r c e ,  th e  damping was e x p la in ed  a s  r e s i s t i v e  in  t h e
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low te m p e ra tu re  ( lO eV ),  low b e t a  p lasm a and v i s c o u s  in  th e  h ig h  te m p e ra tu re  

(50 eV), h ig h  b e t a  p lasm a.

The p r e d i c t i o n s  o f  th e  m utual in d u c ta n c e  th e o r y  ( s e e  S e c t io n  6 .5 )  

were sho\m to  u n d e re s t im a te  th e  p lasm a d isp la c e m e n ts  by  a t  l e a s t  a f a c t o r  10. 

T h is  showed th e  im portance  o f  c o n s id e r in g  th e  e f f e c t  o f  th e  p e r tu r b i n g  f i e l d s  

on th e  p lasm a e q u i l ib r iu m  p o s i t i o n .
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b=5.6cm

SECTOR COIL

COMPRESSION
COIL

MAGNETIC DIPOLE MOMENT M = n A ^ I ^  

WHERE Ad = SECTOR COIL AREA 

n = NUMBER OF TURNS

(b)

PLANE CONDUCTING 
SURFACE

A

MAGNETIC DIPOLE MOMENT MT = n_(rrr^) I
- L  i  '  d

WHERE n j  = A d / ( n r p  

F i g . 8 .1

(a )  The s e c to r  c o i l  geometry; (h) The image c u r r e n t s
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(u) The 3.5in the la  pinch

Main C apacitor Bank 
Charging V oltage (kV) 45 40 35

ÜJ = 1 .3 5  rad ps“^

1 ps delay

Zp ( e \p ) .

(cm)

Zp( theory) 
(cm)

15

21

20

29

8

5

4 ps d e lay

Zp(exp)
(cm)

Zp^theory)

17

23

15

18

7

4

U) = 2 .7  rad ps ^

1 ps d e la y

Zpfexn)
(cm)

Zpftheory) 
(cm)

13

21 .

18

29

8

5

4 ps d e la y

Zj,(exp)
(cm)

Zjj| th eory)

15

23

12

18

6

4

U)= 1 .2 5 rad ps“^

Main Capacitor Bank 
Charging V oltage = 45 kV 
-  350 G b ia s  f i e ld  ' 
(Plasma 4, P i g .7 .8 )

5 ps d elay

Z (exp) = 10 cm 

Z (theory) = 13 cm

(b) The 2 ra th ê ta  pinch

F i l l in g  Pressure (mtorr IIg) 10 20

W = 1 ,1  and 2 ,2  
rad ps“^

1 ps d e la y

Z (exp) 
(cm)

Z (theory) 
(cm)

5

45

~  5 

40

4 ps d elay Z (theory) 
(cm)

~  5 

2

~  5 

20

Zjj(theory) i s  th e damping len g th  o f  A lfven  waves in  an i n f i n i t e  plasma w ith  
th e  same magnetic f i e ld ,  d e n s ity  and b eta  as th e  experim ental plasm a.

W i s  th e  frequency o f  th e sec to r  c o i l  cu rren t. The d e lay  i s  between th e  
com pression current and th e  sec to r  c o i l  cu rren t.

F lK .8 .7
E xperim en ta l  and t h e o r e t i c a l  damping l e n g th s
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C H A P T E R  IX 

A FEEDBACK STABILIZATION SYSTEM FOR A THETA PINCH

9.1  INTRODUCTION

In  t h i s  c h a p te r  t h e  a p p l i c a t i o n  o f  th e  r e s u l t s  o b ta in e d  and th e  

p r i n c i p l e s  d is c u s s e d  in  p re v io u s  c h a p te r s  to  th e  problem  o f  feedback s t a b i 

l i z a t i o n  o f  g ro s s  MHD i n s t a b i l i t i e s  i s  c o n s id e re d ,  A rev ie w  o f  th e  

l i m i t e d  e x p e r im en ta l  work i s  p r e s e n te d .  I t  i s  th e n  shown t h a t  a sm a ll ,  

c u r r e n t  c a r ry in g  c o i l  o u t s id e  a s t r a i g h t  t h e t a  p in c h  can be u sed  to  produce 

a r e s t o r i n g  fo rc e  on an u n s ta b l e  p lasm a, A feedback  c o n t ro l  system  i s  

d e s ig n ed ,  u s in g  t h i s  r e s t o r i n g  fo rc e  and an e x i s t i n g  power a m p l i f i e r  

and o p t i c a l  s en s in g  system , N y q u i s t ' s  c r i t e r io n ^ ^ ^ ^  i s  a p p l i e d  to  t h e  con

t r o l  system  to, d e te rm in e  i t s  s t a b l e  o p e ra t in g  c o n d i t io n s .

9 .2  A REVIEU OF FEEDBACK CONTROL EXPER1ÆNTS
AND THEORY FOR HIGH BETA PLASMAS

The s u p p re s s io n  o f  plasm a i n s t a b i l i t i e s  u s in g  feedback  c o n t ro l  was 

f i r s t  su g g es ted  by  Morozov and Solevev in  1965^^^^; s in c e  th e n  most e x p e r i -  

ments have been  concerned w ith  low b e ta  plasmas'- ^ ,  E xperim en ts  w i th  g ro s s  

modes i n  h ig h  b e t a  p lasm as a re  l im i t e d  to  th e  S cy lla^^^^  and S cy llac^^^^  

t h e t a  p in c h e s .

The s t r a i g h t  S c y l l a  lV-3 t h e t a  p inch^^^^ h a s  been  u sed  to  d e te rm in e  

th e  e f f e c t  on th e  p lasm a m otion o f  p e r tu r b in g  f i e l d s  whose s c a l a r  p o t e n t i a l s  

a re  o f  t h e  form

\  = "i^ I  ^  (^1’) + D ^ K ^ (h r )^  s i n ( t e - h z )  . . .  ( 9 . 2 , l )

where Bq i s  t h e  lo n g i tu d in a l  f i e l d ,

^  i s  t h e  f i e l d  wave number, = 2rr/X,

C , 1, , D, and K . a re  B e sse l  f u n c t io n s ,  

r  i s  th e  r a d i a l  coordinate ,^

0 i s  t h e  a z i m u t h a l  c o o r d i n a t e ,

2TTt/h i s  t h e  f i e l d  p i t c h ,
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A pplying  an t  = 1  h e l i c a l  f i e l d ,  p roduced  by  c u r r e n t s  in  e x t e r n a l  h e l i c a l  

w in d in g s ,  caused th e  p lasm a to  assume a h e l i c a l  e q u i l ib r iu m  p o s i t i o n

r  = a ^ l  + ^  cos ( 0 - h z ) J  , . . .  ( 9 .2 .2 )

where 6i i s  th e  h e l i c a l  s h i f t  o f  t h e  plasma column, and a i s  th e  plasm a 

r a d i u s .  The plasm a was th e n  u n s t a b l e  to  m= 1 , k =“ 0 modes; a d e s t a b i l i z 

ing  f o r c e  p e r  u n i t  l e n g th  can be w r i t t e n

= Tra®p Yi ? . . . .  ( 9 .2 .3 )

where p i s  th e  d e n s i t y ,  § i s  th e  m= 1 d isp la c e m e n t ,  and Yi  i s  th e

m = 1 grow th r a t e .

An = 0 (bumpy) f i e l d  was th e n  a p p l ie d ,  which, t o g e th e r  w i th  th e

= 1 f i e l d ,  p roduced a r e s t o r i n g  fo rc e

F / ^  = I  (3 -2  P) h® a® 6 ^ 6 ^  . . .  ( 9 .2 .4 )_ P 
1 , 0  =

where 6  ̂ i s  th e  m= 0 d isp la c e m e n t .  E xperim ents  showed t h a t  th e  fo r c e  

Q cou ld  be used  to  c o n t ro l  th e  plasm a p o s i t i o n A  feedback  c o n t ro l  

system  h a s  been b u i l t  to  s t a b i l i z e  th e  m = l  mode produced by  th e  t  =  l  

f i e l d s ^ ^ ^ ) .  Twenty 1 5 W a m p l i f i e r s  w i l l  be u sed  to  s t a b i l i z e  one d i r e c t i o n  

o n ly ,  two a m p l i f i e r s  d r iv in g  a p a i r  o f  ^  = 0 c o i l s .

An e q u i l ib r iu m  plasm a c o n f ig u r a t io n  does n o t  e x i s t  i n  a s im ple  

t o r o i d a l  t h e t a  p in c h  b ecau se  o f  th e  t r a n s v e r s e  p r e s s u r e  g r a d i e n t  o f  th e  

lo n g i t u d i n a l  f i e l d .  An e q u i l ib r iu m  i s  p o s s i b l e  i f  h e l i c a l  f i e l d s  w i th  

s c a l a r  p o t e n t i a l s  g iv en  by  e q u a t io n  ( 9 .2 .1 )  a re  addedX^^^. The fo r c e  F^ ^ 

(see  e q u a t io n  ( 9 ,2 . 4 ) ) ,  p roduced  by a com bination  o f  Z  =  0  and t  =  l  f i e l d s ,  

has  been  u sed  to  p ro v id e  t o r o i d a l  e q u i l ib r iu m  in  th e  S c y l l a c  d e v ic e ^ ^ ^ ) .

I t  i s  p roposed  to  u t i l i s e  th e  same fo rc e  to  c o n t ro l  m= 1 modes, u s in g  

abou t two hundred 15Mlf a m p l i f i e r s .

-  ' '  r n ~ c o n t r a s t  to  th e  th e o r y  p r e s e n te d  in  C hapter VI, th e  MHD model

used  to  d e r iv e  th e  fo rc e  F ^ does n o t  c o n s id e r  p ro p a g a t io n .  T h is  i s1;U
v a l i d  because  th e  fo rc e  F^ ^ i s  n o t  s p a t i a l l y  dependen t.
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9.3 THE RESTORING FORCES PRODUCEP BY EXTERNAL CURRENT 
CARRYING COILS ON AN m= 1 UNSTABLE TTIETA PINCH

The experim en ts  r e p o r te d  i n  C hapter V II showed t h a t  a s t r a i g h t  t h e t a  

p in c h  cou ld  he b o d i l y  moved by p a s s in g  c u r r e n t  around a s e c t o r  c o i l .  A 

th e o ry  p r e s e n te d  i n  C hapter  VI p r e d i c t e d  t h e  p lasm a d isp la c e m e n t  and p ro p a 

g a t io n  v e l o c i t y  by  c o n s id e r in g  th e  e f f e c t  o f  th e  p e r tu r b i n g  f i e l d  produced  

by th e  s e c t o r  c o i l  on th e  p lasm a e q u i l ib r iu m  p o s i t i o n .  T h is  t h e o ry  i s

ex tended to  d e r iv e  th e  r e s t o r i n g  fo rc e  produced  by  a s e c t o r  c o i l  on an m = 1

u n s t a b l e  p lasm a,

A th e x a  p in c h  p roduced  w ith  an a d d i t i o n a l  t  = 0 f i e l d  i s  u n s t a b l e  to  

long  w ave leng th , m = 1 modes (see  S e c t io n  2 . 8 . 4 ) An e q u a t io n  o f  

p lasm a m otion can be w r i t t e n  ( s e e  eq u a t io n  ( 6 .2 .8 ) )

g = A § "  + + C§ . . .  ( 9 .3 .1 )

where A , B and C a re  f u n c t io n s  o f  B%, R , g and p ,

Bg i s  th e  a x i a l  f i e l d ,

R ( z ) i s  t h e  p la s m a  r a d i u s ,

p  i s  t h e  d e n s i t y .

E q u a tio n  ( 9 . 3 . l )  d e s c r ib e s  th e  p lasm a m otion in  an i n e r t i a l  frame o f  r e f e r 

ence. M odifying th e  e q u a t io n  to  d e s c r ib e  th e  motion i n  a non i n e r t i a l  

frame (se e  e q u a t io n  (6 .2 .1 2 ) )  g iv e s

I* = A § "  + B § '  + C§ -  Ti . . .  ( 9 .3 .2 )

where r| i s  t h e  a c c e l e r a t i o n  o f  th e  frame o f  r e f e r e n c e .  I f  r \  d e s c r ib e s

th e  u n s t a b l e  e q u i l ib r iu m  p o s i t i o n ,  and § th e  plasm a d isp la c e m e n t  abou t t h e  

e q u i l ib r iu m ,  th e  plasma d isp la cem e n t  y  abou t th e  z a x i s  i s  ( s e e  e q u a t io n

( 6 .4 .2 )  and F i g . 6 . 1 (b ) )

y  = T| + Ç . . . .  ( 9 . 3 . 3 )

S u b s t i t u t i n g  f o r  § from e q u a t io n  ( 9 .3 .3 )  in to  ( 9 .3 .2 )  g iv e s  th e  p lasm a

eq u a t io n  o f  m otion

y  = Aŷ  ̂ + By^ + Cy — At|̂  ̂ — B-q  ̂ — Ct] . . . .  ( 9 .3 .4 )

-  137 -



E q u a tio n  ( 9 .3 ,4 )  d e s c r ib e s  th e  p lasm a m otion when a s e c to r  c o i l  o u t s id e  th e  

plasm a (se e  S e c t io n  7 .3 )  i s  used  to  p e r tu r b  th e  e q u i l ib r iu m  p o s i t i o n  ri . •

I f  th e  plasm a d isp la c e m e n t  abou t an u n s ta b l e  n o n - i n e r t i a l  e q u i l ib r iu m ,  

p o s i t i o n  can be w r i t t e n  as
§ = §(%) exp ( y t )  . . . .  (9 . 3 . 5)

where y i s  th e  m = 1 growth r a t e  (see  e q u a t io n  ( 2 . 8 . 4 ) ) ,  th e n

§ = y^§ . . . .  (9 . 3 . 6 )

S u b s t i t u t i n g  f o r  § from e q u a t io n  ( 9 .3 .3 ) )  g iv e s

y = y^y -  Y^ri . . . .  (9 . 3 . 7)

E q u a t io n  ( 9 .3 .7 )  p r e d i c t s  th e  tim e  dependence o f  an m = 1 u n s ta b l e

p lasm a when th e  e q u i l ib r iu m  p o s i t i o n  rj i s  p e r tu r b e d .  S t a b i l i t y  i s  p o s s i 

b l e  i f  T ]= y ; t h a t  i s ,  th e  e q u i l ib r iu m  p o s i t i o n  must be p e r tu r b e d  in  th e  

same d i r e c t i o n  a s  th e  plasm a d isp la cem e n t  to  p roduce  a r e s t o r i n g  f o r c e .

9 .4  A FEEDBAai CONTROL SYSTEM FOR AN m= 1 
UNSTABLE THETA PINCH

9 .4 .1  INTRODUCTION

A feedback  c o n t ro l  system  f o r  an m= 1 u n s ta b l e  t h e t a  p in c h ,  u s in g

(98)an e x i s t i n g  power a m p l i f i e r '  '  and o p t i c a l  sen s in g  system, i s  d e s c r ib e d .

The feedback  fo r c e  i s  p roduced  by p e r tu r b i n g  th e  plasm a w i th  t h e  m agnetic  

f i e l d s  p roduced  by  a s e c to r  c o i l  (s e e  S e c t io n  9 . 3 ) .  T r a n s f e r  fu n c t io n s

(91)f o r  each s ta g e  o f  th e  c o n t ro l  c i r c u i t  a r e  d e r iv e d ,  and N y q u i s t ' s  c r i t e r i o n '  

a p p l ie d  to  d e te rm ine  th e  o v e r a l l  s t a b i l i t y .

9 .4 .2  The Feedback System

F ig u re  9 .1 ( a )  shows a b lo ck  d iagram  o f  th e  system . The plasm a p o s i 

t i o n  i s  o p t i c a l l y  m onito red  to  g iv e  a s ig n a l  S d i r e c t l y  p r o p o r t i o n a l  to  

th e  d isp la c e m e n t .  The o u tp u t  s ig n a l  S i s  a m p l i f ie d  to  a v o l t a g e  V by  

a l a r g e  bandw idth  p r e a m p l i f i e r .  A phase  c o r r e c t in g  c i r c u i t  i s  in c lu d e d ,  

th e  o u tp u t  o f  which i s  used  a s  th e  g r id  v o l t a g e  o f  a d r iv e  a m p l i f i e r .  The 

o u tp u t  c u r r e n t  1 from th e  d r iv e  a m p l i f i e r  i s  p a ssed  around a s e c to r  c o i l
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to  p roduce  an e q u i l ib r iu m  s h i f t  T|; t h i s  p roduces  a r e s t o r i n g  fo rc e  on th e  

p lasm a (see  S e c t io n  9 . 3 ) ,  Each s ta g e  o f  th e  c o n t ro l  system  i s  now d is c u s s e d  

in  d e t a i l .

9 . 4 .3  The Sensing  System

Plasma d isp la c e m e n ts  a r e  measured a t  one o r  more d i s c r e t e  a x i a l  p o s i 

t i o n s  by  an o p t i c a l  se n s in g  system, i l l u s t r a t e d  in  F i g . 9 . 1 ( b ) .  The plasma 

i s  imaged onto  th e  face  o f  a s p l i t  l i g h t  gu ide ,  each h a l f  o f  which i s  

o p t i c a l l y  l in k e d  to  a p h o t o m u l t i p l i e r .  The p h o to m u l i t p l i e r  s ig n a l s  

a r e  combined to  g iv e  an o u tp u t  s ig n a l  S ( s e e  F i g . 9 . 1 ( b ) ) ;

s ; - s /
g  ----------  . . . .  (9 . 4 . 1 )

s i + s ;

A plasm a d isp la c e m e n t  + y  g iv e s  an o u tp u t  s ig n a l  + S ;  a d isp la cem e n t  -  y  

g iv e s  an o u tp u t  s ig n a l  -  S. The o u tp u t  s ig n a l  i s  p r o p o r t i o n a l  to  th e  

p lasm a d isp la c e m e n t  i f  a G aussian  r a d i a l  d e n s i t y  p r o f i l e  i s  assumed. The 

a d d i t i o n  i s  perfo rm ed  to  compensate f o r  tim e v a ry in g  plasm a r a d i i .  Motion 

in  t h e  db x d i r e c t i o n  can be r e s o lv e d  by  a s im i l a r  s en s in g  system  mounted 

p e r p e n d ic u la r  to  t h a t  shown in  F i g . 9 . 1 ( b ) .

. A s e n s in g  system  s im i l a r  to  t h a t  i l l u s t r a t e d  h a s  been c o n s t ru c te d ,  

w i th o u t  th e  com pensation f o r  changing r a d i u s .  The s ig n a l  S was d i r e c t l y  

p r o p o r t i o n a l  to  th e  d isp la c e m e n t  y  f o r  y  < 0 .7  r^  , where th e  plasm a 

r a d iu s  r_ =*= 1 .5  cm .

The t r a n s fe r  fu n ct io n  G(s) i s  d efin ed  as^^^^

6 (s)
G(s) = 0 (g) • • •  (9 *4 . 2 )

where
s i s  th e  L ap lace  t r a n s fo rm  v a r i a b l e ,

'0^ i s  th e  o u tp u t  s ig n a l  

0^ i s  th e  in p u t  s ig n a l .

The t r a n s f e r  fu n c t io n  o f  t h e  sen s in g  system  i s  de te rm ined  by  th e  e l e c t r o n  

t r a n s i t  t im e  a c r o s s  th e  p h o to m u l t i p l i e r s .  T h is ,  and a l l  o th e r  p u re  t im e
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d e la y s  i n  th e  system, can he combined to  g ive  a d e la y  t ^  . Then

G (s ) l  = ~  = k exp ( - t ^ )  . . .  (9 . 4 . 3 )

where k i s  a c o n s ta n t  i f  y  < 0 .7  r ^ .

9 . 4 . 4  The P r e a m p l i f i e r

The sen s in g  system  o u tp u t  v o l t a g e  S i s  p r e a m p l i f i e d  b e fo re  i t  i s  

u sed  to  d r iv e  th e  f i n a l  a m p l i f i e r  s ta g e .  A p r e a m p l i f i e r  w i th  a g a in  g 

and r i s e t i m e  h as  a t r a n s f e r  func tion^^^^

i  '  . . . ( 9 . 4 . 4 )

i s  d e f in e d  a s  th e  tim e ta k e n  f o r  th e  o u tp u t  v o l t a g e  V to  r e a c h  62.3%

o f  i t s  maximum v a lu e  when th e  in p u t  s ig n a l  i s  a s te p  f u n c t io n .  Then

T .  = l/üü . . .  ( 9 . 4 . 5)A m '
where uû  i s  th e  3 d .b .  bandw id th .

9 . 4 . 5  The Phase C i r c u i t

P r o v is io n  i s  nade f o r  a phase  advance c i r c u i t  to  c o n t ro l  th e  s t a b i l i t y  

o f  th e  feedback  system . F i g . 9 .2  i l l u s t r a t e s  a phase  advance c i r c u i t  w ith  a 

t r a n s f e r  fu n c t io n ^ ^ ^ )
^  a (T ^s  + l )

G (s)3  -  y  -  . . .  (9 . 4 . 6 )

where Vg i s  th e  o u tp u t  v o l t a g e  a c ro s s  r e s i s t a n c e  R,

Tr = C l

= Ë ^ B -

9 .4 .6  The D rive  A m p li f ie r

The phase  c i r c u i t  o u tp u t  v o l t a g e  i s  used  a s  th e  g r i d  v o l t a g e  o f

a  d r iv e  a m p l i f i e r .  I f  th e  a m p l i f i e r ,  w ith  conductance g^ and anode 

r e s i s t a n c e  r ,  i s  u sed  to  p a s s  a c u r r e n t  1 i n  an in d u c ta n c e  L, th e  

t r a n s f e r ~ f u n c t i o n  i s

g

where Tp = L / r  .
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9 . 4 . 7  The Plasma E q u i l ib r iu m  P o s i t i o n

I f  th e  in d u c t iv e  lo a d  o f  t h e  d r iv e  a m p l i f i e r  i s  an n t u r n  s e c to r  

c o i l  o f  a r e a  , th e  e q u i l ib r iu m  d isp la cem e n t  T| i s  g iv e n  by  (see  

e q u a t io n  (6 .3 ,1 4 )  and S e c t io n  8 . 2 .7 )

■n = -------— -------- r  . . .  ( 9 .4 .8 )
( l + ( s / b ) 2 ) i

■ 0 . 9 u  nA ,
K = --------- Î-2— a. .

B e b ^ n

I f  t h e  s e n s in g  system  and s e c to r  c o i l  a re  a t  t h e  same a x i a l  p o s i t i o n  z = 0  

th e  t r a n s f e r  fu n c t io n ,  n e g l e c t i n g  s p a t i a l  dependence, becomes

G (s)5  = j = K  . . . .  ( 9 .4 .9 )

9 . 4 .8  The R e s to r in g  F orce

The e q u a t io n  o f  motion govern ing  an m = l  u n s t a b l e  p lasm a, n e g l e c t i n g  

any s p a t i a l  dependence, i s  ( see  e q u a t io n  ( 9 .3 . 7 ) )  ;

y* = y -  Ŷ T| • • • •  ( 9 .4 .1 0 )

I f  t h e  i n s t a b i l i t y  grows sy m m e tr ica l ly  abou t th e  p o i n t  z = 0  ( th e  p lasm a 

m idp lane)  t h e  t r a n s f e r  f u n c t io n  can be w r i t t e n

G ( s ) 6  = — = ' ■ -  -------------------- . . .  (9 . 4 . 11 )
^  (T ; 9 = - 1)

where Tp = ( l / y ) , th e  i n s t a b i l i t y  c h a r a c t e r i s t i c  t im e ,

T) = KI ( s e e  e q u a t io n  ( 9 .4 . 9 ) ) .

F ig u re  9 ,3  shows a b lock  diagram  o f  th e  com plete  s e n s in g  system .

The open loop  t r a n s f e r  f u n c t io n

T (s )  = E G(s) i  . . .  ( 9 . 4 . 12 )

can be w r i t t e n ^

, \  g a ( v  + l )  ( _ i )

. . .  ( 9 .4 .1 3 )
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The t o t a l  system  g a in  ^  i s

Gp = -  k K gg^a . . . .  ( 9 .4 ,1 4 )

The system  d e s c r ib e d  can be used  to  s t a b i l i z e  m otion in  th e  ± y  

d i r e c t i o n ;  a second c i r c u i t  would be n e c e s s a ry  to  s t a b i l i z e  ± x  m otion .

9 .5  SYSTEM'S ANALYSIS

N y q u is t  d iagram s a r e  u sed  to  d e te rm in e  th e  s t a b l e  o p e r a t in g  c o n d i t io n s  

o f  th e  feedback  c o n t ro l  system  d e s c r ib e d  in  S e c t io n  9 .4 .  The L ap lace  t r a n s 

form v a r i a b l e  s i n  th e  open loop  t r a n s f e r  f u n c t io n  T (s )  ( s e e  e q u a t io n  

(9 . 4 . 13 ) )  i s  r e p la c e d  by an im ag inary  f req u en cy  i  Ul) . The lo c u s  o f  T(iuu) 

i s  p l o t t e d  a s  (X + iY )  from (ju = -  “  to  uu= + » .  N y q u i s t ' s  s t a b i l i t y  

c r i t e r i o n ^ ^ ^ )  f o r  th e  c lo se d  loop  re sp o n se  can be w r i t t e n  i n  te rm s  o f  kj^ , 

w here(97)
All? "

^N = -  h . . .  (9 . 5 . 1 )
2rr '

h i s  th e  number o f  p o le s  o f  T(icju) hav ing  p o s i t i v e  r e a l  p a r t s ,  

Air “
2n

i s  th e  number o f  a n t ic lo c k w is e  e n c i r c le m e n ts  o f  th e  p o in t  

( - 1 , 0 )  by  th e  T(iuj) lo c u s  a s  uu in c r e a s e s  from -00 to  + »  ,

I t  i s  s u f f i c i e n t  t h a t  k j^ , d e f in e d  by  e q u a t io n  ( 9 . 5 . l ) ,  be zero  f o r  c lo se d

loop  s t a b i l i t y ;  t h a t  i s

h  =
Al( CO

2^  f o r  s t a b i l i t y  . . . .  ( 9 . 5 . 2 )

The open loop  t r a n s f e r  fu n c t io n  T(iuu) has  one p o le  w i th  p o s i t i v e  r e a l  

p a r t s ,  a t  io) = l / T p  (se e  e q u a t io n  ( 9 . 4 . 1 3 ) ) .  The s u f f i c i e n t  c lo se d  loop  

s t a b i l i t y  c r i t e r i o n ,  e q u a t io n  ( 9 . 5 . 2 ) ,  becomes

n r  = 1 • . . .  ( 9 . 5 . 3 )
^TT 1— 00

F ig u re  9 . 4  shows th e  T(iw) lo c u s  a s  a fu n c t io n  o f  t h e  phase  advance 

c i r c u i t  p a ra m e te r  a  ( se e  S e c t io n  9 . 4 . 5 ) ,  w ith  th e  t o t a l  g a in  Ĝp = 1 . 0  

( s e e - e q u a t io n  ( 9 .4 . 1 4 ) ) ,  and
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= 0 ; i . e .  th e  p r e a m p l i f i e r  p o le  i s  n e g l e c te d .

= 1 [is

^p "  ^

Ty = 0 and 2 jis

= 0 ; i . e .  no p u re  tim e d e la y s .

The l o c i  a r e  drawn f o r  0 ^ uu ^ ; f o r  — » ^ id ^  0 th e  l o c i  a r e  th e  m i r ro r  

images abou t th e  X a x i s  o f  th o s e  shown. With no phase  advance c i r c u i t  

( a = l ,  T p = 0 )  th e  lo c u s  p a s s e s  th ro u g h  th e  p o i n t  ( - 1 , 0 )  . F o r  g a in s

> 1 t h e  p o i n t  ( - 1 , 0 )  would be e n c i r c l e d  - 1  t im e s .  F o r  g a in s  Gp < 1 

th e  p o in t  ( - 1 , 0 )  would n o t  be e n c i r c l e d .  The s u f f i c i e n t  s t a b i l i t y  c r i t e r i o n ,  

e q u a t io n  ( 9 .5 ,3 ) ,  can be a p p l ie d  to  g ive

Gj > 1 ;

Gp < 1;

A\j;
2ÏÏ

Air
2 tt

= - 1  , system  u n s ta b l e

= 0 , system  u n s ta b l e

For Ggi = 1 th e  p o i n t  ( - 1 , 0 )  i s  i n t e r s e c t e d ,  so t h a t  t h e  system  i s  m argin

a l l y  s t a b l e .  T h e re fo re  th e  feedback  c o n t ro l  system  i s  n o t  s t a b l e  w i th o u t  

a phase  advance c i r c u i t .

F o r  = 2 |is and a  ^  0 .2 ,  t h r e e  r e g io n s  a re  d i s t i n g u i s h a b l e  :

G j > l >  1b |Gj î

|B |G r>  1 ;

A \l; 00

Î 2 n — CO

A ir 00

» 2 tt — CO

A ir 00

5
2 tt — CO

= 0 , system  u n s t a b l e

= + 1, system  s t a b l e

= - 1 ,  system  u n s t a b l e  ,

where B i s  th e  v a lu e  o f  X f o r  i Y = 0 ,  G^ = 1 and 0 < cd < «» , i . e .  th e  

v a lu e  o f  T (io j)^  when th e  lo c u s  c ro s s e s  th e  X a x i s ,  a s  uu -* »  , There

fo re  t h e r e  i s  a s t a b l e  o p e ra t in g  regim e i f  t ,̂ = 2 |is  and a  ^  0 .2  Us . As 

a  i s  d e c re a se d ,  th e  w id th  o f  th e  s t a b l e  regim e i s  reduced ; t h a t  i s ,  th e  

g a in  marginX^^) i s  reduced .  At th e  same tim e  th e  p h ase  m argin  cp
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cp = t a n “  ̂ |T(iuu)| = 1  . . .  ( 9 .5 .4 )

i s  in c r e a s e d .  The system  i s  n o t  s t a b l e  f o r  a  ^  0 .5 .

9 .6  A POSSIBLE FEEDBACK STABILIZATION EXPERIMENT

A p o s s i b l e  feedback  s t a b i l i z a t i o n  experim ent on a t h e t a  p in c h  w ith

an = 0 m agnetic  f i e l d  i s  d e s c r ib e d ,  and th e  o v e r a l l  s t a b i l i t y  a n a ly se d .

The i n s t a b i l i t y  i s  produced  in  a long  t h e t a t r o n  s i m i l a r  to  th e  3 . 5 m 

d e v ice  (see  C hap ter  111),  w ith  an en la rg ed  c e n t r e  r e g io n .  F i g . 9 . 5 (a )  shows 

a f r o n t  v iew  o f  th e  experim ent; t y p i c a l  growth r a t e s  o f  0 .1  to  1 . 0 | i s “ '̂ 

would r e s u l t  (see  e q u a t io n  ( 2 , 8 , 4 ) ) ,

An e x i s t i n g  power a m p l i f i e r  i s  c o n s id e re d  f o r  th e  d r iv e  s ta g e  (see  

S e c t io n  9 .4 .6 ) ^ ^ ^ ^ .  The 9 MW M a c h le t t  t r i o d e ,  ML8618 , capab le  o f  p roduc

ing  300 A o u tp u t  c u r r e n t  in to  a 40 pH in d u c t iv e  lo a d  w ith  a r i s e  tim e o f  

1 IJLs , i s  connected  to  two p a r a l l e l  n t u r n  s e c to r  c o i l s ,  a s  shown in  

F i g . 9 . 5 (b ) .  T h is  system  c a n c e ls  any induced  v o l t a g e s  p roduced  by  th e  tim e 

v a ry in g  e x t e r n a l  f i e l d  .

S e c to r  c o i l s  were wound to  f i t  t h e  d im ensions shown i n  F i g . 9 . 5 ( a ) .

The in d u c ta n c e  o f  each c o i l  was

L = 0 .075n^  pH . . .  ( 9 . 6 . l )

A maximum a m p l i f i e r  r i s e  t im e  o f  1 pis i s  imposed. T h is  r e s t r i c t s  th e  

number o f  t u r n s  in  each c o i l  to  33 , and th e  c u r r e n t  i n  each c o i l  to  ± 7 5 A .

The e q u i l ib r iu m  d isp la c e m e n t  c o n s ta n t  K (see  S e c t io n  9 . 4 .7 ,  e q u a t io n  

(9 . 4 . 8 ) )  can be d e r iv e d  f o r  th e  d r iv e  a m p l i f i e r  s ta g e  c o n s id e re d .  I f  th e  

e x t e r n a l  f i e l d  B^ = lOkG and th e  s e c to r  c o i l s  a re  a d i s t a n c e  b = 7 cm 

from th e  p la sm a ^ a x is ,  -

K = -  8 .5 X 1 0 “® mA"^ . . .  ( 9 .6 .2 )

Plasma d isp la c e m e n ts  y  < 0 .5  cm a r e  c o n s id e re d .  The p ro d u c t  k a  g 

(see  e q u a t io n s  (9 .4 .1 3 )  and ( 9 . 4 , 1 4 ) ) i s  th e  d r iv e  a m p l i f i e r  o u tp u t  c u r r e n t
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p e r  u n i t  d isp la c e m e n t  :

= Ô X l C f A m - i  . . . .  ( 9 . 6 . 3 )

I t  was shown in  S e c t io n  9 .5  t h a t  th e  t o t a l  system  g a in  (see  

e q u a t io n  (9 ,4 .1 4 ))  must he g r e a t e r  th a n  1 f o r  s t a b i l i t y .  F or each d i r e c 

t i o n  ( ± x  and ± y )

G%; = -  N k a g  g^K , > 1 . . .  ( 9 .6 .4 )

where N i s  th e  number o f  d r iv e  a m p l i f i e r s .  S u b s t i t u t i n g  from e q u a t io n s

( 9 . 6 . 2 ) and ( 9 . 6 . 3 ) in to  e q u a t io n  ( 9 .6 .4 )  g iv e s

N a  4 .

T h e re fo re  a t  l e a s t  4 a m p l i f i e r s  must be used  to  s t a b i l i z e  each d i r e c t i o n .

F ig u re  9 .6  shows th e  N yqu is t  d iagram  o f  th e  open loop  t r a n s f e r  func

t i o n  o f  th e  c o n t ro l  system  d e s c r ib e d ,  w i th  5 d r iv e  a m p l i f i e r s .  The t o t a l  

g a in  G^ = 1 .2 7 .  O ther  v a r i a b l e s  were

, th e  p r e a m p l i f i e r  r i s e  t im e ,  = 0 .1  pis ,

, t h e  d r iv e  a m p l i f i e r  r i s e  t im e , = l . O p s  ,

Tp f  t h e  i n s t a b i l i t y  c h a r a c t e r i s t i c  t im e ,  = 5 ps ,

, t h e  phase  advance c i r c u i t  t im e  c o n s ta n t  , = 2 ps  ,

t ^  , t h e  p u re  tim e d e l a y ,  = 0 .1  ps ,

ÛL , t h e  p hase  c i r c u i t  p a ra m e te r ,  = 0 . 1 .

N y q u i s t ’ s s t a b i l i t y  c r i t e r i o n  (see  e q u a t io n  (9 .5 .2 ) )  shows t h a t  th e  c o n t ro l  

system  i s  s t a b l e ,  w i th  a phase  m argin  o f  4P (see  e q u a t io n  ( 9 . 5 . 4 ) ) .  T h is  

i s  much s m a l le r  th a n  th e  a c c e p te d  s a f e t y  m argin (p = 4CP go t h a t  any

t r a n s i e n t s  in  th e  system  would have long  decay  t im e s .  I n  an experim en t,  

t r a n s i e n t  d isp la c e m e n ts  would be damped by v i s c o s i t y ,  a s  d i s c u s s e d  i n  

S e c t io n  8 .5 ,

The above a n a l y s i s  was perfo rm ed  in  th e  t im e  domain, and co n s id e re d  

th e  p r i n c i p l e  mode o n ly .  A r e a l  feedback system  would e x c i t e  modes w ith  

d i f f e r e n t  w ave leng ths ; in  p a r t i c u l a r  th e  mode w ith  a w ave leng th  equal to
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t h e  w aveleng th  o f  th e  p e r tu r b in g  f i e l d s  produced by  th e  s e c to r  c o i l .  This  

e x c i t a t i o n  would be reduced  i f  th e  f i e l d  w aveleng th  and i n s t a b i l i t y  wave- 

l e n t h  were matched, A com plete s o lu t i o n  could  th e n  be o b ta in e d  by  s o lv in g  

th e  e q u a t io n  o f  m otion, e q u a t io n  ( 9 . 3 . 4 ) ,

9 .7  FEEDBACK STABILIZATION IN TOROIDAL GEOMETRY

The c o n t ro l  system  d e s c r ib e d  in  S e c t io n  9 .6  i s  s u i t a b l e  f o r  s t a b i l i z 

ing  an m = 1 mode in  a s t r a i g h t  t h e t a  p in c h ,  when th e  i n s t a b i l i t y  p o s i t i o n  

i s  p r e -d e te rm in e d .  A more g e n e ra l  p rob lem  i s  t h a t  o f  s t a b i l i z i n g  an m = 1 

mode in  t o r o i d a l  geom etry; f o r  example, a t o r o i d a l  screw p in c h .

The e q u a t io n  o f  m otion d e s c r ib in g  long  w ave leng th  m = l  m otion  in  a

• V • (lOO) screw p in c h  i s '  '
.2=  B.

where a i s  a measure o f  th e  p lasm a r a d iu s

B_ i s  th e  p o lo i d a l  , o r  a z i m u t h a l , f i e l d
V .

Bg i s  th e  t o r o i d a l  , o r  l o n g i t u d i n a l  , f i e l d .

The system  i s  u n s ta b l e  i f  t h e  s a f e t y  f a c t o r  q < 1 , where^^^^^

1 = (̂ ■ I) b! ^ ’ ••• (9-7-2)
0

L i s  th e  w aveleng th  o f  th e  l o n g e s t  mode, = 2 yrR f o r  a t o r o i d a l  p lasm a, 

where R i s  th e  m ajor r a d i u s .

WessonX^^^) h as  shown t h a t  a f i n i t e  number o f  feedback  p o i n t s  can be 

used  to  s t a b i l i z e  th e  system  i f  a d e l t a  f o r c e  fu n c t io n  F i s  a p p l ie d ;  t h a t

i s , N

F = -  Y  5 (z -%n)  *n ' • • •  ( 9 - 7 . 3 )
n = 1

where F i s  th e  feedback  fo rc e ,

i s  a t im e  d i f f e r e n t i a l  o p e ra to r ,

z^ i s  th e  p o s i t i o n  o f  t h e  n^h feedback  p o in t ,  

N i s  th e  t o t a l  number o f  feedback p o i n t s .
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A n e c e s s a ry  c o n d i t io n  f o r  s t a b i l i t y  i s

|% |  > 1 . . . .  ( 9 .7 .4 )  '

The p lasm a i s  p inned  a t  N p o i n t s  ; t h e  p ro p a g a t io n  v e l o c i t y  a l lo w s  

in fo rm a t io n  to  t r a v e l  between th e  p in n in g  p o in t s  and any p o s i t i o n  z .

D i s s i p a t i o n  would cause a s p a t i a l  damping o f  th e  m = l  waves w i th  an

e - f o ld i n g  l e n g th  ( s e e  S e c t io n  8 . 5 ) .  The d i s t a n c e  betw een th e  p in n in g

p o i n t s  should  be l e s s  th a n  th e  damping le n g th ,  so t h a t

N > . . . . ( 9 . 7 . 5 )

S e c to r  c o i l s  can be used  t o  p ro v id e  th e  d e l t a  feedback  f o r c e  i f  th e  ch a ra c 

t e r i s t i c  l e n g th  o f  th e  p e r tu r b i n g  f i e l d ,  b ,  i s  much l e s s  th a n  t h e  i n s t a b i l i t y  

w ave leng th .

9 .8  SUMMARY

I t  was s h o w  t h a t  s e c to r  c o i l s  s im i l a r  to  th o s e  u sed  to  e x c i t e  m = l  

A lfven  waves^^^) ( s e e  C hap te rs  VI and V l l )  could  be u sed  to  p ro v id e  a 

r e s t o r i n g  fo rc e  on an m = 1 u n s t a b l e  t h e t a  p in c h .  The r e s t o r i n g  fo rc e  

produced was s p a t i a l l y  dependen t,  i n  c o n t r a s t  to  th e  r e s t o r i n g  f o r c e s  used  

on th e  S c y l la ^ ^ ^ )  and S cy llac^ ^^ ^  ex p e r im en ts .

. A feedback  c o n t ro l  system  f o r  an m = l  u n s ta b l e  s t r a i g h t  t h e t a  p in c h  

was d e s ig n e d ,  u s in g  an e x i s t i n g  o p t i c a l  sen s in g  system  and a 9 MVf am p li-  

f i e r ^ ^ ^ ) .  N y q u i s t ’ s c r i t e r io n ^ ^ ^ ^  was a p p l ie d  to  d e te rm in e  th e  c lo se d  loop  

s t a b i l i t y  from th e  open loop  t r a n s f e r  f u n c t i o n ^ ^ ^ \  I t  was n e c e s s a r y  to  

in t ro d u c e  a v e l o c i t y  dependen t te rm  u s in g  a phase  advance c i r c u i t  to  o b ta in  

o v e r a l l  s t a b i l i t y .  T y p ica l  p lasm a c h a r a c t e r i s t i c s  were u sed  to  show t h a t  

abou t 4 5 MW were, n e c e s s a r y  to  s t a b i l i s e  each c o o rd in a te .

’D e l t a ’ s t a b i l i z a t i o n  o f  a t o r o i d a l  screw p in c h  was shown p o s s i b l e ^ ^ ^ ^ \

u s in g  a f i n i t e  number o f  s e c to r  c o i l s  to  p in  th e  p lasm a. D i s s i p a t i v e  damp

ing  imposed a minimum number o f  feedback p o in t s  i f  hydrom agne tic  co n n ec t io n  

was to  be m a in ta in ed  betw een th e  s e c to r  c o i l s  and th e  p lasm a.
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a) A BLOCK DlACilA],( OF THE FEEDBACK CONTROL 8YSTZÂ

PLAS.1A

Y  SECTOR 
COIL

PRE/lMPIJFIER

PHASE^
CIRCUIT

L) THE OPTICAL SENSING SYSTEM

SHA

LENS

OUTPUT S = ( S 2 - s ' ) / ( S 2 + s ' )

% ^

PM1 <il< i Oi ai n

8 ^CO o
M

i1
PM2 _ <

PLASI.ÎA
LIGHT
GUIDE

PHOTO
MULTIPLIER

F i g . 9 .1

— 14.8 —



o u ti n

TRAI^Sij’ER FUNCTION G (s ) l
^  ^  (c<T„S+1}

Y/HERE (X = E/(R+R^)

F i g . 9 .2  
The phase  advance c i r c u i t
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a) A FRO^T VIEW OF THE SECTOR COIL SYSTEM

EITLARGED COIL SECTION

YACUUIvL
TUBE

Axis“  
(y= 0)

RirV-
Rw2

• ^un/Hf/UJn /11! '/ r/ n Tirnrwi nmnn-m-

UNPERTURBED 
PLASMA,RADIUS Rq

R , =  6.5cm 
w1

R^2= 8.5cm

\ eedback
SECTOR COIL 

AY

m= 1 UNSTABLE PLASMA,
RADIUS R>R,0

b) A CROSS SECTION OP THE SECTOR COIL SYSTEM

EQUILIBRIUM
DISPLACEMENT

SECTOR COIL

-VACmivî TUBEI PLASMAxe

DRIVE AMPLIFIER CURRENT = ± 1 /2  
SECTOR COIL CURRENT = t  I /A  
SECTOR COIL INDUCTANCE =2L 
TOTAL INDUCTANCE = L

F i g . 9 .5

-  ' The s e c t o r  c o i l  system  f o r  th e  p roposed  feedback  c o n t ro l  experim ent
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C H A P T E R  X 

C O N C L U S I O N S

10.1  SUMMARY

I t  was found t h a t  a sm a l l ,  c u r r e n t  c a r ry in g  ( s e c t o r )  c o i l  o u t s id e  a 

t h e t a  p in c h  p roduced g ro s s  p lasm a d isp la c e m e n ts  in  th e  p la n e  o f  th e  c o i l  

a x i s  and plasm a a x i s .  T h is  d isp la c e m e n t ,  which was p r o p o r t i o n a l  to  th e  

s e c t o r  c o i l  c u r r e n t  and i n v e r s e l y  p r o p o r t i o n a l  to  th e  e x t e r n a l  a x i a l  m agne tic  

f i e l d ,  was observed  to  p ro p a g a te  w i th  a s p a t i a l  damping. The v e l o c i t y  and 

damping were dependent on th e  plasm a p a ra m e te rs ,  and indep en d en t o f  th e  s e c to r  

c o i l  p a ra m e te r s ,

A th e o ry  was p r e s e n te d  which c o n s id e re d  th e  r e s t o r i n g  f o r c e s  p roduced  

when th e  plasm a e q u i l ib r iu m  p o s i t i o n  was d i s p la c e d  by th e  s e c to r  c o i l  magne

t i c  f i e l d s .  The r e s u l t i n g  e q u a t io n  o f  m otion was so lved  a n a l y t i c a l l y  and 

n u m e r ic a l ly  to  p r e d i c t  m = 1 A lfven  waves a s  o b se rved .  S p a t i a l  damping was 

a c c r e d i t e d  to  r e s i s t i v i t y  a t  t e m p e ra tu re s  below, and v i s c o s i t y  above, 20 eV,

An e x i s t i n g  t h e o r y  b ased  on a c a l c u l a t i o n  o f  th e  j  XB f o r c e s  over  

t h e  p lasm a volume p r e d i c t e d  d isp la c e m e n ts  t e n  t im es  s m a l le r  th a n  th o s e  mea

s u re d ,  T h is  i l l u s t r a t e s  t h e  im portance  o f  c o n s id e r in g  th e  e q u i l ib r iu m  

p o s i t i o n  when d e r iv in g  an e q u a t io n  o f  motion f o r  a p lasm a in  th e  p re s e n c e  

o f  p e r tu r b i n g  f i e l d s .

E xperim en ts  u s in g  a s te p  c u r r e n t  waveform in  th e  s e c t o r  c o i l  showed 

t h a t  th e  p lasm a could  be moved to  an e q u i l ib r iu m  which was d i s p la c e d  from 

t h e  u n p e r tu rb e d  e q u i l ib r iu m  p o s i t i o n .  I t  was concluded t h a t  th e  p lasm a 

p o s i t i o n  cou ld  be c o n t r o l l e d  by  p a s s in g  a p re -d e te rm in e d  c u r r e n t  i n  th e  

c o i l .

The t h e o ry  d e s c r ib in g  th e  p lasm a m otion was ex tended  to  d e r iv e  th e  

r e s t o r i n g  fo rc e  p roduced  by  a s e c to r  c o i l  on an m = l  u n s t a b l e  p lasm a.

T h is  f o r c e  was shown to  be s u i t a b l e  f o r  feedback s t a b i l i z a t i o n ;  i n
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p a r t i c u l a r  o f  th e  m = 1 i n s t a b i l i t y  produced  in  a b u lg e d  t h e t a  p in c h .  The 

c o n t ro l  o f  t o r o i d a l  p la sm as ,  u s in g  a f i n i t e  number o f  s e c t o r  c o i l s  to  p i n  th e  

p lasm a, was c o n s id e re d ,

10 .2  APPLICATIONS AND FUTURE ¥OEK

Feedback s t a b i l i z a t i o n  o f  an r a = l  i n s t a b i l i t y  in  a t h e t a  p in c h  should  

be a t te m p te d ,  A n o n - l i n e a r  o n - o f f  ( im p u ls iv e )  system  u s in g  c a p a c i t o r s  t o  

d r iv e  th e  s e c to r  c o i l  c u r r e n t s  would d e te rm ine  th e  f e a s i b i l i t y ;  a f t e r  t h i s  

a m p l i f i e r s  would r e p la c e  th e  c a p a c i t o r s .  An o p t i c a l  sen s in g  system  should  

be u sed  to  m onito r  th e  plasm a p o s i t i o n  (se e  S e c t io n  9 , 4 , 3 ) ,

The s p a t i a l  damping o f  m = 1 plasm a m otion d e te rm in e s  th e  number o f  

s e c t o r  c o i l s  n e c e s s a ry  to  c o n t r o l  an u n s ta b l e  t o r o i d a l  p lasm a (see  S e c t io n  

9 , 7) ,  E xperim en ta l damping l e n g th s  were i n t e r p r e t e d  by  assuming t h a t  th e  

p lasm a w aveleng th  was d e te rm ined  by  th e  s p a t i a l  d i s t r i b u t i o n  o f  th e  d r iv i n g  

f o r c e ,  and n o t  th e  s e c to r  c o i l  c u r r e n t  f req u en cy  and plasm a p ro p a g a t io n  

v e l o c i t y .  More d e t a i l e d  ex p er im en ts ,  n o t  p o s s i b l e  w ith  th e  e x i s t i n g  appa

r a t u s ,  would de te rm ine  th e  f req u en cy  dependence o f  th e  damping le n g th s  by 

o b s e rv in g  th e  p lasm a m otion a f t e r  th e  f i r s t  c u r r e n t  c y c le .

E xperim en ts  shou ld  be perform ed to  d e te rm ine  th e  g ro s s  m otion p ro 

duced by p e r tu r b i n g  f i e l d s  in  p lasm as o th e r  th a n  t h e t a  p in c h e s .  S ince  

t h i s  work was com pleted, r e s u l t s  o b ta in e d  by  p e r tu r b in g  a screw  p in c h  w ith  

t r a n s v e r s e  f i e l d s  have been  r e p o r te d
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A P P E N D I X  A .l  

THE NOMENCLATURE AND A GLOSSARY OF TERMS

A l . l  INTRODUCTION

D e f in i t i o n s  o f  th e  symbols, and a g l a s s a r y  o f  some o f  th e  te rm s  u sed  

in  th e  t e x t ,  a r e  g iv e n .  E q u a t io n s  a r e  in  MKS u n i t s .  D e f i n i t i o n s  a r e  

ta k e n ,  where p o s s i b l e ,  from th e  G lo s s a i r e  de Physique  des  P lasm as^ ^^ ) .

A l . 2 TUE NOMENCLAITJRE

a Plasma r a d iu s

A V ec to r  p o t e n t i a l

A^ Area o f  d ip o le  ( s e c t o r  c o i l )

Ap Plasma a re a

b D is tan ce  between d ip o le  ( s e c t o r  c o i l )  a x i s  and plasm a a x i s

B M agnetic  f i e l d

B  ̂ B ia s  f i e l d

B R ate  o f  change o f  m agnetic  f i e l d

c V e lo c i ty  o f  l i g h t

C C apac itance

Cg Sound speed, (pv/p) '"

. e E l e c t r o n i c  charge

E E l e c t r i c  f i e l d ;  ene rgy  

F F orce

g , G Gain 

gjjj Conductance

G ( s )  T r a n s fe r  f u n c t io n

h  F i e l d  wave number

I  C u rren t  ; i n t e n s i t y

j  C u rre n t  d e n s i t y

k Wave number

K E q u i l ib r iu m  d isp la c e m e n t  c o n s ta n t ,  r j / l  

t  F i e l d  az im u th a l  mode number 

L , L C h a r a c t e r i s t i c  le n g th  

L In d u c ta n c e

nn"  P a r t i c l e  mass; az im u th a l  mode number ( s e e  S e c t io n  A1.3) 

nip P e rc e n ta g e  o f  mass c o l l e c t e d  by im p los ion  

M Mach number ; l i n e  mass ; d ip o le  moment
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p in

n P a r t i c l e  d e n s i t y

N P a r t i c l e  l i n e  d e n s i t y

p P re s s u re

P r a n d t l  number (se e  S e c t io n  A1.3, 'hydrom agne tic  w av es ')

q ' Charge

r  Radius v e c t o r

r ^  D ipo le  ( s e c t o r  c o i l )  r a d iu s

r_  Plasma r a d iu s
P

r ^  Wall r a d iu s

R^ Reynolds number ( s e e  S e c t io n  A1.3, 'hydrom agne tic  w av es ')  |i^VL/r]

R R e s is ta n c e

R̂  ̂ Wall r a d iu s  ^

S Diamagnetism, |  (B ^ -  B^) dA ; p h o to m u l t i p l i e r  o u tp u t

s L ap lace  t r a n s fo rm  v a r i a b l e

t  Time

t e q  E q u i p a r t i t i o n  tim e

t ^  D elay  tim e

t g  S e l f  c o l l i s i o n  tim e

T Tem perature , ex p re ssed  a s  an energy  kT ; t e n s io n ;
p e r io d  o f  o s c i l l a t i o n ;  k i n e t i c  energy

A v e r a g e  t e m p e r a t u r e ,  (Tg + T i ) / 2

T ( s )  Open l o o p  t r a n s f e r  f u n c t i o n

v  V e lo c i ty

V V o ltag e  ; c h a r a c t e r i s t i c  v e l o c i t y

V^ A lfv en  v e l o c i t y ,  B/(p,^p)2 (see  S e c t io n  A1.3 'hydrom agne tic  w av es ')

W P o t e n t i a l  energy

y  D isp lacem ent
Yjjj Adm ittance

Zjj Damping l e n g th

a  I o n i z a t i o n  c o e f f i c i e n t ,  n g /(n g  + n i ) ;  phase  c i r c u i t  p a ram e te r ;
image c u r r e n t  p a ra m e te r  ’

p B e ta ,  p / ( p + 7r “ ) (see  S e c t io n  A1.3)

Y R a t io  o f  s p e c i f i c  h e a t s ;  growth r a t e ;  i i ig )u r ity  c o n c e n t r a t io n

6. E q u i l ib r iu m  d isp la cem e n t

R e s i s t i v i t y ;  e q u i l ib r iu m  p o s i t i o n .

0 P o lo id a l  c o o rd in a te
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X W avelength

Xffifp Mean f r e e  p a th  betw een b in a r y  c o l l i s i o n s  

\ l  V i s c o s i t y

|1q P e r m e a b i l i ty  o f  f r e e  space

§ Plasma p o s i t i o n

p  Mass d e n s i t y

T C h a r a c t e r i s t i c  t im e ; r i s e  tim e

Tpj D elay  between p r e i o n i z a t i o n  c u r r e n t  and com pression  c u r r e n t

cp Phase margin; t r a p p e d  f lu x

(JÜ A ngular f req u en cy

UÛ C y c lo tro n  f req u en cy ,  qB/m .

S u b s c r ip t s

e ^  E le c t r o n
E x te rn a l  to  t h e  p lasm a

Io n
n t e r n a l  ( i n s i d e  th e  plasm a)

II Component p a r a l l e l  to  th e  m agnetic  f i e l d

J .  Component p e rp e n d ic u la r  to  th e  m agnetic  f i e l d

n N orm alised

p i  P r e i o n i z a t i o n

z A x ia l

A1.3 A GLOSSARY OF TEIMS (45)

C o l l i s i o n a l  p lasm a: A plasm a where \  „ (s e e  S e c t io n  A1.2) i s^ ^ m f  p '
l e s s  th a n  any c h a r a c t e r i s t i c  l e n g th ,  i . e .

\ m f p  ^ ^  '

C o l l i s i o n l e s s  p lasm a: A plasm a where X « > L^ ^ m I  p

High p plasm a 0 > 0 .1

Low 0 plasm a ; p < 0 .1

Macro, o r  g r o s s ,  i n s t a b i l i t y :  An i n s t a b i l i t y  which can be d e s c r ib e d  by  th e

ME D e q u a t io n s

M i c r o i n s t a b i l i t y :  An i n s t a b i l i t y  d e s c r ib e d  by  f l u c t u a t i n g

e l e c t r i c  and m agnetic  f i e l d s .

Q u a s i „ n e u t r a l i t y  : n^

B rem ss trah lu n g  r a d i a t i o n :  C ontinuous r a d i a t i o n  e m it te d  by  f r e e  e l e c t r o n s
in  an io n iz e d  g as ,  r e t a r d e d  by  t h e i r  i n t e r 
a c t io n s  w ith  charged p a r t i c l e s .
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Recom bination  :

Three body reco m b in a t io n

B e ta  (p) :

The p ro c e s s  whereby two p a r t i c l e s  o f  o p p o s i te  

charge  recom bine, th e  ex cess  energy  b e in g  

e m it te d  a s  a photon

e" + X + A+ X + AP

An e l e c t r o n  e n co u n te rs  a p a r t i c l e  X i n  th e  
p re se n c e  o f  a p o s i t i v e  io n  A+v The e l e c t r o n  
im p a r ts  some energy  to  X , i s  slowed down, 
and becomes a t ta c h e d  to  th e  p o s i t i v e  io n ,
X i s  a c c e l e r a t e d .

I f  a  f l u i d  i s  in t ro d u c e d  in to  a system  o f  
s t r a i g h t ,  p a r a l l e l  f i e l d  l i n e s  so as  to  le a v e  
th e  symmetry unchanged, th e  momentum e q u a t io n  
becomes / \

< P 4 ^ )  = 0

I f  th e  f l u i d  h as  an i n t e r n a l  f i e l d  B^ and 
an e x te r n a l  f i e l d  Bp , th e  e q u a t io n  becomes

P +
B!

1
Bê

2^0 2u
T h e re fo re  th e  p lasm a behaves  a s  a d ia m ag n e tic  
m a t e r i a l ,  p i s  d e f in e d  as

P

so t h a t

P = -
{B^/2[ig + p)

B!
p = 1 -  —

B=

'F ro z e n  i n ’ f i e l d  l i n e s : I n  an i n f i n i t e l y  conducting  medium, Maxnvell's 
e q u a t io n s  g iv e

bB
S t = V X (v X b )

I n t e g r a t i n g  o ver  an a r b i t r a r y  s u r fa c e  
g iv e s  th e  f l u x  cp j

• ^ + ^ B  ( V X d S )  = 0
St

T h is  eq u a t io n  e x p re s se s  t h e  co n s tan c y  o f  f l u x  
th ro u g h  any m a te r i a l  s u r f a c e .  T h e re fo re  th e  
f i e l d  l i n e s  may be c o n s id e re d  as  ' f r o z e n  i n '  
th e  f l u i d ( d d ) .
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H ydrom agnetic waves;

The m number :

I f  an unbounded i n i f i n i t e  medium i s  p e r tu r b e d ,
A lfven  waves may o c c u r f ^ ? ) .  These can be d e s c r ib e d  
u s in g  th e  MED e q u a t io n s ;  th e y  have a phase  v e l o c i t y

BV* = ±
(WoP):

I n c lu d in g  r e s i s t i v i t y  and v i s c o s i t y  i n  t h e  a n a l y s i s  
l e a d s  to  a damping o f  th e  w aves(47),  w i th  an e-  
f o ld in g  d i s t a n c e

Zd =

where \  i s  th e  w aveleng th ;

r \  i s  th e  r e s i s t i v i t y  

| i /p  i s  th e  k in e m a t ic  v i s c o s i t y .

T h is  can be w r i t t e n  i n  te rm s  o f  th e  P r a n d t l  number 

Pm ; and th e  Reynolds number R^ as

Small am p litude  plasm a d is p la c e m e n ts  can be e x p re ssed  

in  F o u r ie r  components. F o r  a c y l i n d r i c a l  system  

w i th  a d isp la c e m e n t  § ;

l  = [ l r ( ^ )  + l e ( ^ )  e x p [ i ( i u t +  m0 + k z ) ]

where m i s  th e  az im u tha l  mode number

k i s  th e  a x i a l  wave number

UJ i s  th e  freq u en cy
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A P P E N D I X  A.2 

THE DIAGNOSTIC TECTINIOEES

A2.1 INTRODUCTION

The s ta n d a rd  d i a g n o s t i c  te c h n iq u e s  u sed  fo r  t h e  experim en ts  (C hap te rs  

V and V I l)  a r e  d e s c r ib e d .  For each p a ram e te r  measured th e  n e c e s s a ry  equa

t i o n s  a r e  quo ted ,  and th e  p e rc e n ta g e  e r r o r s  g iv e n .

A2.2 VOLTAGE MEASUREMENTS

V o lta g e s  were m easured, u s in g  c a l i b r a t e d  r e s i s t a n c e - c a p a c i t a n c e  

d i v i d e r s ,  to  ± 3^.

A2.3 CURRENT AND IMPEDANCE MEASUREMENTS

Rogowski c o i l s ^ ^ ^ )  were u sed  to  measure e l e c t r i c  c u r r e n t s ;  each 

c o i l  was c a l i b r a t e d  from a known c u r r e n t .  F o r  a s e r i e s  L C R  c i r c u i t  

p ro d u c in g  underdamped o s c i l l a t i o n s ^ ^ ^ \
/

I  = ^  ( “ ■ ^ )  • • •  (A2.1)

The c u r r e n t  can be c a l c u l a t e d  from th e  measured v a lu e s  o f  tu and th e  r a t i o  

o f  th e  f i r s t  two c u r r e n t  maxima I  y  I  ^ , and known v a lu e s  o f  C and V. 

V alues  o f  r e s i s t a n c e  and in d u c ta n c e  a r e  g iv e n  by

R = 2 l n  ( î y î g )  I  . . .  ( A 2 . 2 )

and
A  T

L = -----------------   . . .  (A2.3)

1=

where T i s  th e  p e r io d ,  2tt/ o) . E r r o r s  i n  th e  v a lu e s  o f  I  , R and L 

were ± 6^. ^

A 2 i 4  MAGNETIC FIELD MEASUREMENTS

M agnetic  f i e l d s  i n s i d e  th e  t h e t a t r o n  were c a l c u l a t e d  u s in g  th e  form ula

( 37)f o r  an n t u r n  so le n o id ,  le n g th  L,
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^  n i
B = —- —  . . .  (A2.4)

I t  was assumed t h a t  th e  f i e l d  e x t e r n a l  to  th e  p lasm a, Bg , was g iv en  by  

eq u a t io n (A 2 .4 )  , E r r o r s  were ± 5 ^ ,

Small s e a rc h  c o i l s  were u sed  to  d e te rm ine  t h e  s p a t i a l  v a r i a t i o n  o f

f 51Vm agnetic  f i e l d s  a t  a tm o sp h e r ic  p r e s s u r e '  ,  These c o i l s  were c a l i b r a t e d  

e i t h e r  from th e  known f i e l d  i n s id e  th e  t h e t a t r o n ,  o r  u s in g  th e  s e a rc h  c o i l  

a r e a  and i n t e g r a t i n g  c i r c u i t  p a ra m e te r s .  The in d ep en d en t c a l i b r a t i o n  had 

e r r o r s  o f  ± 1 0 ^ .  The s p a t i a l  r e s o l u t i o n  o f  th e  s e a rc h  c o i l s  u sed  was 

à  0 .3  cm .

A2.5 GAS PRESSURE MEASUREMENTS

A P i r a n i  gauge, c a l i b r a t e d  from a McLeod gauge, was used  to  measure 

t h e  i n i t i a l  gas f i l l i n g  p r e s s u r e  to  ± 3 ^ .

A2.6 INTENSITY PROFILE MEASUREMENTS

The plasm a r a d i a t i o n  was viewed w ith  an STL/TRW e l e c t r o n i c  image 

c o n v e r te r  camera a t  a ran g e  o f  50 cm . One s l i t  i n  t h e  com pression  c o i l  

(s e e  F i g . 3 . 2 ( a ) )  was pho tographed  th ro u g h  normal g l a s s  o p t i c s  w ith  an  a p e r 

t u r e  o f  f  2 .8  to  f  5 .6 .  T h is  produced  an image on th e  image c o n v e r te r  tu b e  

ph o to c a th o d e ,  t h e  phosphor hav ing  a range o f  3 ,900  to  6 ,000  A. The s l i t  

image was s t r e a k e d  a c ro s s  t h e  anode, poducing a t im e  r e s o lv e d ,  o r  s t r e a k ,  

p i c t u r e .  The f i lm  u sed  was e i t h e r  P o la r o id  10,000 A SA  o r  I l f o r d  H P 4 .

The t im e  r e s o l u t i o n  i s  g iven  by

S l i t  w id th  X m a g n i f ic a t io n  X s t r e a k  tim e  
s t r e a k  d i s t a n c e  on f i lm

F or t h e  p h o to g rap h s  in  th e  t e x t ,  ( e . g .  F i g . 4 . 2 ( b ) ) ,  t h i s  co rresponded  to

± 3 %  o f  t h e  t o t a l  s t r e a k  t im e .

^  The s p a t i a l  r e s o l u t i o n  was de term ined  by  th e  p h o to c a th o d e ,  and was 

quoted  a t  250 r e s o lv a b l e  p o i n t s  p e r  cm .
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The i n t e n s i t y  r e s o l u t i o n  was governed by  th e  f i l m  u se d .  For low 

l i g h t  i n t e n s i t i e s ,  each p i c t u r e  was c a l i b r a t e d  u s in g  a u n i fo rm ly  i l lu m in a te d  

p h o to g ra p h ic  d e n s i t y  wedge.

Each p l a t e  p roduced  was an a ly se d  u s in g  a H i lg e r  and W atts  m ic ro d e n s i

to m e te r .  The plasm a image was scanned r a d i a l l y ,  and compared w ith  a scan 

o f  t h e  d e n s i t y  wedge image. The plasm a r e l a t i v e  l i g h t  i n t e n s i t y  p r o f i l e  

could  th e n  be d e r iv e d .  Because th e  p r o f i l e  o b ta in e d  r e p r e s e n t e d  th e

i n t e n s i t y  I , ,  a s  viewed by an o b s e rv e r  lo o k in g  a long  a number o f  p a r a l l e l

i 52)cho rds ,  A b e l ’ s i n t e g r a l  i n v e r s i o n '  '  was u sed  to  o b ta in  th e  r a d i a l  p r o f i l e  

I p ,  T h is  c a l c u l a t i o n  was perform ed  c o m p u ta t io n a l ly .

A2.7 ELECTRON PARTICLE DENSITY PROFILE MEASUREMENT

The i n t e n s i t y  o f  continuum r a d i a t i o n  e m it te d  i n  th e  v i s i b l e  r e g io n  

from hydrogen l i k e  io n s  can be w r i t t e n

h  h .

I  = 1 .5 X 1 0 “^^ — r  w a t t s  cm~® s te ra d s " ^  A~̂  . . .  (A2.6)
X X^T^

where I .  i s  th e  b re m s s tra h lu n g  i n t e n s i t y  a t  a w aveleng th  X .
K

R a d ia l  d e te rm in a t io n s  o f  th e  te m p e ra tu re  in  t h e t a  p in c h e s  have shown t h a t  

Tg i s  n o t  s t r o n g ly  dependen t on th e  r a d i u s T h e r e f o r e  e q u a t io n  (A2.6) 

can be w r i t t e n
I  a  , . . .  (A2.7)

where I  i s  th e  i n t e n s i t y  e m it te d  over th e  v i s i b l e  r e g io n .  Thus th e

r a d i a l  e l e c t r o n  d e n s i t y  p r o f i l e s  can be d i r e c t l y  o b ta in e d  from th e  r a d i a l

i n t e n s i t y  p r o f i l e s  ( s e e  S e c t io n  A 2 .6 ) .  Because th e  i n t e n s i t y  p r o f i l e s  a re

r e l a t i v e ,  th e  i n t e g r a l  o f  th e  e l e c t r o n  d e n s i t y  must be n o rm a l ise d  to  th e

measured l i n e  d e n s i t y  (s e e  S e c t io n  A 2 .9 ) ,
^  r „

= 2 ttJ  n ^ ( r ) r d r  . . .  (A2.8)
o

w here—N^— i s  th e  measured p a r t i c l e  l i n e  d e n s i t y  

r^^ i s  th e  vacuum tu b e  r a d i u s .
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The n o r m a l i s a t io n  was perform ed c o m p u ta t io n a l ly  to  g iv e  a b s o lu te  v a lu e s  o f  

e l e c t r o n  d e n s i t y .  T h is  method o f  d e te rm in in g  th e  e l e c t r o n  d e n s i t y  h as  been  

found to  g iv e  r e s u l t s  i n  agreem ent w i th  l a s e r  s c a t t e r i n g  r e s u l t s ^ ^ ^ ^ .

E r r o r s  were c a l c u l a t e d  a s  a s ta n d a rd  d e v i a t i o n  by  th e  computer

program . I m p u r i t i e s  p r e s e n t  i n  th e  plasm a would e f f e c t  th e  v a l i d i t y  o f

e q u a t io n  (A 2.6); 0 .2 5 ^  o f  oxygen r e s u l t s  i n  an  e r r o r  o f  4^  . The t o t a l

e r r o r  i n  th e  e l e c t r o n  d e n s i t y  was ta k e n  as ± 5^.

A2.8 DIAMAGNl̂ TIC MEASUREMENTS

The p lasm a d iam agnetism  S i s  d e f in e d  as

S = J  ( B g - B i )  dA . . .  (A2.9)
o

where Ap i s  th e  p lasm a a r e a .  S was measured u s in g  two s in g le  t u r n  c o i l s  

o f  d i f f e r e n t  a r e a ,  p la c e d  c o n c e n t r i c a l l y  around th e  vacuum tu b e  and in s id e  

th e  com pression  c o i l  (see  F ig .A 2 .1  and F i g . 3 , 2 ( a ) ,  marked ’double  l o o p s ’) .

The two c o i l s  1 and 2 i n  F ig .A 2 .1  w i th  a r e a s  A^ and A^ each 

measure t h e  r a t e  o f  change o f  f lu x .  A f te r  i n t e g r a t i o n  o f  th e  o u tp u t  v o l 

t a g e s ,  th e  two s ig n a l s  S^ and S^ a re

S  ̂ = k  ■ % ) )  ®e **■ .10)

S ; =  k^((A 3-JSp)B e + cp) . . .  (A2.11)

where k  ̂ and k g  a re  c i r c u i t  c o n s ta n t s ,  and cp i s  th e  f lu x  t r a p p e d  in s id e

th e  p lasm a. The two s i g n a l s  were d i f f e r e n c e d ,  and b a la n c e d  f o r  vacuum 

c o n d i t io n s ,  to  g ive
s ;  = s ; „ -  = (k ^ A ^ - k ^  A ,) = 0 . . .  (A2.12)

where s u b s c r i p t  ze ro  r e f e r s  to  vacuum c o n d i t io n s .

With a p lasm a p r e s e n t ,

" '  ' ^  = 8^  -  S g = k ^  (Ap Bg -  cp) -  1^ • • • (A2.13)
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T h e re fo re  th e  d iam agnetism  S can he w r i t t e n

S = Ap Bg -  cp . . .  (A2.14)

-  S '  ( A / A g - 1 )  • • • •

The c o i l s  used  in  t h e  experim en ts  had a r e a s  = 127 cnf and 

Ag = 73 cmP . F o r each plasm a p roduced , S  ̂ was re c o rd e d  a s  a f u n c t io n  o f  

t im e ,  a s  in  F i g . 4 . 2 ( h ) . N o rm a l i s a t iv e  w i th  r e s p e c t  to  was perfo rm ed

d u r in g  th e  a n a l y s i s .  The e r r o r s  were ± T / o ,

A2.9 LINE MASS MEASUREMENTS

A f te r  th e  im p los ion  s ta g e  th e  p lasm a o s c i l l a t e s  r a d i a l l y  abou t i t s  

a x i s  (s e e  S e c t io n  2 . 3 ) .  These o s c i l l a t i o n s  appea r  on s t r e a k  p h o tog raphs  

and d ia m a g n e t ic  s i g n a l s  (s e e  F i g . 4 . 2 ( b ) ) .  A th e o ry  by  N i b l e t t  and Green^^^ 

r e l a t e s  th e  o s c i l l a t i o n  f req u en cy  Uü to  t h e  plasm a l i n e  mass (mass p e r  u n i t  

l e n g t h ) ,  by  assuming t h a t  th e  p lasm a, i n i t i a l l y  con fined  to  a t h i n  annu lus  

i s  swept up by  a snowplough m e c h a n i s m ^ A  c o r r e c t io n  f o r  th e  mass p ro 

f i l e  l e a d s  to  t h e  equationX ^^)

/ b^
U) = g ^ ~  . . .  (A2.16)

where g i s  a c o r r e c t i o n  f a c t o r ,  =“ 1 ; M i s  th e  l i n e  mass. T h e re fo re  

t h e  p a r t i c l e  l i n e  d e n s i t y  N can be o b ta in e d  i f  th e  p a r t i c l e  mass i s  known.

E x p er im en ta l  d e te rm in a t io n s  o f  M showed t h a t  t h e  mass c o l l e c t e d  

in c r e a s e d  o ver  t y p i c a l l y  3 o s c i l l a t i o n s ,  and th e n  was t im e  in d e p en d en t .  

V a lu es  o f  M quo ted  i n  th e  t e x t  r e f e r  to  t h e  s t a t i o n a r y  c a s e s .  E r r o r s  

were e s t im a te d  a s  ± 1 0 ^ .

A2.10 MEASUREMENTS OF BETA (p) AND TEMPERATURE

Average v a lu e s  o f  0 ( w r i t t e n  < ^ ) ) ,  and a p lasm a r a d i u s  Tp , a r e  

d e f in e d  a s  th o s e  v a lu e s  o f  p and r  o f  an e q u iv a le n t  p lasm a, w ith  a 

sq u a re  d e n s i t y  and te m p e ra tu re  d i s t r i b u t i o n ,  which has  th e  same l i n e  d e n s i t y ,  

te m p e ra tu re  and d iam agnetism  as  th e  ex p er im en ta l  p lasm a. F or an experim en ta l
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plasm a w ith  a u n ifo rm  te m p e ra tu re  d i s t r i b u t i o n  and a G aussian  p r e s s u r e  p r o -  

f i l e ^ ^ ^ \
3 on a x i s  ,

<P> = --------2- ( i - e -  <P>max = 0-5) . . .  (A2.1T)

and
Tp = r a d iu s  when n^ f a l l s  to  0 .1 4  n^ on a x i s  . . . .  (A2.18)

U sing  th e  d e f i n i t i o n  o f  0 (see  S e c t io n  A1.3) and assuming p r e s s u r e  b a la n c e

p2 gs

P + =  2 ^  . . .  (A2.19)

t h e  d iam agnetism  o f  a p lasm a w ith  a u n ifo rm  te m p e ra tu re  d i s t r i b u t i o n  and a 

G auss ian  p r e s s u r e  p r o f i l e  may be w r i t t e n

S = J ( B g - B ^ )  dA 
0

= A p B g ( l - b -  < p »  . . .  (A2.20)

where Ap = r r r^

and ApBj  ̂ S: 0 ;  i . e .  t h e  t r a p p e d  f lu x  i s  p o s i t i v e  w ith  r e s p e c t
to  th e  e x t e r n a l  f i e l d  Bg ,

The plasm a r a d iu s  rp  can be  o b ta in e d  from th e  e l e c t r o n  d e n s i t y  p ro 

f i l e s  ( s e e  S e c t io n  A 2 .7 ) .  E q u a t io n  (A2.20) can be r e a r r a n g e d  to  g ive

<p> = 1 - ( i  - . . .  (A2.21)

V alu es  o f  (0 )  were c a l c u l a t e d  u s in g  e q u a t io n  (A2.21) and th e  measured 

d iam agnetism .

Using th e  d e f i n i t i o n  o f  0 and l i n e  d e n s i t y  Ng (e q u a t io n  (A 2.S )) ,  

e q u a t io n  (A2.21) can be w r i t t e n

S <p)

4 H o k N e ( l - V l -  <p>)  

where = (Tg + Tj^)/2 . . . .  (A2.23)

E q u a t io n ^ (A 2 .23) was used  to  d e r iv e  th e  plasm a average  te m p e ra tu re  from th e  

m easured v a lu e s  o f  d iam agnetism  S , average  b e t a  (P)» e x t e r n a l  f i e l d  B^
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and p a r t i c l e  l i n e  d e n s i t y  Ng (se e  S e c t io n  A 2 .9 ) .  Thus th e  plasm a r a d iu s ,  

e l e c t r o n  d e n s i ty ,  l i n e  mass, av e rag e  t e n p e r a tu r e  and av e rag e  b e t a  can be 

d e r iv e d  u s in g  a p a i r  o f  lo o p s  and an i n t e n s i t y  p r o f i l e  d e r iv e d  from a s t r e a k  

p i c t u r e .  The e r r o r s  were e s t im a te d  as

q u a n t i t y  e r r o r

rp  ± 5^

rig ± 5 ^

M ± 1 0 ^

T^v ± 2 0 ^

(P) ± 1 5 ^  .

A2.11 TEMPE?IATUPE MEASUREMENTS USING IMPURITY RADIATION

The l i f e  h i s t o r y  o f  carbon l i n e s  r a d i a t e d  from th e  plasm a was used  

to  check th e  d ia m ag n e tic  te m p e ra tu re  r e s u l t s  (s e e  S e c t io n  A 2 .10 ) .  A 

computer code^^^^ was a v a i l a b l e  which p r e d i c t e d  th e  tem pora l h i s t o r y  o f  any 

l i n e  r a d i a t i o n ,  g iv e n  th e  e l e c t r o n  d e n s i t y  and te m p e ra tu re  t im e  h i s t o r y ,  

by  c o n s id e r in g  ;

(a )  The c o l l i s i o n a l  i o n i z a t i o n  o f  an atom o r  io n  by  an e l e c t r o n .

(b) The re c o m b in a t io n  o f  an io n  w i th  an e l e c t r o n .

(c )  The c o l l i s i o n a l  e x c i t a t i o n  o f  an atom o r  io n  by  an e l e c t r o n .

The plasm a was imaged on th e  e n t ra n c e  s l i t  o f  a Bausch and Lorrib 

g r a t i n g  monochrometer (1200 l i n e s  mm“  ̂ , d i s p e r s io n  16 Â nrnT  ̂ , a p e r tu r e  

f  4 .4 )  . A p h o t o m u l t i p l i e r  was p o s i t i o n e d  a t  th e  e x i t  s l i t ,  and th e  s ig n a l s  

d i s p la y e d  on a n ^ o s c i l l o s c o p e .  The tim e  h i s t o r i e s  o f  t h e  to

l i n e s  were re c o rd e d  on a s h o t - t o - s h o t  b a s i s .

The e l e c t r o n  d e n s i t y  t im e  h i s t o r y  o b ta in e d  from th e  s t r e a k  ph o to 

g rap h s  ( s e e  S e c t io n  A2.7) and th e  average  te m p e ra tu re  h i s t o r y  o b ta in e d  from 

th e  d iam agnetism  (s e e  S e c t io n  A2.10) were u sed  as  in p u t  d a t a  f o r  th e  compu

t e r  code. The p r e d i c t e d  l i n e  r a d i a t i o n  h i s t o r i e s  were th e n  compared w ith

th e  e x p e r im en ta l  h i s t o r i e s ,  and th e  d ia m ag n e tic  te m p e ra tu re  in p u t  d a ta
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a d ju s t e d  u n t i l  th e  c o r r e c t  h i s t o r i e s  were p r e d i c t e d .  I n  t h i s  way th e  

d ia m ag n e tic  te m p e ra tu re  could  be checked.

The above method was used  on th e  2 mm t h e t a  p in c h ,  which produced  

a p lasm a w ith  d ia m ag n e t ic  t e m p e ra tu re s  < 1 0  eV (se e  F ig .  7 .4 ) .  I t  was 

found t h a t  th e  d iam ag n e t ic  te m p e ra tu re ,  a f t e r  3 jis, c o r r e c t l y  p r e d i c t e d  th e  

l i n e  r a d i a t i o n  h i s t o r i e s ,  b u t  f o r  t im e s  l e s s  th a n  3 [is th e  d iam ag n e tic  

te m p e ra tu re  was a s  much a s  50^ too  l a r g e .  The e r r o r s  were ± 2 0 ^ ;  t h i s  

change in  te m p e ra tu re  r e s u l t e d  i n  th e  p r e d i c t e d  l i n e  r a d i a t i o n  tim e h i s t o r i e s  

b e in g  o u t s id e  th e  s c a t t e r  o f  th e  ex p e r im en ta l  tim e h i s t o r i e s .
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COIL 2 ,AREA APLASM,AJREA A

COIL IjARSA A

il
■VACUUlvI TUBE

OMPRESSION COIL

INTEGRATE

S'A  B
dA =DIAMAGNETISM S =

where s u b s c r ip t  0 im p l ie s  vacuum c o n d i t io n s

Bg i s  th e  e x t e r n a l  f i e l d  

Bĵ  i s  th e  i n t e r n a l  f i e l d

F ig .A 2 .1

The double  c o i l  system  f o r  m easuring  th e  d iam agnetism
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■ ■ ■ ■ PARAMETER ■ . - ERROR, i o

VOLTAGE V 3

CURRENT I 5

MAGNETIC FIELD B 5

PRESSURE p 3

TIME t 3

RATE OF aiANGE OF 
MAGNETIC FIELD B 8

PARTICLE DENSITY n 5

DIAMAGNETISM S , 7

PLASMA RADIUS r^ 5

LINE MASS M 10

BETA p 15

TEMPERATURE T ^ 20

INDUCTANCE L 5

RESISTANCE R 5

ERROR BARS INDICATE THE MOST PROBABLE ERROR r  :

r  = 0 .8 5
( n -  l )  n

where i s  th e  d e v i a t i o n  o f  th e  i^ ^  o b se r 
v a t i o n  from th e  mean

n i s  th e  number o f  o b s e rv a t io n s

E ig .A 2 .2  

The e x p e r im en ta l  e r r o r s
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A P P E N D I X  A.3

THE ANALYTIC SOLUTION OF THE THETA PINQI EQUATION OF MOTION

A3.1 INTRODUCTION

The a n a l y t i c  s o l u t i o n  o f  th e  e q u a t io n  o f  m otion o f  a t h e t a  p in c h  w ith  

a d i s t r i b u t e d ,  tim e dependen t d r iv i n g  fo rc e  i s  d e s c r ib e d .  An ana logy  

betw een th e  p lasm a and a s t r i n g  un d er  t e n s i o n  i s  made. The g e n e ra l  app ro ach ,  

u s in g  o p e r a t io n a l  c a l c u lu s ,  c o n s i s t s  o f  f in d in g  th e  s te a d y  s t a t e  re sp o n se  to  

a s im ple  harmonic fo r c e  a p p l ie d  a t  a p o i n t .  The re sp o n se  to  an im pu ls ive  

fo r c e  a p p l ie d  a t  a p o in t  i s  th e n  found; th e  re sp o n se  to  a g e n e ra l  f o rc e  i s
I

o b ta in e d  by  i n t e g r a t i n g  over  th e  l e n g th  o f  a p p l i c a t i o n  and t im e  d u r a t io n  o f  

t h e  f o r c e .  The r e s u l t i n g  s o l u t i o n  a p p l i e s  to  any system  obeying a one 

d im en s io n a l  wave e q u a t io n  w i th  a d r iv i n g  f o r c e .  To o b ta in  t h e  m otion o f  

a t h e t a  p in c h  th e  fo r c e  te rm  d e r iv e d  in  C hap ter  VI i s  u sed  a s  th e  d r iv in g  

f o r c e .

A3.2 THE GENERAL APPROACH

The e q u a t io n  o f  m otion  d e s c r ib in g  a t h e t a  p in c h  in  th e  p re se n c e  o f  

a m agne tic  d ip o le  w i th  i t s  a x i s  p a r a l l e l  to  t h e  plasma a x i s  i s  ( see  S e c t io n  

6 ,4 ,  e q u a t io n  ( 6 .4 . 3 ) )

^ a  = o . . .  (A3.1)
ôt^

where V = Vj _̂j  ̂ = V^V 2 -  p

^  = r i ( z , t )  , t h e  e q u i l ib r iu m  p o s i t i o n .

E q u a t io n  (A3.l )  can be w r i t t e n  as  (see  e q u a t io n  ( 6 .4 . 4 ) )

where ^  . . .  (A3.3)

and M i s  th e  l i n e  mass.. The f u n c t io n  F ( z , t )  r e p r e s e n t s  a f o r c e .  

E q u a t io n  (A3.2) d e s c r ib e s  th e  m otion o f  a s t r i n g  under  a t e n s io n  T = V ^M , 

w ith  a d i s t r i b u t e d  d r iv i n g  f o r c e .  T h is  g e n e ra l  e q u a t io n  i s  so lv ed ,  and
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then the  force on the plasma (equation  ( 6 .6 .1  )) i s  s u b s t i tu te d  for  F ( z , t ) .

The s o lu t i o n  c o n s i s t s  o f  t h r e e  p a r t s :

(1) The s te a d y  s t a t e  re sp o n se  o f  th e  s t r i n g  i s  o b ta in e d  f o r  a sim ple

harm onic  fo rc e  a p p l i e d  a t  z = § ,  d e s c r ib e d  by  f ( ^ ) e  The ad m it-

ta n c e ^ ^ ^ )  1^(§  , z , uu), th e  r a t i o  o f  th e  s te a d y  s t a t e  v e l o c i t y  to  t h e  sim ple 

harm onic d r iv in g  f o r c e ,  i s  th e n  o b ta in e d .

( 2 ) The re sp o n se  o f  th e  s t r i n g  to  an im p u ls iv e  fo rc e  a p p l ie d  a t  z = §

i s  d e r iv e d ,  u s in g  th e  fu n c t io n  1 ^ ( § , z , tu) and o p e r a t io n a l  ca lcuT us^ ^^ ) .

T h is  g iv e s  y^ (§  , z , t ) .

(3 ) The re sp o n se  o f  t h e  s t r i n g  to  a g e n e ra l  f o rc e  F ( z , t )  i s  th e n  o b ta in e d  

by  i n t e g r a t i n g  o ver  t h e  le n g th  o f  a p p l i c a t i o n  o f  th e  f o r c e ,  L, and th e  tim e 

d u r a t i o n  t  f o r  which i t  i s  a p p l ie d ^ ^ ^ ^ :

00 f
y ( z , t )  = J  dT J  d§ F ( § , t ) y . ( ç , z , t - T )  . . .  (A3.4)

-00 o

A3.3 THE ADMITTANCE

Using th e  F o u r ie r  t r a n s fo rm s ,

_ f ( t )  = J  F(w) e"^^^ duu . . .  (A 3.5)
—  00 

CO

y ( t )  = J  X(uo) e dti) . . .  (A3.6)
— CO

and t h e  F o u r i e r  t r a n s f o r m  p a i r s
CO

2rrF(uq) = f f ( t )  e^^^ d t  . . .  (A 3.7)
- C O  

• CO

x(uu) = J  y ( t )  e^^^ d t  . . .  (A3.8)
— CO

t h e  r e sp o n s e  o f  a s t r i n g  to  a f o r c e  f ( t )  a p p l ie d  a t  z = § can be w r i t t e n  

y(ç,z,t) = J e""'"* Y^(Ç,Z,«J) du) . . . ( A 3 , 9)
where

Ym(S'Z'W) = -  . . . .  (A3.10)
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Yj^(§,z,Uü) i s  th e  a d m it ta n c e ,  and i s  e q u iv a le n t  to  t h e  r a t i o  o f  th e  steady- 

s t a t e  v e l o c i t y  to  th e  f o r c e ,  when th e  f o r c e  i s  s im ple harm onic, i . e .

^  - io i t  *'* (A3

I f  th e  a p p l ie d  fo r c e  i s  a D ira c  d e l t a  f u n c t io n  ô ( t ) ,  t h e  re sp o n se  o f  th e  

s t r i n g  i s  o b ta in e d  by  s u b s t i t u t i n g  6 ( t )  f o r  f ( t )  i n  e q u a t io n  (A3.?) and 

th e n  s u b s t i t u t i n g  P (w ,§) = in to  e q u a t io n  (A3.9) to  give^^^^

 ̂ . Y j 5 , z ,u j )

y j ( § . z . t )  = 2n j   r r s   • • • •

T h is  i s  th e n  s u b s t i t u t e d  in to  e q u a t io n  (A3.4) to  g iv e  y ( z , t ) .

A3.4 THE RESPONSE TO A SIMPLE HARMONIC FORCE

C onsider  a s t r i n g ,  l e n g th  t  , h e ld  between two r i g i d  s u p p o r ts ,  a c te d  

on by  a  f o r c e  f ( ^ )  e a p p l ie d  a t  z = Ç . I f  a s im ple  harmonic fo r c e  o f

f req u en cy  uu i s  a p p l ie d  a t  z = ^ , t h e  p a r t  o f  th e  s t r i n g  f o r  z < §  shou ld  be 

p a r t  o f  a s ta n d in g  wave t h a t  i s  zero  f o r  z = 0 ,  such a s  A s iu '^ — ^ . F o r  

z >  § th e  s t r i n g  shou ld  be p a r t  o f  a s ta n d in g  wave t h a t  i s  zero  f o r  z = L , 

such a s  B s in  |^~(L -  z ) l  . At z = § t h e r e  w i l l  be  a sudden change o f  s lo p e ,  

and -  T t im e s  t h i s  change i n  s lo p e  must equal th e  a p p l i e d  fo rc e  (T i s  th e  

t e n s i o n ) .  Using th e  above method, and u s in g  th e  r e l a t i o n s h i p  T = MV^ , th e  

d isp la c e m e n t  y  can be  w r i t t e n

y ( § , z , t )  = ^
MVw s i n ^ ~ )  . . .  (A3.13)\  V /fl

The a d m it ta n c e  Ŷ  ̂ can now be c a l c u l a t e d  u s in g  e q u a t io n  (A3,l l )

MV U) Sini^ y  y

Yjn(§»z»d)) = <

-  1

MV

-  i ' s i n   ̂ y  y

’mv’

( f )  ^ < 5
— )

. . .  (A3.14)

i n { ^ )  J. '

s i n [ f  ( t - z ) ]  f o r  z > Ç

\  V /
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y ( § , z , t )  i s  the steady s t a t e  s o lu t io n  o f  equation (A3.2) w ith  F ( z , t )  =

A3. 5 THE RESPONSE TO AN IMPULSIVE FORCE

The re sp o n se  o f  t h e  s t r i n g  to  an im pu ls ive  fo rc e  a t  t = 0  a p p l ie d  

a t  z = §  , namely f ( z , t )  = ô ( z - § ) ô ( t ) ,  i s  g iven  by e q u a t io n  (A 3,12). 

S u b s t i t u t i n g  f o r  from e q u a t io n  (A3.14) in to  e q u a t io n  (A3.12) g iv e s

-lüüt^ S#)*
s i n  ( I  -  § ) ]  s in  f o r  z < §

where P(uD, z) = < . . .  (A3.16)

s i n ^  s in  ^  ( t  -  z ) J  f o r  z > §

The p o le s  o f  th e  in te g ra n d  a r e  O) = t  where m i s  an in t e g e r ,  p o s i t i v e

o r  n e g a t iv e .  These co rrespond  to  th e  n a t u r a l  f r e q u e n c ie s  o f  th e  s t r i n g .  

Near an even p o le  t h e  q u a n t i t y  s i n  approaches  th e  v a lu e  uu- y .

T h e re fo re  f o r  Uü -* (m even) th e  in te g ra n d  approaches  th e  v a lu e

The r e s id u e  o f  t h i s  e x p re s s io n ,  i t s  l i m i t i n g  v a lu e  when m u l t i p l i e d  by 
/  mn V \
V  7 7 ' )  t h i s  f a c t o r  app roaches  z e ro ,  i s

V tA  ^ s i n  ( ^ )  f o r  0 < z < t  r . . .  (A3.18) 
2p^mVM \  I  J \  I  J

- 1 /  mTTV\
F o r  m odd, th e  f a c t o r  s i n  \ J y ~  j  app roaches  ~  (̂ tu -  — y .

Now s i n  ^ m rr -  -  s i n  • T h e re fo re  th e  r e s id u e  o f  th e  in te g ra n d

f o r  m odd i s  t h e  same a s  f o r  m even. The f i n a l  v a lu e  o f  th e  i n t e g r a l ,

-  2 tt i  t im e s  th e  sum o f  th e  r e s id u e s  on o r  below th e  r e a l  uu a x i s ,  g iv e s  a 

d isp la c e m e n t  ( e q u a t io n  (A 3.15))
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0 fo r  t  < 0

y t ( S , z , t )  = < - 1  Y  1 /  TTmg\ / n m z \  - iTTmVtA f o r  t > 0
irrMV L m \  ^ /  \  t  /

m = 1
. . .  (A3.19)

6 ’

* ‘ TT.

Using s i n  z = ~  ® » e q u a t io n  (A3.19) b ecomes

0 f o r  t  < 0

y a ( § , z , t )  = I 2
00

V  1 . /TTm^\ _ /TTm z\ _ /TTmVt\
ttMV L m 4  /  Gin (  ^  j  s i n  ^ ^  )  f o r  t  > 0

. . .  (A3.20)

T h is  i s  th e  s o l u t i o n  to  e q u a t io n  (A3.2) w i th  F ( z , t )  = 6 (z -§ )  ô ( t )  .

A3.6 THE RESPONSE TO A GENERAL FORCE

F or th e  most g e n e ra l  ty p e  o f  f o rc e  F ( § , t) t h e  re sp o n se  o f  th e  s t r i n g

i s  g iv e n  by e q u a t io n  (A 3 .4 ) .  S u b s t i t u t i n g  f o r  y ^ ( ç , z , t - T )  from eq u a t io n  

(A3.20) in to  (A3.4) g iv e s

) ~  -i s i n  I
tW m= 1

TTm Ç. J s in  F ( § ,  t )  d §1 s i n  (A3.21)
o

A3.7 THE APPLICATION TO A THETA PINCH

The e q u a t io n  o f  m otion  o f  a t h e t a  p in c h  in  th e  p re s e n c e  o f  a p e r t u r b 

in g  f i e l d  produced  by a n ea rb y  c u r r e n t  loop  can be w r i t t e n  ( s e e  e q u a t io n  

(6 .4 .® ))

1 , %  (1 + ( z A ) ^ ) î

where th e  symbols a re  d e f in e d  as  f o r  e q u a t io n  ( 6 . 4 . 5 ) ,  and -  co< z< + «> . 

E q u a t io n  (A3.21) can be used  to  so lv e  e q u a t io n  (A3.22) i f  th e  s u b s t i t u t i o n  

-  - - - F f r r T ) '  G M. V -n  ( l  -  4
M 4nb^ ( l  + ( i l ! » ) " )

V s i n  uuT . . .  (A3.23)

i s  made, where i s  th e  a x i a l  p o s i t i o n  o f  th e  c u r r e n t  loop
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In  th e  th e o ry  le a d in g  to  e q u a t io n  (A3,21) th e  im p u ls iv e  f o r c e  was 

a p p l ie d  a t  t im e  t  = 0. A s in u s o id a l  fo rc e  can th e n  he ex p ressed  as  a 

c o s in u s o id a l  f o rc e  s t a r t i n g  a t  t  = -  t t / 2  U) . The i n t e g r a t i o n  in  tim e i s  

th e n  from: -  tt/ 2  U) to  t ,  and t h e  i n t e g r a t i o n  i n  space from § = 0 to  Ç = 

E q u a t io n  (A 3 .2 l)  th e n  g iv e s
«  ••

y ( z , t ) = K ^  i W m  . . .  (A3.24)
m = 1

3 | j  n V A I
where K = -------2-------------------------------------------------------------------- . . .  (A3.25)

-

t  . ,  ̂ J .

A^ = J » ' (A3.26)

-Tl/2U)

\= f -“(^) I;jïîdi
.'TTm Z'

C = s i n  m ( ? ^ )  . . .  (A3.28)

E x p l i c i t l y  A i s

A = ^  cos((j)t)]  . . .  (A3.29)

“  4-m l
The i n t e g r a l  B ( e q u a t io n  (A.3.2 7 ))  was e v a lu a te d  n u m e r ic a l ly  on an

( 77)I  CL 470 computer, u s in g  a 5 p o i n t  Newton-Cotes q u a d ra tu re  s u b r o u t in e '

The com plete s o lu t i o n  ( e q u a t io n  (A 3.24)) converged when th e  number o f  summa

t i o n  s te p s  was ta k e n  a s  m = 1 to  500.
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A P P E N D I X  A.4 

THE NUMEJITCAL SOLUTION OF THE THETA PINCH EQUATION OF MOTION

A4.1 INTRODUCTION

The e q u a t io n  o f  m otion o f  a t h e t a  p in c h  in  th e  p re se n c e  o f  a l o c a l  

p e r tu r b i n g  f i e l d  ( s e c t i o n  6 ,4 ,  e q u a t io n  (6 .4 .3 ) )  was so lved  n u m e r ic a l ly  on 

an I  CL 470 com puter. The program  used  was ad ap ted  from a code w r i t t e n  

by  V. S ch n e id e r  which so lved  th e  e q u a t io n  o f  m otion o f  an m = 1 u n s ta b l e  

t h e t a  p in c h  (se e  S e c t io n  2 . 8 .4  and S e c t io n  6 . 2 ) .  A d e s c r i p t i o n  o f  th e  

code w i th  an a d d i t i o n a l  f o r c in g  te rm  F ( z , t )  ( s e e  e q u a t io n  ( 6 , 4 . 4 ) )  i s  

g iv e n .

A4.2 THE CODE

The h y p e rb o l i c  e q u a t io n  of motion was so lved  a s  an i n i t i a l  v a lu e  

p rob lem  w ith

y ( z ) t= o  = 0 • • •  (A4.1)

y (z ) t^ O  ^ °  ' (A4.2)

and th e  boundary  c o n d i t io n s

y (z  = t / 2 )  = 0  . . .  (A4.3)

y (z  = t / 2 ) = 0 . . . .  (A 4.4)

That i s ,  th e  plasm a ends, a t  z = ± t / 2 ,  were f ix e d .

The i n i t i a l  c o n d i t io n s  were a p p l i e d  as  fu n c t io n s  o f  t h e  a x i a l  d i s 

ta n c e  z , w i th  th e  d e f i n i t i o n s

Ï4 4  = 4 n p

XK = ( 2 -  p .+ a )  B® R®

Ï4(K ) = Y44 

Y^(K) = XE/y^(K) , =

Yg(K) = F ( z)/M, th e  f o r c in g  fu n c t io n  
(se e  e q u a t io n  ( 6 .4 . 4 ) )

W(K) = [ Y ( K + l ) - Y ( k ) ] / D Z

(A 4.5)

(A4.6)

(A4.7)

4A4.8)

(A4.9)

(A4.10)
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where p  i s  th e  mass d e n s i t y

a  d e s c r ib e s  th e  conduc ting  w a ll  r a d iu s  (see  S e c t io n  6 .2 )

R i s  th e  plasma r a d iu s

K i s  t h e  a x i a l  (z )  c o o rd in a te  a r r a y

DZ i s  th e  a x i a l  s te p  le n g th

Y(k ) i s  th e  s o l u t i o n .

The e x p l i c i t  s o lu t i o n  p roceeded  by  c a l c u l a t i n g

«E = + nr'̂  -  ï^ -1 ]  jm . . .  ( a 4 . i i )

+ DI'^ . f ( / )  . . .  (A4.12)

4  = ' 4 ' ^  + 1 ^ m  . . .  (A4.13)

( 781w i th  th e  C ourent, Le^fy and F r i e d e r i c h s  s t a b i l i t y  c o n d i t io n

DtJ  ^  . . .  (A4.14)

( 4 ) ’

where Y i s  t h e  v e l o c i t y

J  i s  th e  tim e a r r a y

DT i s  th e  t im e  s te p

f ( ï )  i s  th e  t im e  dependence o f  th e  fo r c e  Y^(E) .

The c h a r a c t e r i s t i c  l e n g th  i n  th e  problem  i s  th e  d i s t a n c e  over which 

th e  fo r c e  F ( z )  changes s ig n ,  ^ b  , th e  d i s t a n c e  between th e  plasma and th e  

c u r r e n t  c a r ry in g  loop  which p e r tu r b e d  th e  f i e l d .  DZ was chosen ==b/50 .

To reduce  computing tim e  th e  plasm a l e n g th  was s e t  to  e i t h e r  0 .5  o r  2 .0 m ;  

th e  s o lu t i o n s  were r e l e v a n t  o n ly  f o r  t im e s  l e s s  th a n  th e  end co n n ec t io n  t im e .

Agreement to  w i th in  5 P /o  was found between th e  a n a l y t i c  ( s e e  Appendix 

A .3) and th e  num erica l  s o l u t i o n s .  I n  no case  d id  th e  co n d u c tin g  w a l l ,  a t  

R^ = 6 . 5 c m ,  a f f e c t  th e  r e s u l t s .
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