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ABSTRACT

The h e l ic a l  in s ta b i l i ty  in  a w eak ly  io n iz e d  p la s m a ,  known a s  

Kadom tsev in s t a b i l i ty ,  h as  b een  e x te n s iv e ly  in v e s t ig a te d  in  r e c e n t  y e a r s .

In  th i s  s tu d y ,  a s e r ie s  of experim en ta l r e s u l t s  of s u c h  in s ta b i l i ty  for highly  

io n iz e d  p lasm a i s  p re se n te d .  The experim en ts  w ere  cond u c ted  in  a s in g le ­

ended  q u ie s c e n t  p lasm a m achine a t  the M agnetohydrodynam ics  Laboratory  

of the  C ity  U n ive rs i ty  of New York w ith  a degree  o f  io n iz a t io n  over 90%.

In ad d i t io n  to  the Langmuir probe m easu rem en t ,  the  h e l ic a l  mode and  i t s  

time ev o lu tio n  and  the  in s ta n ta n e o u s  d e n s i ty  d is t r ib u t io n  a c r o s s  the  column 

have b e e n  s u c c e s s fu l ly  reco rd ed  by the  new ly d ev e lo p ed  h igh  6peed  pho to ­

g raph ic  te ch n iq u e  w h ich  i s  known a s  the  p lasm a cam era .

The ex perim en ta l  r e s u l t s  are  sum m arized  a s  fo llow s:

(1) The h e l ic a l  in s ta b i l i ty  occu rs  when the lo n g i tu d in a l  curren t 

p re s e n ts  and  the  m agne tic  f ie ld  e x c e e d s  the c r i t ic a l  m ag n e tic  f ie ld  of 

700 g a u s s .

(2) The h e l ix  ro ta te s  in  the d irec tio n  of the  e le c t ro n  d iam ag n e t ic  

d r if t .  The p itch  of the h e l ix ,  a s  reco rd ed  by the  p lasm a cam era ,  v a r ie s  w ith  

the m agne tic  f ie ld  and h as  a d im ension  com parable  to  or l e s s  th an  the  len g th  

of th e  p la sm a column.

(3) The in s ta b i l i ty  c r i te r io n  i s  no t s e n s i t iv e  to  the  background 

p re s s u re  of the  sy s te m .  The lo n g i tu d in a l  cu rren t i s  e s s e n t i a l  for the h e l ic a l  

in s ta b i l i ty  to  o ccu r ,  bu t i t s  m agnitude does  not have s ig n if ic a n t  e f f e c t  on 

the  am plitude of the  in s ta b i l i ty .



(4) The d i re c t  m easurem ents  of p lasm a d iffus ion  a c ro ss  the m agnetic  

f ie ld  in d ic a te s  th a t  the d iffusion  follows the c l a s s i c a l  theory up to  the 

c r i t ic a l  m agnetic  f ie ld .  Enhanced d iffus ion  occurs im m ediately  above the 

c r i t ic a l  m agnetic  f ie ld  and then i s  followed by Bohm d iffus ion  before the 

p lasm a becom es fully  tu rbu len t.  Under the  tu rbu len t s t a t e ,  the d iffusion  

co e ff ic ien t  i s  in v e rse ly  proportional to  the square  of the  m agnetic f ie ld ,  

s im ila r  to  the  c l a s s i c a l  c a s e .  The experim en ta l r e s u l t s  have shown tha t 

Bohm d iffu s ion  co rresponds  c lo se ly  to  la rge  am plitude o sc i l la t io n s  and 

tu rbu len t d if fu s ion  a s s o c ia t e s  w ith  b reak  down of the coheren t w av es .

The above r e s u l t s  are s ig n if ican tly  d iffe ren t from the ca se  of w eakly  

io n ized  p lasm a; they  p re sen t a p h y s ica l  model of the h e l ic a l  in s ta b i l i ty  of 

a highly  io n ized  plasm a column and offer a b a s e  for th e o re t ic a l  in v e s t ig a t io n s .
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CHAPTER 1

INTRODUCTION

Due to  the d irec t  a s s o c ia t io n  of the d iffus ion  of charged  p a r t ic le s

a c ro s s  a m agnetic  f ie ld  and the  in s ta b i l i ty  of the  confined  plasm a colum n,

the  unders tand ing  of in s ta b i l i ty  becom es primary im portance in  the fie ld  of

p lasm a p h y s ic s  and contro lled  therm onuclear fus ion  r e s e a r c h „ In s ta b i l i t ie s

of various  types  have been  obse rved  and in v e s t ig a te d ,  and a lm ost a l l  of

them le ad  to  enhanced  d iffus ion  in  the d irec tion  t ra n sv e rs e  to  the confining 

1 0
m agnetic  f ie ld  . According to  the  mode of i n s t a b i l i t i e s ,  they  are  c l a s s i -

7-9 10 11-15fied  as  drift in s ta b i l i ty  , flu te  in s ta b i l i ty  and h e l ic a l  in s ta b i l i ty

C o n s id e rab le  e ffo rt ,  both  th e o re t ic a l  and  ex p er im en ta l ,  has  been  made, in

the  s tudy  of th e s e  in s ta b i l i t ie s  e x c e p t  the h e l ic a l  in s ta b i l i ty  for a highly

io n ized  p lasm a c a s e .  For w eakly  io n ized  p la sm a ,  L ehnert and  Hoh

e s ta b l i s h e d  the p h y s ica l  model through the ir  g a s  d isch a rg e  experim ent and

th en  Kadomtsev and  N ed o sp a so v d e r iv e d  the theory . Up to  th is  d a te ,  the

unders tand ing  of the h e l ic a l  in s ta b i l i ty  in  a highly  io n ized  p lasm a is

la c k in g ,  y e t  i t  is  ra th e r  im portant.

P h y s ica l ly  the in s ta b i l i t i e s  be tw een  the w eak ly  io n ized  and the 

h ighly  io n iz e d  c a s e s  are  very d iffe ren t .  For the w eak ly  io n ized  c a s e ,  the 

co l l is io n s  among e le c tro n s  and n eu tra ls  provide lum inous p ic tu res  of the 

h e l ic a l  motion w hich  can  be o bserved  e a s i l y .  For h ighly  io n ized  p la sm a ,  

the  c o l l is io n a l  phenom enon i s  com plete ly  d iffe ren t and  the  p h y s ica l  p ic tu re  

of the h e l ic a l  motion becom es im p o ss ib le  to be observed  by ordinary m e a n s .
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B ecause  of the la ck  of a c tu a l  p h y s ica l  p ic tu re  of th e  h e l ic a l  in s ta b i l i ty  

for h ighly  io n ized  p la sm a ,  th e o re t ic a l  a n a ly s i s  and b e t te r  unders tand ing  

of the  in s ta b i l i ty  becom es a lm o s t  im p o ss ib le .

The purpose  of th is th e s i s  i s  to iden tify  the e x i s te n c e  of such  

in s ta b i l i ty  in  a highly  io n ized  p lasm a column and to  s tudy  i t s  p ro p e r t ie s ,  

driving m echanism , param etric  e f fec ts  on the t ra n s v e rs e  d iffus ion  and 

v is u a l iz a t io n  by means of conducting  a s e t  of e x p e r im e n ts . It is  hoped 

th a t th e se e x p e r im e n ta l  r e s u l t s  and  the a c tu a l  p ic tu re  of the dynam ic of 

h e l ic a l  in s ta b i l i ty  p re sen t  a p h y s ic a l  model for th e o re t ic a l  in v e s t ig a t io n  

in  the  fu ture.

1 .1  Review of Work on H e lica l  In s ta b i l i ty

The h e l ic a l  in s ta b i l i ty  of a w eak ly  io n ized  gas  d isch a rg e  w as f irs t

o bserved  by Lehnert and Hoh in  the s tudy  of the d iffu s ion  p ro cess  of the

g as  d isch a rg e  in  a m agnetic  f ie ld .  The ra te  of d if fus ion  agreed w ith  the

c l a s s i c a l  theory  of am bipolar d iffus ion  in  a range  of m agnetic  f ie ld  up to

a c r i t ic a l  v a lu e .  Above th is  va lue  an  in s ta b i l i ty  s e t  in ,  and the  d iffusion

in c re a s e d  w ith  m agnetic  f ie ld ,  r e s u l t in g  in  a d iffus ion  ra te  much higher

th a n  th a t  by the  c l a s s i c a l  c o l l is io n  theo ry .  The m echanism  of the h e l ic a l

16in s ta b i l i ty  w as  not determ ined  in  th e ir  experim en t.  Hoh l a t e r  gave a 

th e o re t ic a l  exp lan a tio n  showing th a t  the  condition  for m aintaining a s ta b le  

w all  s h e a th  of the g as  d isch a rg e  could  not be s a t i s f ie d  w hen  the  m agnetic  

f ie ld  w as  above the c r i t ic a l  v a lu e .
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Kadomtsev and N ed o sp aso v  in  the ir  th e o re t ic a l  a n a ly s is  of the 

anom alous d iffus ion  of the p o s it iv e  column id e n tif ied  the in s ta b i l i ty  as  

d iffus ive  and ca l led  i t  the cu r re n t-c o n v e c t iv e  in s ta b i l i ty .  They in d ic a te d  

th a t  the long itud ina l e l e c t r ic  curren t and  i t s  in te ra c t io n  w ith  the m agnetic  

fie ld  ( j_ xB. force) w ere the  c a u s e  of the h e l ic a l  in s ta b i l i ty .  A d isp e rs io n  

r e la t io n  and the frequency  of o s c i l la t io n s  w ere ob ta ined  by a l in ea r  a n a ly s i s .  

Com parison be tw een  the th e o re t ic a l  v a lu e s  of the  c r i t ic a l  m agnetic  f ie ld  and 

experim ental da ta  were g iven .  The p lasm a w as p red ic ted  to  become tu rbu­

le n t  a t s trong m agnetic  f ie ld  a s  a r e s u l t  of th is  in s ta b i l i ty .

The p roperties  and  the growth of the h e l ic a l  in s ta b i l i ty  w ere further 

in v e s t ig a te d  experim en ta lly  by P au lik as  and  Pyle. Q uan ti ta t iv e  com pari­

sons  be tw een  the ir  experim ent and  the theory  of Hoh and  the  theory of 

Kadomtsev and N ed o sp aso v  show ed good ag reem en t w ith  the  la t te r  theo ry . 

They a l s o  s tud ied  the p ro p e rt ie s  of w aves  and found th a t  the  d en s i ty  

o s c i l la t io n  is  of the form of a ro ta t ing  h e l ix  w ith  a p i tch  (or the long itud ina l

wave length) shorter th an  the le n g th  of the column.

17G u es t  and Simon in a s ta b i l i ty  a n a ly s i s  s im ila r  to  th a t  of

Kadomtsev and N ed o sp aso v  in d ic a te d  th a t  the driving m echanism  of the

h e l ica l  in s ta b i l i ty  w as  due to  the  force from charge s e p a ra t io n  produced

by the d ifference in  a s tream ing v e lo c ity  of the e lec tro n s  and  ions  to  the

end w a l l s .  H ence a lo n g i tu d in a l  e le c t r ic  curren t is  n e c e s s a ry  for the

18h e l ic a l  in s ta b i l i ty  to  occu r .  W oods further show ed th e o re t ic a l ly  th a t  

the  h e l ic a l  mode in s ta b i l i ty  is  due to  the coupling  b e tw een  a s te a d y
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e le c t r ic  current along the m agnetic  f ie ld  l in e s  and  a t r a n s v e rs e  va r ia t ion

in  r e s i s t iv i ty  of the p la sm a.

The s ig n if ican ce  of the e f fec t  of the lo n g itu d in a l  e l e c t r i c  current

19on the h e l ic a l  in s ta b i l i ty  w as  dem onstra ted  by Akhmedov and  Z a i ts ev

in  th e ir  experim ent on He and Ne gas  d i s c h a rg e s .  It w as  found th a t  the

in c re a s e  of the  long itud ina l curren t low ered  the  c r i t ic a l  m agnetic  f ie ld  a t

w h ich  the o n se t  of the in s ta b i l i ty  occurred .

In ad d i t io n ,  much work has  been  carr ied  out in  re c e n t  y e a rs  on

the h e l ic a l  in s ta b i l i ty  in  w eakly  io n ized  p la s m a s ,  for ex am p le ,  th e o -

2 0 - 2 2r e t i c a l ly  on the im provement of Kadomtsev type a n a ly s e s  , and

experim en ta lly  on the s tu d ie s  of e f fec ts  of var ious  param eters  on the 

2 3 ” 2 6in s ta b i l i ty  . The above r e s u l t s  are  in  sharp  co n tra s t  to  the c a s e  of 

h ighly io n ized  p la s m a s ,  par ticu la r ly  for the p lasm a produced in  a 

Q -m ach in e ,  w ith  w hich  the h e l ic a l  in s ta b i l i ty  h as  y e t  to  be in v e s t ig a te d .

1 .2  In v e s t ig a t io n  of the H elica l  In s ta b i l i ty  in  a Highly Ion ized  P lasm a -  

Some S a lien t  Features

In v es t ig a t io n  of the h e l ic a l  in s ta b i l i ty  in  a highly  io n ized  po ta ss ium

plasm a may d iffer from i t s  coun terpart  in  a w eak ly  ion ized  p o s it iv e  column

due to th e ir  d if fe re n ces  in  the  co n s t i tu e n ts  and  the  w ay the plasm a is
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c re a te d .  I n  the  w eakly  ion ized  p lasm a the  c o l l is io n  be tw een  io n s  and 

n eu tra ls  i s  dom inant. The io n -n e u t ra l  c o l l is io n  frequency i s  much g rea te r  

than  the  ion  cyc lo tron  frequency and the  frequency of the observed  o s c i l ­

l a t io n s ,  and the e f fec t  of the m agnetic  f ie ld  on the ions  a s  w ell  a s  the 

in e r t ia  and d iffus ion  of ions  are n eg l ig ib le .  In the h igh ly  or fu lly  ion ized

p lasm a the t ra n sv e rs e  motion of the ions  is  governed by the  m agnetic  f ie ld ,

27and the  e le c t ro n - io n  co l l is io n  is  im portant . W ith  the  p re se n c e  of the 

rad ia l  d e n s i ty  g rad ien t the p lasm a i s  su b je c t  to  an  az im utha l d r if t  s im ila r
n o

to th a t  of the  "U n iv e rsa l" in s ta b i l i ty

The p o s it iv e  column is  c rea ted  by a c c e le ra t in g  e le c tro n s  from the 

ca thode  to the a n o d e ,  and the e lec tro n s  encoun te r  the g as  n eu tra ls  r e s u l t ­

ing  in  io n iz a t io n .  An e le c t r i c  curren t flow , of the order of 1 amp. , i s  kept 

by the  lon g i tu d in a l  e l e c t r i c  f ie ld .  On the o ther hand ,  the  p o ta ss iu m  p lasm a 

i s  g en e ra ted  by su rface  io n iza t io n  a t  the hot io n iz e r ,  and no io n iza t io n  i s  

tak ing  p lace  in th e  body of the q u a s i -n e u t ra l  p la sm a . B ecause  of current 

c o l le c t io n ,  recom bina tion  l o s s e s , and therm al motion, the  p lasm a s tream s 

to  the co ld  p la te .  The l o s s e s  of e le c tro n s  and  ions  may differ due to the 

b ia s e d  end c o n d it io n s .  The overall b a lan ace  of e lec tro n  and io n  d e n s i t ie s  

r e l i e s  on the  re ad ju s tm en t a t  the s h e a th  of the  hot io n ize r .  Therefore , the 

lo n g i tu d in a l  e l e c t r i c  f low , w hich  a f fec ts  the s ta b i l i ty  of the colum n, is  

lim ited by the  ab i l i ty  of read ju s tm en t  of the io n ize r  s h e a th  c o n d i t io n s .

Under the experim enta l cond itions  w here the p e rm iss ib le  e l e c t r i c  current 

i s  r e la t iv e ly  sm all  (of the order of 10-2 a m p .) ,  the e le c t r ic  curren t e f fec t
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on the  h e l ic a l  in s ta b i l i ty  is  no t a s  p ronounced . The h e l ic a l  in s ta b i l i ty  

may, th e re fo re ,  not a lw ays  a r i s e .

The d if f ic u l t ie s  in  the  experim en ta l  in v e s t ig a t io n  of the h e l ica l  

in s ta b i l i ty  in  a h ighly  io n ized  p lasm a l ie  in  the d irec t  m easurem ent of the 

tra n s v e rse  d if fu s io n ,  the p o s it iv e  id e n t i f ic a t io n  of the h e l ic a l  mode o s c i l ­

la t io n  and  the  obse rv a tio n  of i t s  time vo lu t ion .  In the c a se  of the  w eak ly  

ion ized  g a s  d is c h a rg e ,  the d iffu s ion  of p a r t ic le s  a c ro s s  the m agnetic  f ie ld  

w as  m easured in d irec t ly  by the  change of the a x ia l  fie ld  requ ired  to  m ain­

ta in  the d isc h a rg e  column. The sudden  change in  the e ffec tive  d iffus ion  

co rresponds  to  the  o n s e t  of the  h e l ic a l  in s ta b i l i ty  a t  the c r i t ic a l  m agnetic

f ie ld .  The c r i t ic a l  m agnetic  f ie ld  can  a l s o  be determ ined by observ ing  the

29change in  in te n s i ty  of the  glow of the  d isch a rg e  . S ince the gas  d isch a rg e  

is  s e l f - lu m in o u s ,  the h e l ic a l  d e n s i ty  o s c i l la t io n  can  be iden tif ied  by o b se rv ­

ing  i t s  h e l ic i ty  w ith  a s t re a k  cam era and photom ultip lie rs  as  w ell a s  by 

m easuring  the  mode number (m = 1) of the az im utha l propagation and the 

long itud ina l  w ave le n g th  of the  o s c i l l a t io n s .  This conventional photographic  

te c h n iq u e ,  how ever,  canno t be ad ap ted  to  the highly  ion ized  po tass ium  

plasm a a s  i t  i s  no t s e l f - lu m in u s .

To overcome the above-m en tioned  d i f f ic u l t i e s ,  a s p e c ia l ly  developed

30 31
photograph ic  tech n iq u e  u s ing  the h igh sp eed  p lasm a camera ' and a 

d iffu s ion  f lux  c o l lec to r  are  u sed  in  con junction  w ith  the Langmuir probes 

in  the  experim en t.  The high sp eed  plasm a cam era i s  at^le to  reco rd  the  

in s ta n ta n e o u s  d e n s i ty  d is tr ib u t io n  of the  p lasm a over a time s c a le .  This
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fu rn ishes  the  time evo lu tion  of the h e l ic a l  in s ta b i l i ty .  It can  a l so  provide 

v is u a l iz a t io n  of the  tu rbu len t d en s i ty  d is t r ib u t io n  of the column under 

s trong m agnetic  f ie ld s .  The d iffu s ion  c o l lec to r  m easu res  the  t ra n sv e rs e  

p lasm a flux , hence i t  g iv es  the  ra te  of d iffus ion  of p lasm a a c ro ss  the 

m agnetic  f ie ld  in  the p re sen ce  of the  h e l ic a l  in s ta b i l i ty .  The properties  

of the in s ta b i l i ty  and various  com ponents of the w av es  are  s tud ied  by 

us ing  the  Langmuir probe te c h n iq u e .

1 .3  Summary

In th is  chap ter  a rev iew  of e a r l ie r  work on the h e l ic a l  in s ta b i l i ty  

and the im portance of the p re se n t  in v e s t ig a t io n  have been  g iven .  Factors  

e s s e n t i a l  to  the s tudy  of the h e l ic a l  in s ta b i l i ty  in  a highly ion ized  p lasm a 

have been  d i s c u s s e d .  The inco rpora tion  of the h igh sp e e d  photography 

us ing  the  high speed  p lasm a cam era and the method for d i re c t  m easurem ent 

of d iffusion  by the d iffus ion  co l lec to r  w ith  the Langmuir probes have been  

d esc r ib e d .

C hapter  2 g ives  a d e sc r ip t io n  of the appara tu s  u sed  in  the e x p e r i­

ment. C hapter  3 p re sen ts  the theory  and p rincip le  of the major d ia g n o s t ic  

t e c h n iq u e s . C a lib ra tion  of equipm ent and preparatory  experim ent are g iven 

in  C hapter 4 ,  and r e s u l t s  of the experim ent are p resen ted  in  C hapter 5.

The a n a ly s i s  and d is c u s s io n  of the  experim en ta l find ings and a co n c lu s io n  

are  g iven  in  C hapter 6 .
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CHAPTER 2 

EXPERIMENT APPARATUS

The experim ent has  been  conducted  on the  Q -m achine a t  The City  

C o llege  M agnetohydrodynam ic Laboratory of the C ity U nivers ity  of New 

York. The Q -m ach in e ,  high sp e e d  plasm a cam era , Langmuir probe and 

the  aux il ia ry  equipm ent a re  shown in  Fig. 2 .1 .

2 .1  The Q -m achine

The Q -m achine  is  a q u ie s c e n t ,  therm ally  ion ized  a lk a l i  metal 

p lasm a genera to r  w hich is  noted for producing a s te a d y ,  q u ie sc e n t  and 

highly  io n ized  plasm a su i ta b le  for in v e s t ig a t io n s  of p lasm a in s t a b i l i t i e s ,  

m agnetic  f ie ld  confinem ent, d iffus ion  and tu rb u len ce .

2 . 1 . 1  The Theory of Q -m achine

The gene ra tio n  of p lasm a i s  a t ta in e d  by co n tac t  io n iza t io n  of the 

neu tra l  po ta ss ium  vapor from an  atom ic beam oven sp rayed  onto a hot 

tu n g s te n  p la te  in  an  e v ac u a ted  cham ber. A high degree  of io n iza tio n  is  

a ch iev ed  by keeping  the cham ber w alls  a t  a low tem perature so  th a t  

neu tra ls  condense  on them and are  quickly  pumped out of the  sy s tem . The 

opera tion  may be s in g le -e n d e d  having the hot tu n g s te n  p la te  and the atom ic 

beam oven a t  one end of the cham ber and a cold co l lec to r  p la te  a t  the  o ther 

en d ,  or d o u b le -e n d ed  w ith  one hot p la te  lo c a te d  a t  e a c h  end of the  cham ber, 

e a c h  provided w ith  an  oven.



F i g u r e  2 . 1  G e n e r a l  V iew  o f  t h e  Q - m a c h in e
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The theory  and opera tion  of the q u ie s c e n t  p lasm a genera ting

32d e v ic e ,  a s  shown be low , w as f irs t  p re sen te d  by Rynn and  D'Angelo 

Due to  the  configura tion  of the  p lasm a column and the w ay i t  is  produced 

the rad ia l  d e n s i ty  d is t r ib u t io n  has s trong  dependency  on the  confining 

m agnetic  f ie ld  and the azim uthal d r if ts  a lw ays  e x i s t .

In the p re se n t  s tudy  the Q -m ach ine  is  opera ted  s in g le -e n d e d .  

-Figure 2 .2  is  a sc h e m a tic  diagram  of the Q -m ach in e .  The d ependence  of 

the rad ia l  d e n s i ty  d is tr ib u t io n  on the m agnetic  f ie ld  and the ro ta t io n a l  drift 

v e lo c i t ie s  are d e r iv e d .  As the  p lasm a i s  h igh ly ion ized  and s te a d y ,  t im e-  

independen t hydrom agnetic  eq u a t io n s  of the tw o-f lu id  model are  em ployed. 

Using cy l ind rica l coo rd in a te s  and the orig in  a t  the hot io n ize r  su rface  and 

the z - a x i s  co inc id ing  w ith  the  ax is  of the p lasm a colum n, the  equa tions  

of con tinu ity  are

V ■ (nv- ) + a n2 = 0 (2 . la )

V • (n vP ) + a n 2 = 0 (2. lb)

w here n i s  the d e n s i ty ,  v is  the v e lo c i ty  , a i s  the recom bination  co e ff ic ­

ie n t ,  and the s u b sc r ip ts  i and e re fer  to  ions  and e le c tro n s  re s p e c t iv e ly .  

The equa tions  of motion are

n m^ V[ • v_Yi + k T v n -  n e(E + vj x  B) = -  rj e2 n2 (v^ -  Vg) (2 .2a)

n me Vg • v_ve + k T v n + n e(E + ve x  B) = t) e2 n2 (vj -  Vq) (2 . 2b)

w here m  ̂ and  me are the  ion  m ass  and the  e lec tro n  m ass  r e s p e c t iv e ly ,  JB is  

the e le c t r ic  f ie ld ,  JB is  the m agnetic  f ie ld ,  rj i s  the  e le c t r ic  r e s i s t i v i ty ,
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Figure 2 .2  Schematic Diagram o f  the Q-machine
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and e  is  the  e lec tro n  charge .

In the  above equa t ions  i t  h as  been  assu m ed  tha t

n^ = ne = n

and

T. = Te = T

It is  further assu m ed  th a t  v  • v v  is  neg lig ib le  and a l l  q u a n t i t ie s  have no 

0 -d e p e n d e n c e .

The equa t ions  of con tinu ity  become

r ' i ; ( r n v ir> + ^  (n v iz) = - ° " '2 <2 - 3a>

^ < r n v e r ) + F i (nVe z ) = - ‘' n'' <2' 3b)

W ith  JB = (0 ,0 ,B ) and E_ = (Er , 0, 0) (The rad ia l  e le c t r ic  f ie ld  is  due to  the

p o ten tia l  g rad ien t  near  the edge of the c o lu m n .) ,  the equa tions  of motion

a re ,  f ro m E q s .  (2 . 2a) and (2 . 2b)

[kT I f  -  n e v16 B ■ n e Er + 1 e‘ n‘ <vir ■ ver>] * 

H n e v i r B t , e ! n! (v l e - v c 6 ) ] e

+ [ i J + ’>eZn2 <viZ - vez> ] 2 = ° (2’4a)

[k I  + n e  v e9 B + n e  Er  -  ^  e2 n2 (vlr  -  ve r) ]  ?

+ [ -  n e v er B -  r? e 2 n2 (viQ -  ve0 ) ] 0

+ £sLIL -  Tje2 n2 (viz  -  ve z )J  z = 0 (2 .4b )
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Add Eq. (2 .4 a )  to  Eq. (2 .4 b ) ,  we have

r-com ponent: 2 k T - |^ ; -  n e (viQ " ve 0^B = 0 (2 .5 )

0 -com ponent: ( 2 . 6 )

z-com ponent: (2 .7 )

Equation (2 .6 )  in d ic a te s  th a t  io n s  and e lec tro n s  have the same rad ia l  d rif t 

v e lo c ity .  This i s  true for a h ighly  io n ized  plasm a in  w hich  the d iffusion  

is  am bipolar. Equation (2 .7 )  show s th a t  there  is  no d en s i ty  g rad ien t a long 

the column.

Subtracting Eq. (2 .4b )  from E q .(2 .4 a )  and w ith  the a id  of Eq. (2 .6 )  we have

r-com ponent: Ef = - ( 2 .8 )

0-com ponent: vr = -  ^  n  e n  (vi0 -  v0 q ) (2 .9 )

z-com ponent: (2 . 10 )

W ith the a id  of M ax w e ll 's  equa t ions

V x B  = 4irJ.

1 3B A d B  A

rser- i7ee = 4 „ e n ( v i 9 - v ee) e (2 . 11)

It g ives  th a t

(2 . 1 2 )
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I . e .  the m agnetic  f ie ld  i s  independen t of 0 , and

| i  = - 47t e n ( v i 0 - v e 0 ) (2 .13)

Prom Eq. (2 .5 )  and Eq. (2 .13)

dB __ 8 irk T d n  
d r '  ~ B d r

In teg ra te  to  ge t

B2 . , m Bo+ k Tn  = —  (2 .14)16 77 16 'IT

It renders  th a t  B = BQ, w here BQ i s  the  ex te rn a l  confining m agnetic  f ie ld .

3 v zIt is  ev id en t  th a t  B, n , vr , v Q , and ——  depend  on r .  It is  r e a so n ab le  tor a Q z

assum e the dependence  of vz on r and  z a s

vz = f(r )z  (2 .15)

w here f(r) i s  a function  r e la te d  to  the  d is t r ib u tio n  of the p o ta ss ium  onto 

the  hot io n ize r .

From Eqs. (2 .5 )  and (2 .9 )  one ob ta ins

(2 . 16,

Substitu ting  vr  and v z of Eqs. (2 .1 5 )  and (2 .16)  in to  Eq. (2 .3 )  we g e t ,  

a f te r  rearrangem ent

d l (n f )  + 1 d jn f j  2 a  2 = 2j i
d r 2 r d r  A " A

w here A = and fj, = -  n f ( r ) . ju depends  on the d is t r ib u t io n  of the
o



15

p o ta ss ium  neu tra l  flux a t the hot io n iz e r  p la te .  For the a tom ic beam mode 

of opera tion  uniform d is tr ib u t io n  of n eu tra ls  on the hot p la te  can  be 

a t ta in e d .  Hence fj, is  co n s id e red  c o n s ta n t  in  the  reg ion  O s r ^ R ,  while 

H = 0 in  the reg ion  r £ R, where R i s  the  rad iu s  of the p lasm a column 

d ic ta te d  by the opening of the apertu re  l im ite r .  (Fig. 2 .2 )  Therefore 

we have

For O s r s R ,  so lu tions  are  B esse l  functions  of the f i r s t  k ind ,  and for r s R ,  

so lu tions  a re  B esse l  functions of the seco n d  k ind ,  w ith  the boundary 

cond itions  th a t  n = nQ a t  r = 0 , n = 0 a t  r = ® , and the  d e n s i t ie s  and the ir  

d e r iv a tiv e s  of the two reg ions  m atch a t  r = R.

Figure 2 .3  show s the c a lc u la te d  r a d ia l  d e n s i ty  p rofiles  for the  c a s e  

w here  T = 2 , 0 0 0 °K, 77= 4 .4  x 1 0 s emu and  a = 3 x  lO-10 cm3/ s e c .  The 

p lasm a column is  l e s s  sp read  and i t  h as  a sharper boundary a t  i t s  edge for 

h igh  m agnetic  f ie ld ,  showing the e f fe c t  of confinem ent.

Figure 2 .4  g iv es  a p lo t of the  angu la r  v e lo c i ty ,  £1 of the p lasm a a t  

a m agnetic  f ie ld  of 2000 g a u s s .  It is  show n th a t  th e  p lasm a has az im utha l 

d rif ts  and the maximum azim utha l d rif t  v e lo c i ty  of about o n e - te n th  of the

(2 .17)

(region 0 s  r <; R)

^(,nz) + I  d(n2) _ 2 a  n 2 = Q—------- ,--------.----  -  —— 11 — U
d r  r d r  A

(region r s  R)

(2 .18)
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therm al v e lo c i ty  occurs  near, the edge of the column.

2 . 1 . 2  The C o ns truc t ion  of the Q -m achine

The Q -m ach ine  is  opera ted  s in g le -e n d e d  w ith  the p lasm a gen era ted  

a t  the hot e n d ,  w here  the  p lasm a genera to r  i s  s i tu a te d ,  and c o l le c te d  a t  

the  cold e n d ,  both  e n c lo se d  in  a 4 - 3 /4  in .  (12 cm) I .D .  non -m agne tic  

s ta in le s s  s te e l  vacuum  cham ber. A low p re ssu re  in  the order of 10“ 7 torr 

is  m ain ta ined  in  the cham ber. The cham ber i s  4 ft .  6 in .  (140 cm) long 

and  i s  provided w ith  1 /4  in .  O .D . cooling  w a te r  tube banks along the 

ex te r io r  w all  to  keep  the  cham ber w all  a t  a low  tem perature  (around 45° F) 

for minimizing the  background n o ise  le v e l  in  the experim en t.  The cooling 

w a te r  piping is  a rranged  w ith  dual sy s te m s  having  flow in  a l te rn a te  d i r e c t ­

ions  in  a d ja c e n t  tubes  to  en su re  a uniform tem perature  a t  the cham ber w a l l s .  

Three 1 - 1 /4  in .  d iam ete r  ports  (one top and two s ide  ports) are  provided a t  

the  m id -se c t io n  of the vacuum cham ber for the  trav e rs in g  of probes  and for 

d if fu s ion  m easurem ents  and  v is u a l  obse rv a tio n .

The p lasm a cam era is  p o s it io n ed  a t  the  cold end of the chamber 

v iew ing the end c r o s s - s e c t i o n  of the  p lasm a column. D esc r ip tio n s  of the 

p lasm a cam era w il l  be g iven  in  the nex t s e c t io n .  The flange for mounting 

of the p la sm a cam era onto  the  cham ber i s  provided w ith  a holder w ith  

vacuum  s e a l s  for the  lo n g itu d in a l  Langmuir probe. The long i tud ina l  probe 

can  be  ro ta te d  far from the column w hen not in  u s e .  P rov is ion  is  a l s o  made 

to  permit the  m easurem ent of the tem perature  of the io n ize r  by an  o p tica l  

pyrometer.
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The m agnetic  f ie ld  is  in  the ax ia l  d irec tion  pointing toward the 

p lasm a genera to r .  I t  is  provided by te n  7 in .  (18 cm) I„D . Magnion 

P lasm aflux  so leno id  co i ls  w hich  are  in s ta l le d  c o -a x ia l ly  w ith  the vacuum 

cham ber and are  so  sp a c e d  to  en su re  uniform m agnetic  f ie ld  s treng th  along 

the  le n g th  of the  t e s t  sec t io n  of the m ach ine. The m agnetic  f ie ld  s trength  

can  be con tro lled  from 0 to 6000 g a u s s  for s u s ta in e d  opera tion  and to 

10 ,000  g a u s s  in  short  du ra tions  w ith  an  acc u racy  of 0,5% rad ia l  var ia tion  

and 0.6%  lo n g itu d in a l  v a r ia t io n  in  the t e s t  s e c t io n .

At the  p lasm a g en e ra to r ,  the  tu n g s te n  io n ize r  is  m ain ta ined  a t  about 

2300 °K by e lec tro n  bombardment from the hot f i lam en t.  Free e lec tro n s  are 

em itted  from the  hot io n ize r  p la te  by therm ionic  e m is s io n .  The po tass ium  

n eu tra ls  are  sp rayed  on the hot p la te  from the a tom ic beam oven. The flow 

of neu tra ls  depends  on the tem perature  of the oven . I t is  d e s ig n a ted  as  the 

a tom ic beam mode of opera tion  in  c o n t ra s t  w ith  the vapor p ressu re  mode, 

w ith  w hich  e x c e s s  p o ta ss iu m  metal is  in troduced  in to  the vacuum chamber 

and the amount of n eu tra ls  is  con tro lled  by the  vapor p re ssu re  corresponding  

to  the tem peratu re  of the  cham ber w a l l s .  S ince the work function  of 

tu n g s te n  (4 .5 2  vo lts)  i s  h igher than  the  io n iza t io n  p o ten tia l  of po tass ium  

(4 .3 1  v o l t s ) ,  the p o ta ss iu m  n e u tra ls  sp rayed  onto the hot io n ize r  are 

io n iz e d ,  h ence  producing p la sm a . The atom ic beam oven is  hea ted  by a

0. 009 in .  d iam eter  tu n g s te n  w ire f ilam ent w ith  v a r ia b le  curren t supp ly  for 

proper neu tra l  flux .
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The ion izer  is  a c ircu la r  tu n g s te n  p la te  of 1 in .  (2 .5 4  cm) diam eter 

by 1 /4  in .  (0 .6 4  cm) th ick  b ia se d  p o s it iv e  1 .8  to 2 .0  k ilo  vo lts  re la t iv e  

to  the  fi lam en t.  The la rge  th ic k n e s s  i s  n e c e s s a ry  for uniform tem perature  

d is tr ib u tio n  on the p la te .

The filam ent is  made of 0 .012  in .  d iam ete r  tu n g s te n  w ire wound on 

ceram ic  p ins  in  a boron n itr ide ho lder.  The em iss io n  c h a ra c te r i s t ic  is  in  the 

s p a c e -c h a rg e  lim ited  regim e following the Langm uir-C hild  T h ree -h a lf  law  

in  the  range  of opera tion . This has  the advan tage  th a t  in  the sp a c e -c h a rg e  

lim ited  regim e the tem perature  is  a l in ea r  function  of the energy  inpu t to the 

f i lam en t.  Two concen tr ic  tentalum  s le e v e  r ings  of 1 -1 /2  in .  d iam ete r  and 

2 in .  d iam eter provide la te ra l  s h ie ld s  of the  filam ent a g a in s t  s tray  e le c t ro n s .

E lec tr ica l  connec tions  for the  p lasm a genera to r  and the cooling w ater  

supp ly  for the atom ic beam oven are made through the s ta in le s s  s te e l  mount­

ing  f lange for the p lasm a genera to r .

A tan ta lum  apertu re  lim iter  i s  p la ced  para l le l  to  and a t  a d is ta n c e  

of 3 /16  in .  from the io n ize r .  This apertu re  l im ite r ,  w hile  i t  governs the 

s iz e  and sh ap e  of the p lasm a colum n, p reven ts  s tray  e lec tro n s  em itted  by 

the  f ilam ent from g e t ting  in to  the p lasm a colum n. Since the p lasm a column 

i s  w ell  defined  by the apertu re  l im ite r ,  w h ich  has  lower v a lu e s  of work 

function  and tem perature than  th o se  of the io n iz e r ,  s te e p  p o ten tia l  and 

d e n s i ty  g rad ien ts  e x i s t  a t  the edge of the colum n. This la rge  p o ten tia l  

g rad ien t acco u n ts  for the  rad ia l  e l e c t r ic  f ie ld  as  d i s c u s s e d  in  Sec tion  2 . 1 . 1 .  

The d en s i ty  g rad ien t is  re sp o n s ib le  for the  u n iv e rsa l  in s ta b i l i t i e s  w hich are
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alw ays  p re sen t  in  the p lasm a produced in  a Q -m ach in e .

The p lasm a genera to r  and i t s  com ponents  are shown in  F igs .  2 .5  

and 2 . 6 .

W hile  the most part  of the experim en t h as  been  ca rr ied  out w ith  a 

p lasm a column of 3 /4  in .  (1 .9  cm) d iam ete r  by 18 in .  (46 cm) lo n g ,  other 

column s iz e s  are e a s i ly  accom m odated by adap ting  the d e s ire d  s iz e  and 

sh ap e  of the aperture  l im iter .

2 . 2 High Speed Plasm a Camera

The v is u a l iz a t io n  of p lasm a motion i s  a ch iev ed  by the  u se  of a

s p e c ia l ly  d es ig n ed  h igh  sp eed  p lasm a cam era . I t  c o n s is t s  of a  s c in t i l la to r

assem b ly  and  a Dynafax high speed  framing cam era w ith  the n e c e s s a ry

o p tica l  s y s te m s .  The s c in t i l la to r  a s s e m b ly  w as  d es ig n e d  and bu il t  a t  The

City  C o llege  M agnetohydrodynam ic Laboratory o rig ina lly  for s ing le -fram e 

33p ic tu re  opera tions  . Adaptions for high sp e e d  framing photography w as 

done by m odifications of the op tics  and high vo ltage  power supp ly  sy s tem .

A sch em a tic  diagram  of the  s c in t i l l a to r  a s sem b ly  is  g iven  in  

Fig. 2 . 7 .  The sc in t i l la to r  a s sem b ly  i s  in s ta l l e d  coax ia l ly  in s id e  the 

vacuum  cham ber. O-ring s e a l s  are provided a t  the mounting flange and 

other in s trum en ta l  co n n ec t io n s .  The a s s e m b ly  i s  co n s tru c ted  of non­

m agnetic  m a te r ia ls ,  m ainly copper and b r a s s ,  and is  chem ica lly  tre a te d  to 

give  n o n -re f le c t iv e  s u r fa c e s .  The p lasm a column te rm in a tes  a t  a s ta in le s s  

s te e l  grid s c r e e n ,  w hich  i s  50 pe rcen t  t r a n s m is s iv e  w ith  1 mm g r id s .  The
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s c in t i l la to r  d i s c ,  3 /4  in .  from the grid  s c re e n ,  is  2 - 3 /4  in .  in  d iam eter 

by 1 /4  in .  th ick  g la s s  d i s c  coa ted  w ith  type P l l  phosphor,  on w hich  an 

aluminum coating  of 3000 Angstrom th ick  is  o ve r la id .  The aluminum c o a t­

ing  h as  dual p u rp o ses .  It s e rv e s  a s  a sh ie ld  to  cu t  off the l ig h t  and u l t ra ­

v io le t  rad ia t io n  from the  io n ize r  w h ich  can  a l s o  ca u se  s c in t i l l a t io n ,  and as  

an  e lec tro d e  on w hich  a p o s it iv e  h igh po ten tia l  i s  ap p l ied .  A movable 

p la te ,  the  " f la g " ,  may be swung down to  i s o la te  the  s c in t i l la to r  a ssem b ly  

from the p lasm a column w hen the p la sm a camera is  no t in  u s e .

The high sp eed  cam era is  a B eckm an-W hittley  D ynafax Model 326 .3  

cam era . It i s  of the ro ta t in g  mirror and  ro ta t ing  drum ty p e ,  co n s tan t  s p e e d ,  

con tinuous w riting framing cam era . The im ages are  of 16 mm s iz e  

(0 .3 0 0  x  0 .4 1 0  in . )  d ep o s i ted  a l te rn a t iv e ly  in  tw o row s on a 3 3 -7 /8  in . 

long  35 mm film s t r ip .  The maximum number of frames i s  224. The framing 

sp eed  is  a d ju s ta b le  from 3000 to 2 5 ,6 0 0  pps (p ic ture  per seco n d ) .  Three 

in te rch an g ea b le  s e t s  of apertu re  s to p s  furn ish  a cho ice  of shu tte r ing  speed  

ranging  from 1 .2  to  5 m ic ro -se c o n d s  a t  the  maximum framing sp eed .  The 

frame sep a ra t io n  (the time be tw een  two co n secu t iv e  frames) is  50 micro­

s eco n d s  a t  the maximum framing s p e e d .  Both the  shu tte r ing  sp eed  and 

the  frame sep a ra t io n  are  l in e a r  func tions  of the framing sp e e d .

The D ynafax cam era i s  shown i n  Fig. 2 .1  mounted on the Q -m ach in e .  

The s c in t i l la to r  a s sem b ly  i s  e n c lo se d  in  the vacuum sy s tem  and hence is  

no t v is ib le  in  the photograph .
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2. 3 The Langmuir Probes

A Langmuir probe ,i.s b a s ic a l ly  a sm all in s u la te d  m e ta ll ic  w ire ,  an  

e le c t ro d e ,  in s e r te d  in to  the  p la sm a . The probe is  a t ta c h e d  to a power 

supp ly  b ia se d  a t  various  v o l tag es  p o s it iv e  or negative  re la t iv e  to  the 

p la sm a . The curren t co l lec ted  by the probe then  provides inform ation 

about the  p la sm a . Under a wide range of c o n d it io n s ,  provided the m agnetic  

fie ld  is  not very  s trong ,  the d is tu rb an ce  c a u se d  by the p h y s ica l  in s e r t io n  

of the probe in  the p lasm a is  lo c a l iz e d ,  hence  the p resen ce  of the  probe 

does  not a f fec t  the  q u a n t i t ie s  m easured .

2 . 3 . 1  The C o ns truc t ion  of Langmuir Probes

The co n s tru c t io n  of the Langmuir probes used  in  th is  experim en t is  

show n in  Fig. 2 .8 .  It c o n s is t s  of a 0 .0 0 8  in .  (0 .203  mm) d iam ete r  

tu n g s te n  wire e n c lo se d  in  a 0 .025  in .  O .D .  h igh  d e n s i ty  and h igh  purity  

alum ina tu b e .  A 0 .001  in .  th ick  copper foil s tr ip  sp ira l ly  w rapped around 

the alum ina tube provides a sh ie ld  for the probe to e l im inate  the  spurous 

n o is e s  in  d e te c t in g  o s c i l la t io n s .  The tu n g s te n  wire toge ther  w ith  the 

inner alum ina in s u la t io n  and the copper sh ie ld  i s  e n c lo se d  in  an  outer 

alum ina tube of 0. 057 in .  O .D . The ex p o sed  tip  of the  tu n g s te n  w ire is  

kept short (1 mm) for u se  in  high m agnetic  f ie ld s .  The inner in su la t in g  

tube i s  r e c e s s e d  0 .5  mm to  prevent short c i rc u i t  be tw een  the tu n g s ten  

w ire and the  copper sh ie ld  w hich  may develop  a s  a r e s u l t  of conductive  

coa ting  accum ula ted  on the  part ex p o sed  to p la sm a . If the  inner tube is
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s e t  back  too  far w ith  r e s p e c t  to  the s h ie ld ,  a rc  may form betw een  the 

tu n g s ten  w ire  and the sh ie ld  b e c a u se  of p lasm a d iffused  in to  the  sp ace  

be tw een  them .

2 . 3 . 2  Types of Langmuir Probes U sed

Four d iffe ren t ty p es  of Langmuir probes were u sed  in  the  e x p e r i­

ment. The probe t ip s  are a l l  of the same c o n s tru c t io n  a s  d e s c r ib e d  a t  the 

beginning  of th is  s e c t io n .  The d if fe ren ces  l ie  in  the mounting of the p ro b es ,  

e a c h  su ite d  for i t s  par ticu la r  a p p l ic a t io n s .

H olders w ith  vacuum s e a l s  are provided for the  probes for mounting 

onto the vacuum cham ber. The l in e a r  (radia l)  probe can  be pos itioned  a t  

any of the three  ports a t  the  m id sec tio n  of the cham ber w ith  the  probe 

t rav e rs in g  rad ia l ly  w ith  r e s p e c t  to  the p lasm a colum n. The tw o -d im en s io n a l  

probe can  a l s o  be mounted a t  one of the  th ree  p o rts .  It can  be trav e rsed  

rad ia l ly  and  ro ta ted  to a d e s ired  (r ,  0) p o s i t io n .  Both the  ra d ia l  and two- 

d im ensional probes can be w ithdraw n in to  the  holder w ith  the probe c lear  

of the  cham ber w a l l .

The probes are p o s it io n ed  by w all  a l ig n ed  trave rs ing  m echanism s 

w ith  screw  f e e d s . Linear po ten tiom eters  are  provided on the  trave rs ing  

m echanism s for a cc u ra te  p os it ion ing  and  for driving the  x - y  reco rder .

The Langmuir probes u se d  in  th is  experim ent are  shown in  

Fig. 2 .9 .

i) Linear (radial) probe: This is  the b a s i c  probe lo c a te d  a t  any of 

the th ree  ports to  m easure  the  p lasm a ra d ia l  d en s i ty  profile (by
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m easuring the sa tu ra t io n  ion c u r ren t) , the f loa ting  po ten tia l  

cu rv e ,  the probe c h a ra c te r i s t i c ,  RMS value  of d en s i ty  f lu c tu ­

a tions  and u sed  a s  tr iggering  probe for mode number m easurem en ts ,

ii) T w o-dim ensional (r and  0) probe: W hen u sed  in  con junction  w ith  

the rad ia l  p robe, the tw o -d im en s io n a l  probe is  capab le  to measure 

the mode number of the  az im utha l com ponent of the  o s c i l la t io n s .

It can  a lso  be u sed  to  check  the symmetry of the d e n s i ty  d i s t r i ­

bu tion  of the p lasm a column.

iii) Single long itud ina l probe: The probe w as  u sed  to  m easure the 

long itud ina l d en s i ty  g rad ie n t  on the  ax is  of the p lasm a column. 

W hen used  w ith  the ra d ia l  probe a s  a tr ig g e r ,  i t  can  a l s o  be u sed  

to  m easure  the lo n g i tu d in a l  w ave num ber, k z of the w ave .  This 

m easurem ent i s ,  how ever,  d if f icu lt  to  m ake , a s  ex tra  care  is  

requ ired  in  a l ig n in g  the  two probes on the sam e l in e  of force of 

the confining m agne tic  f ie ld .

iv) Double long itud ina l  probe: This probe w as  u sed  for k z m easu re ­

ments of the long itud ina l com ponent of the  w a v e . G rea t care  has  

been  e x e rc is e d  in  the cons tru c t io n  of the probe to  ensu re  the 

accu racy  of the d im ensions  and the  a l ignm ent of the two probe 

tip s  in  the  vacuum cham ber.
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2 .4  The T ransverse  D iffus ion  C o llec to r

The t ra n s v e rs e  d iffu s ion  co l lec to r  i s  a d ev ice  to  m easure  the  t r a n s ­

v e rse  curren t flux of the p lasm a colum n, giving a d i re c t  m easurem ent of the 

d iffu s ion  co e f f ic ien t .  A diagram  of the d iffu s io n  co l lec to r  show ing i t s  con­

s tru c t io n  and c ircu it  is  g iven  in  Fig. 2 .1 0 .  It c o n s i s t s  of a s e t  of para l le l  

p la te s  w ith  a cen tra l  p la te  sandw iched  in  be tw een  two in te rco n n ec ted  outer 

p la t e s .  A gap of 1 .5  mm is  kept b e tw een  the p la t e s .  The sm all gap i s  

d e s i ra b le  for minimizing the e f fe c t  of any  long itud ina l com ponent of the 

curren t flux on the  t ra n sv e rse  d iffus ion  d a ta .  The d es ig n  of the d iffus ion  

co l lec to r  is  s im ilar  to th a t  reported  by B uchel 'n ikova  e t  a l .  It i s ,  how ever, 

f loa ted  e le c t r ic a l ly  in  the  cham ber in  order to  e l im in a te  any  e f fec t  on the  

p o ten tia l  due to i t s  p re se n c e .  The re la t iv e ly  sm all c o l le c t io n  a rea  is  

ad ap ted  a l s o  w ith  the  aim of reduc ing  i t s  in f luence  on the p la sm a.

The d iffu s ion  co l lec to r  is  p la ced  in  the vacuum  chamber w ith  the 

p la te s  perpend icu la r  to the ax is  of the p lasm a colum n. W hile  i t  can  be 

t ra v e rse d  ra d ia l ly  to any p o s i t io n ,  i t  i s  kep t o u ts id e  of the p lasm a column 

a t  a d is ta n c e  a t  l e a s t  five t im es the column rad iu s  to e l im ina te  p o ss ib le  

in te r fe ren ce  to  the motion of the p la sm a .

The princ ip le  of opera tion  of the d iffu s ion  c o l lec to r  w ill  be g iven  

in  Section  3 .5 .

2 .5  Auxiliary Equipment and Ins trum en ta tion

(a) Vacuum System

The vacuum cham ber i s  m ain ta ined  a t  a  low re s id u e  p re ssu re  in
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the order of 10“ 7 to  10-8 torr by a vacuum pumping sy s tem  co n s is t in g  of a 

m echan ical fore pump and a d iffus ion  pump in  s e r i e s .  The m echan ica l 

pump, or roughing pump is  a tw o -s ta g e  W elch  D uo-S ea l vacuum pumb of 

10 c u . f t .  per minute a t  0 .1  microns c a p a c i ty .  The d iffu s ion  pump i s  a CVC 

(C onso lida ted  Vacuum C orp .)  4 in c h  u l t ra -h ig h  vacuum pump w ith  a w ater 

coo led  chevron-ring  baffle  head  to p reven t oil vapor from the  pumps entering  

in to  the vacuum cham ber. The re s id u e  p re ssu re  in  the  vacuum chamber is  

monitored by a Veeco RG-30 Ion iza tio n  G auge w ith  a com bination  tw o -s ta t io n  

therm ocouple gauge and an  in v e rted  nude Bayard-Albert type gauge (range 

2 x  10-s  to  1 to r r ) .

(b) Power S upplies

The power for the so len o id s  w hich  fu rn ish  the long itud ina l 

m agnetic  f ie ld  is  supp lied  by a R ichardson-A lien  re c t i f ie r  w ith  a maximum 

output of 200 k ilow a tts  a t  1000 am peres  cu rren t .

Power s u p p l ie s  to  the  p lasm a genera to r  f i lam en t ,  the  ion ize r  

and the  p o ta ss ium  oven hea ting  are  a ll  d i re c t  curren t reg u la ted  for 1% ripple  

to minimize the m echan ica l v ib ra t io n s .

The ex te rn a l  long itud ina l e l e c t r i c  f ie ld  app lied  on the s c in t i l ­

la to r  d is c  i s  supp lied  by a cu s to m -b u il t  high vo ltage  power supply  system  

w ith  a maximum output of 12 k ilovo lts  a t  2 milli am peres  curren t.  The high 

po ten tia l  can  be app lied  to the s c in t i l la to r  continuous or a s  a p u lse  of 1 

m icrosecond duration .
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(c) O sc il lo sc o p e  and Spectrum A nalyser

A Tektronix Type 555 D ual-Beam  o sc i l lo s c o p e  w ith  Type 1A7 

h ig h -g a in  d iffe ren tia l  pream plifiers  is  u se d  to  monitor the io n  curren t 

o s c i l la t io n s  in  the s tudy  of i n s ta b i l i t i e s .  The o s c i l lo s c o p e  is  coupled  

w ith  a Tektronix Spectrum Analyser (Type 531A o s c i l lo sc o p e  w ith  Type 1L5 

p lu g - in  unit) to  m easure the p lasm a o s c i l la t io n s  in  the  frequency  domain 

giving .instant: d isp la y  of the wave spec trum .

A Tektronix Type C-12 o s c i l lo s c o p e  cam era w ith  Polaroid  film 

back  is  provided to record  the o s c i l lo sc o p e  ca thode  ray  tube and the 

spectrum  an a ly se r  d is p la y s .

(d) G au ssm ete r

The long itud ina l m agnetic  f ie ld  .is m easured  by a Bell G a u s s ­

m eter ,  a p rec is io n  m agnetic  flux m easuring  in s trum en t using  a Hall e ffec t  

m agnetic  probe. The probe is  of the  a x ia l  type w ith  h igh l in ea r i ty  and is  

tem perature  com pensa ted  for a cc u ra te  m easurem ent.

(e ) O ptical Pyrometer

A Leeds and  Northrup o p t ic a l  pyrometer i s  u sed  to  m easure  the 

tem perature  of the hot io n ize r .  The pyrom eter i s  of the d isap p ea r in g  f i la ­

ment type w ith  null b a la n c e ,  la m p -cu rren t  m easuring  c i rc u i t .  I t  h as  three 

opera ting  ran g es  to  s u i t  the a p p l ic a t io n ,  e a c h  w ith  + 0.5% a c c u ra c y .

(f) X-Y Recorder

W hen m easuring the Langmuir probe curren t and probe vo ltage  by 

a e lec tro m e te r ,  the  outputs  of the m eter i s  fed  to  a M o se ley  136A tw o -p en
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X, Y!, Y2 re c o rd e r .  W ith  the chart  reco rder in  u s e ,  the probe c h a ra c te r i s t ic ,  

the  p lasm a d e n s i ty  (sa tu ra t io n  io n  current) profile and the f loating  p o ten tia l  

curves  can be p lo tted  in s ta n t ly  during the experim ent.

(g) E lectrom eters

Keithley 601 and 601B E lectrom eters  a re  u sed  for m easurem ents  

of p lasm a f loa ting  v o l ta g e ,  probe sa tu ra t io n  ion  current and  the d iffus ion  

co l lec to r  ion  or e lec tro n  curren t.

2 .6  Summary

In th is  ch ap te r  a gen era l  d e sc r ip t io n  of the experim ental appa ra tu s  

and the  d ia g n o s t ic  to o l s ,  i . e .  the  Langmuir p ro b es ,  the h igh  speed  plasm a 

cam era and the  d iffus ion  c o l lec to r  has  been  g iven .
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CHAPTER 3 

DIAGNOSTIC TECHNIQUES

Langmuir probes have been  u sed  to  de term ine  the  conditi  on of the  

p la sm a ,  i t s  d e n s i ty ,  e le c t r ic  p o te n tia ls  and e le c tro n  tem pera tu re ,  and to  

d e te c t  the  e x is te n c e  of in s ta b i l i t ie s  a s  w e ll  a s  the p roperties  of such  

i n s t a b i l i t i e s .  A high sp eed  photographic te ch n iq u e  u s in g  the  p lasm a 

cam era has been  developed  and app lied  to  the  ex p e r im e n t .  This photo­

g raph ic  techn ique  provides m easurem ents  of both  s p a t ia l  and temporal 

d is t r ib u t io n s  of the  p la sm a ,  hence i t  g rea t ly  f a c i l i t a te s  the study  of the 

ch a ra c te rs  and time e v o lu t io n  of the p lasm a i n s t a b i l i t i e s ,  fu rn ish in g  more 

com plete  inform ation of the  observed  phenom ena. D iffusion  of p lasm a 

a c r o s s  the m agnetic  f ie ld  is  re la te d  c lo se ly  to  the  i n s t a b i l i ty  p re se n t  in  

th e  p lasm a and i s  im p o r tan t .  I t  w as  determ ined  by d ire c t  m easurem ent of 

th e  t ra n s v e rs e  p lasm a flux using  the  t r a n s v e r s e  d iffu s ion  co l le c to r .  I n  the 

fo llowing s e c t io n s  the  theo ry ,  operating  p r inc ip le  and p rocedures  of the 

major d ia g n o s t ic  tech n iq u es  u sed  in  the  experim en t a re  p re sen te d .

3 .1  G enera l D is c u s s io n  on Theory of Langmuir Probes

W hile  experim enta lly  the Langmuir probes are  s im ple in  co n s tru c t io n  

and  conven ien t to  u s e ,  the theory of probes is  ra th e r  com plica ted  and 

d if f icu lt  even  w ith  the  simple c a s e  of cy l in d r ica l  or sp h e r ica l  probes in  a 

c o l l i s io n le s s  p lasm a w ithout m agnetic  f ie ld .  The d iff icu lty  a r i s e s  mainly 

from the fa c t  th a t  probes are  boundaries  in  the  p lasm a w hich  they  m easure
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and near the  boundarie s  the  equa t ions  governing the motion of the p lasm a 

change  the ir  c h a r a c te r s . The condition  of q u a s i -n e u t r a l i ty  w hich  i s  fu l­

f i l led  in  the  body of p lasm a i s  no t va l id  near  the  b o u n d a r ie s .  The e x a c t

know ledge of the d e n s i ty ,  p o te n t ia ls  and o ther p lasm a param eters  a t  the

34boundarie s  is  la c k in g .  C hen  g ives  a ra th e r  com plete  rev iew  on the

35 36theory  of p ro b es ,  in  w h ich  im portan t a n a ly se s  by Langmuir , Bohm ,

37Lam and o thers  a re  d i s c u s s e d .

S ince the probe is  b ia se d  a t  a po ten tia l  d iffe ren t to  th a t  of the 

surrounding p la sm a , a th in  la y e r ,  or sh e a th  can  form. In s id e  the sh e a th  

io n  and e lec tro n  d e n s i t i e s  can  d iffe r ,  hence  la rge  e le c t r ic  f ie ld s  w ill  be 

s u s ta in e d .  If the s h e a th  is  a s su m ed  very  th in ,  i t  can  be approxim ated th a t  

a lm o s t  a l l  the po ten tia l  change  occurs  in s id e  the s h e a th .  At the s h ea th  

edge the  p o ten tia l  is  p ra c t ic a l ly  the sam e a s  th a t  in  the body of the p la sm a ,  

and  the  condition  of q u a s i -n e u t r a l i ty  h o ld s .  All p a r t ic le s  th a t  en te r  the 

s h e a th  are  co l le c te d  by the probe. Simple re la t io n  be tw een  the current 

c o l le c te d  a t  the  probe and the p lasm a d en s i ty  and tem pera tu res  can  be 

e s ta b l i s h e d  i f  the v e lo c i ty  d is tr ib u tio n  of the re p e l le d  s p e c ie s  is  a s su m ed  

to be M axw ellian .

D epending  on  the  b ia s  vo ltage  of the probe w ith  r e s p e c t  to  the  

p la sm a ,  the  th ic k n e s s  of the s h ea th  may not be sm all .  Then the th in  sh e a th  

approxim ation  no longer  holds and the  fin i te  s iz e  of the  s h e a th  has  to  be 

c o n s id e re d .  P a r t ic le s  th a t  en te r  the s h e a th  now may or may not be 

c o l le c te d  depending  on the energy  and angu la r  momentum of the  ind iv idual
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p a r t ic le s .  Therefore ,  the  o rb ita l  m otions of the  p a r t ic le s  are  im portan t.

The im posing  of the  s h e a th  surrounding the probe i s ,  how ever,  

ra th e r  a r t i f ic ia l .  As i t  can  be dem onstra ted  the p o ten tia l  a t  the s h e a th  

edge d iffe rs  from th a t  of the  p lasm a far aw ay , i . e .  the  po ten tia l  

" p e n e tra te s "  the  s h e a th .  This i s  im portan t i f  the co lder  s p e c ie s ,  u su a l ly  

io n s ,  i s  c o l le c te d  a t  the  probe.

The e f fe c ts  of c o l l is io n  are  to  be cons idered  if  the p lasm a is  d e n s e ,

i . e .  the mean free  p a th ,  X is  no t much g rea te r  than  the  rad iu s  of the probe ,

Tp , or the Debye le n g th ,  Xq . In th e  c o l l is io n a l  c a s e  the probe curren t is  

a ffec ted  by the p o te n tia l  profile in  the s h e a th  reg ion .  The v e lo c i ty  d i s t r i ­

bution  a t  the  s h e a th  edge w ill be d if fe ren t  to th a t  of the  und is tu rbed  p lasm a.

In the  p re se n c e  of m agnetic  f ie ld  the Larmor rad iu s  e f fec ts  in  the 

p lasm a are im portant and the Larmor r a d iu s ,  r^  r e p la c e s  ^  a s  the governing 

len g th  param eter .  Due to  the d if fe ren ce  in  the  m agnitudes  of the ion  and 

e lec tro n  Larmor ra d i i  the e f fe c ts  of the m agnetic  f ie ld  on the co l le c t io n s  of 

ion  and e lec tro n  curren t are  d if fe re n t .  Anisotropy e x i s t s  in  the  p lasm a motion 

a s  e le c tro n s  and ions  a re  h indered  by the  m agnetic  f ie ld  in  the t r a n sv e rse  

d irec tio n  bu t not in  the  d irec tio n  a long  the  f ie ld  l i n e s . If the m agnetic  f ie ld  

i s  very  s trong ,  therm al equilibrium  may not be a ssu m ed  iso tro p ic  and a l l  

p robes re sem b le  a p lane p robe , as  the c o l le c t io n  of curren t is  s ig n if ican t  

only in  the d irec tio n  a long  the m agne tic  f ie ld .  The curren t co l lec ted  d e p e n d s ,  

th e re fo re ,  on the p roduction  of p lasm a in  the en tire  reg io n ,  ra the r  than  on 

the  lo c a l  p ro p e r t ie s .
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D e sp i te  a l l  the d if f icu lt ie s  and shortcom ings of the  theory of 

p robes  in  g e n e ra l ,  s imple but ad equa te  theory  e x i s t s  under the  cond itions  

of th is  experiment., and the Langmuir probe is  a v a lu ab le  d ia g n o s t ic  tool 

w ith  w hich re l ia b le  inform ation of the  p lasm a can  be ob ta ined .  In the 

following s e c t io n s  the cons truc tion  and th e o r ie s  of the Langmuir probe 

app lied  to the p re sen t  experim ent w ill be p re s e n te d ,  s ta r t ing  w ith  the 

cy l ind rica l probe in  a c o l l is io n le s s  p lasm a w ithou t m agnetic  f ie ld .  The 

de term ina tion  of p lasm a d e n s i ty ,  tem perature and  p o ten tia ls  of the p la sm a ,  

the e f fec ts  of the s iz e  of the s h ea th  a t  the  probe , the o rb ita l  motion of 

e le c tro n s  and ions  in  the s h e a th ,  and e f fec ts  of the m agnetic  f ie ld  are  then  

d i s c u s s e d .

3 .2  Probe Theory of C o l l is io n le s s  Plasm a w ithou t M agne tic  Field

M ost work on the theory of Langmuir probes  h as  b een  carr ied  out 

for the sim ple c a s e  w here c o l l i s io n s  and m agnetic  f ie ld s  are n eg l ig ib le .  

W ith  the concep t of the s h ea th  a t  the  probe and the a ssu m p tio n s  of known 

p o ten tia l  profile in  the  sh ea th  reg io n  and q u a s i -n e u t r a l i ty  a t  the  sh ea th  

e d g e ,  lo c a l  m easurem ents  made by the probe can  ad eq u a te ly  y ie ld  infor­

m ation of the p lasm a a s  a w hole .

(a) The Probe C h a ra c te r is t ic

The p lasm a d e n s i ty ,  e le c tro n  tem pera tu re  and e le c t r ic  p o te n t ia ls  

can  be ob ta ined  from the p lot of the probe curren t a g a in s t  the  probe 

v o l ta g e ,  i . e .  the probe c h a ra c te r i s t ic .  A ty p ic a l  probe c h a ra c te r i s t ic  in
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a  c o l l i s io n le s s  p lasm a in  the  ab se n c e  of the  m agnetic  f ie ld  is  g iven  in  

F ig .  3 . 1 .  The probe c h a ra c te r i s t ic  is  ob ta ined  by m easuring  the  probe 

cu rren t w hile  changing the b ia s  vo ltag e  on the  probe. Here the e lec tro n  

cu rren t to  the  probe i s  p lo tted  a g a in s t  the probe vo ltage  w ith  r e s p e c t  to  an  

a rb it ra ry  re fe ren c e  po in t .  At the point Vg , the sp a c e  p o te n t ia l ,  the probe 

i s  a t  the  sam e p o te n tia l  a s  the  p la sm a . There i s  no e le c t r ic  f ie ld  a t  the 

p robe ,  and e le c tro n s  and io n s  migrate to  the probe only b e c a u se  o f  the ir  

therm al v e lo c i t i e s .  C urrent co l le c te d  is  predom inantly e lec tro n s  b e c a u se  

of th e ir  h igh m obility . If the probe vo ltage  is  b ia se d  p o s it iv e  r e la t iv e  to  

th e  p la sm a ,  e le c tro n s  are  a c c e le ra te d  to  the probe and io n s  are  r e p e l le d .  

N ear the  probe su rface  the re  is  an  e x c e s s  of negative  charge .  This laye r  

o f  ch a rg e ,  the  s h e a th ,  i s  u su a l ly  very th in ,  of the order of the Debye 

le n g th  Xq - O uts ide  of the s h e a th  th e re  i s  very  l i t t l e  e l e c t r ic  f ie ld  and the  

p lasm a is  no t d is tu rb e d .  The e le c tro n  curren t portion of the curve is  

r e la t iv e ly  f l a t ,  s in ce  the  a rea  of the s h e a th  has only a s l ig h t  in c re a s e  w hen 

th e  b ia s  vo ltage  i s  in c re a s e d .  The portion A of the curve is  c a l le d  the 

reg io n  of s a tu ra t io n  e le c tro n  curren t.

W hen the  probe is  made n ega t ive  re la t iv e  to  the  p lasm a v o lta g e ,  

e le c tro n s  a re  re p e l le d  and  ions  a re  a c c e le ra te d  to  the probe. In reg ion  B 

th e  e le c tro n  curren t fa l ls  a s  the probe vo ltag e  i s  d e c r e a s e d ,  and  th is  reg ion  

i s  c a l le d  the  t r a n s i t io n  reg ion  of the  c h a ra c te r i s t ic .  At the po in t ,  V^, the 

f lo a t in g  p o te n t ia l ,  the  probe draw s no ne t cu rren t .  An in su la te d  probe t ip  

in s e r te d  in to  a p lasm a a s su m e s  th is  p o te n t ia l .
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figure 3.1 Typical Probe Current-Voltage Characteristic
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At high n ega t ive  vo ltag e  a t  the p ro b e , a l l  e le c tro n s  are  rep e l le d  and 

ion  s h e a th  forms and the  probe draw s s a tu ra t io n  ion  cu rren t .  This i s  the 

reg ion  of sa tu ra t io n  ion  cu rren t ,  co rresponding  to  part  C of the c h a ra c te r i s t ic .

(b) The D eterm ination  of P lasm a Param eters

The po ten tia l  of the  p la sm a ,  or the  s p a c e  p o te n t ia l ,  Vs and  the  

f loating  p o te n t ia l ,  Vf can  be found re a d i ly  from the probe c h a ra c te r i s t ic .

Vf i s  lo c a te d  a t  the point I = 0 on the  c u r ren t-v o l tag e  or C-V c h a ra c te r i s t ic  

cu rve , w here no net curren t i s  draw n to  the  probe. Vs i s  found a t  the in te r ­

se c t io n  of the ta n g en t l in e s  of reg io n s  A and  B of the  C-V cu rv e ,  w here the 

e lec tro n s  experience  a change from an  a t t ra c t iv e  to  a rep e l l in g  e l e c t r ic  

f ie ld .  It w ill  be shown la te r  th a t  the  lo c a t io n  of Vg i s  not qu ite  ce r ta in  if  

a s trong m agnetic  fie ld  is  p re se n t .

The e lec tro n  tem pera tu re ,  Te i s  com puted from the  t ra n s i t io n  re g io n ,  

or part B of the  probe c h a ra c te r i s t ic .  In th is  reg ion  the  probe i s  b ia se d  

nega t ive ly  to the p la sm a . The b ia s  vo ltag e  is  m oderate  and the  probe, 

th e n ,  c o l le c ts  e le c tro n s  w hich  move to  the  probe a g a in s t  a rep e l l in g  f ie ld .  

W ith  the e lec tro n  d is t r ib u tio n  in  therm al equilibrium  part  B of the probe 

c h a ra c te r i s t ic  i s  ex p o n en t ia l ,  i . e .

If one p lo ts  Hm I a g a in s t  V, the  s lo p e  g iv e s  the v a lue  of e / k T e , from w hich  

the  e le c tro n  tem perature  k T e c a n  be  com puted.
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(c) The Thin Sheath  C a se

If the  s h e a th  of rad iu s  s is  th in  and the mean free pa th  is  la rg e  as  

com pared to  the  probe r a d iu s ,  i . e .  , (s -  rp) «  rp and X >>1^, the po ten tia l  

v a r ia t io n  i s  lim ited  to  w ith in  the s h e a th  and a l l  p a r t ic le s  th a t  en te r  the 

s h e a th  are  c o l le c te d .  The c o l lec t io n  of curren t is  s p a c e -c h a rg e  l im ited ,  

r e la te d  to  the app l ied  vo ltage  a t  the  probe w ith  r e s p e c t  to  the  p la sm a .  W ith  

the  probe a t  a p o s it iv e  po ten tia l  and a ssu m ed  p erfec tly  abso rb ing  for 

e le c tro n s  and perfec tly  re f le c t in g  for i o n s , the v e lo c ity  d is t r ib u t io n  of the 

e le c tro n s  near the  s h e a th  edge i s  e s s e n t i a l ly  M axw ellian .  This i s  b e c a u se  of 

the  r e la t iv e ly  h igh m obility of e le c t ro n s .

In gen era l  the  curren t co l le c te d  by the probe is

w here I i s  the current c o l le c t io n ,  As i s  the area  of the s h e a th ,  and jr is  the 

random current d e n s i ty  c ro s s in g  a unit a rea  in  one d irec tio n .

For e le c tro n s  w ith  M axw ellian  d is t r ib u t io n ,

fac to r  1 /4  comes from a product of two l / 2 ' s .  The f irs t  1 /2  i s  b e c a u se  a t  

the  sh e a th  only o n e -h a l f  of the  d e n s i ty  is  toward the  probe , and  the  other 

is  the  average  of the d irec t io n  co s in e  over a hem isphere  e n c lo s in g  the  

p ro b e .

(3 .1)

(3 .2)

w here  v p i s  the ave rage  v e lo c ity  of e lec tro n s  and v (

I



H ence th e  e le c tro n  cu rren t i s  g iv en  by

e

e (3 .3 )

If the  a re a  of the sh e a th  and the  e le c tro n  tem peratu re  are know n, the 

p lasm a d e n s ity , n can  be com puted w ith  the  m easured  sa tu ra tio n  

e le c tro n  cu rren t. As a f irs t  ap p rox im ation , for a th in  sh e a th , Ag can  be 

re p la c e d  by the su rface  a rea  of the  p robe , Ap . I t th e n  g iv es

E quation (3 .4 ) is  no t v a lid  for the  c o lle c tio n  of ion  cu rren t as  the  

assu m p tio n  of M axw ellian  d is tr ib u tio n  a t the  sh e a th  edge does not hold 

due to  th e ir  m obility .

For more a cc u ra te  c a lc u la t io n s ,  the  sh e a th  a re a ,  Ag has  to  be u se d . 

The r e s u l t  of an  a n a ly s is  by Langm uir and B lodgett is  c ited  h e re . B ased 

upon c a lc u la tio n s  of the sp a c e -c h a rg e  lim ited  em iss io n  from th e  sh e a th  

edge to  the  probe su rfa c e , th e  e le c tro n  cu rren t to  the probe su rface  i s ,  in  

th e  c y lin d ric a l geom etry ,

w here Vp and Vs are  the  p o te n tia ls  a t  th e  probe and a t  the  sh e a th  r e s p e c t-

(3 .4 )

k T e
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At th e  sh e a th  edge assum e th a t Vs = 0 . Then

and  th e  rad iu s  of the  s h e a th , s c a n  be c a lc u la te d .

(d) The Thick S heath  C ase

If th e  sh e a th  a t the  probe is  th ic k , i . e .  s > r p ,  no t a ll  th e  

p a r tic le s  of th e  p lasm a w hich  e n te r  the sh e a th  re a c h  th e  p ro b e , depending  

on th e  energy  and angu lar momentum of in d iv id u a l p a r t ic le s .  H ence the 

o rb ita l m otions a re  to  be c o n s id e re d . In th e  a n a ly s is  of th e  th ick  sh e a th  

c a s e  the  probe cu rren t is  a ssu m ed  in d e p en d en t of th e  d is tr ib u tio n  of 

p o te n tia l in  th e  sh e a th , V(r), a s  only th e  fin a l v a lu e s  of th e  energy  and 

an g u la r momentum are  o f co n ce rn .

W ith  the  aid  of F ig. 3 .2  co n s id e r  th e  o rb it of a p a r tic le  approach ing  

th e  p robe. From the co n se rv a tio n  of energy  and an g u la r m om entum , we have

W here th e  su b sc r ip t p and  o re fe r  to  q u a n titie s  a t  th e  c lo s e s t  app roach  

w ith  r c  = Tp and a t  th e  im pact p aram eter d re s p e c t iv e ly . From E q .(3 .6 )

}  m v Q2 = i  m vp2 + e Vp (3 .6 )

(3 .7 )

S u b stitu tin g  in to  Eq. ( 3 .7 ) ,  w e have



AB': d ir e c t io n  o f  m otion o f  th e
p a r t ic le  b efore  i t  i s  deviated

d : c o l l i s i o n  or impact parameter

ABC : path o f  th e  p a r t ic le  under an 
a t tr a c t iv e  f i e l d  o f  th e  probe

r c : d is ta n ce  o f  c lo s e s t  approach

CJ1

F igure 3*2 Orbit o f  a P a r t ic le  Approaching th e  Probe



N oting th a t a t  r = d

£ m v Q2 = -  eV s

The m inus s ig n  is  due to  th e  a ttra c tiv e  force fie ld  a t  th e  p robe.

S u b stitu te  for v  , w e have

d = r.
P

(3 .8 )

All p a r tic le s  w ith  an  ap p roach  sm alle r th a n  d w ill re a c h  th e  probe and be 

c o lle c te d . T herefo re , d is  th e  e ffe c tiv e  c o lle c tin g  ra d iu s .  U sing d in

w here I  i s  th e  le n g th  of th e  p ro b e .

It shou ld  be no ted  th a t in  the a n a ly s is  th e  d is tr ib u tio n  of energy  a t  th e  

sh e a th  edge  is  no t co n s id e re d  and  the  p a r tic le s  are  a ssu m ed  to  have the  

sam e en e rg y , i . e .  is o tro p ic  and m o n o -en e rg e tic .

Taking in to  c o n s id e ra tio n  th e  v e lo c ity  d is tr ib u tio n  a t  th e  sh e a th  

e d g e , Langm uir and  M o tt-S m ith , w ith  the  assu m p tio n  of M axw ellian  d is t r i ­

b u tion  for th e  e le c t ro n s , g ive  a som ew hat d iffe ren t r e s u lt

p lace  of r  for th e  com putation  of th e  c o lle c tin g  a rea  in  Eq. ( 3 .3 ) ,  for 

c y lin d ric a l p robes th e  probe cu rren t i s  g iv en  by
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(e) D ependence o f E lectron  Tem perature in  Ion C o lle c tio n  

W ith  th e  probe a t a h igh ly  n eg a tiv e  p o te n tia l to  c o lle c t io n s , 

e le c tro n s  are  re p e lle d  by the  probe and they  rem ain  in  therm al equ ilib rium . 

S ince th e  e le c tro n s  are m obile and  have k in e tic  en e rg y , they  can  en te r the 

sh e a th  a sh o rt d is ta n c e  a g a in s t the  re p e llin g  e le c tr ic  f i e ld s , or a lte rn a tiv e ly  

sp e a k in g , th ey  perm it som e residue, p o te n tia l p en e tra tin g  the  p la sm a .

This re s id u e  p o te n tia l c a u se s  an  in c re a se  of io n  cu rren t c o lle c tio n  

a t th e  p robe. At the  s h e a th  w ith  the  re s id u e  p o te n tia l V, the  av erag e  

v e lo c ity  of the  io n s  is

The fac to r of 1 /3  is  due to  random  therm al m otions; approx im ate ly  o n e -th ird  

of th e ir  therm al energy  w ill be  d ire c te d  norm al to  the sh e a th .

At th e  sh e a th ^ / eV  Xni = ne and  ne = no e x P ( "
e

Thus

For maximum j . ,  d iffe re n tia te  j, w ith  re s p e c t  to  V and s e t

= 0

H ence

max
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i k T
If k T p > k T j , (h ) occu rs  a t  V = — — — e 1 Wl'm ax  2 e

kT e
Bohm e t a l  have dem o n stra ted  th a t the  io n  sh e a th  is  s ta b le  only w hen V 2g 

and io n s  m ust have an  energy  g re a te r  th an  | k T e a t the  sh e a th  edge in  order 

to  p en e tra te  i t .  W ith  th is  ra th e r  crude a n a ly s is  th e  ion  curren t is  g iv en  a s

12k Te /k T i  \
I l - ° - « A p n  /—  , ( ^  = 0-01)

12k Te /k T i v
it = o-5ov  J—  ' f e r 0-5)

In a more a c c u ra te  a n a ly s is  tak in g  in to  acco u n t th e  p o te n tia l shape in  the 

s h e a th , th ey  g ive

2k T .k T i  \
( k F e = 0-01) <3-12>

2 kT e / kT A v

( s ;  = 0-5) (3-13)

It h a s  b een  show n th a t th e  ion  cu rren t i s  in s e n s it iv e  to  the ion  tem peratu re 

and th e  c o lle c tio n  of ion  cu rren t dep en d s on the  e le c tro n  tem peratu re  ra th e r 

th an  the  io n  tem p era tu re .

Com pare Eq. (3 .1 3 ) w ith  Eq. (3 .4 ) ,  th e  ra tio  of e le c tro n  cu rren t to

/ miion  cu rren t i s  in  the  order of —  . For p o ta ss iu m  i t  i s  approxim ately  100.
yl me

(f) L am 's Theory of Ion C urren t C o llec tio n  

Lam p re s e n ts  a th e o re tic a l a n a ly s is  of the Langm uir probe in  a 

q u ie s c e n t,  c o l l is io n le s s  p lasm a co n sid e rin g  the  p ra c tic a l c a s e  of la rg e  

probe s iz e  to  D ebye le n g th  ra tio .  The e le c tr ic  p o te n tia l d is tr ib u tio n  in  the
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sh e a th  surrounding  th e  probe i s  ta k e n  in to  a c c o u n t.

The p lasm a d e n s ity  n can  be de term ined  from a s in g le  m easurem ent 

of the  io n  s a tu ra tio n  cu rren t from the  eq u a tio n s

w here Ig is  e s s e n t ia l ly  the probe cu rren t p red ic ted  by Bohm. The re la tio n

from Eq. (3 .1 4 ) and  the co rrespond ing  va lu e  of r  i s  found from Fig. 3 .3 .  

W ith  the  known t , Ig and th e n  th e  p lasm a d e n s ity ,  n can  be o b ta in ed  from 

E qs. (3 .1 5 ) and (3 .1 6 ) . The p lasm a d e n s ity  c a lc u la te d  by L am 's theory  is  

abou t 10 to  20 p e rcen t h igher th a n  th a t  by Bohm 's theo ry  for th e  range of 

th e  p re se n t experim en t.

3. 3 Probe Theory in  the  P resen ce  o f M ag n e tic  F ie ld s

In  th e  p re sen ce  of strong m agnetic  f ie ld s  th e  fac to rs  a ffec tin g  th e  

probe c h a ra c te r is t ic  are  com plex and the  theory  of Langm uir p robes is  

ra th e r  crude and  in co m p le te . H ow ever, i f  th e  m ag n e tic  f ie ld  is  no t very 

s tro n g , su ch  th a t the  ion  Larmor ra d iu s  is  s t i l l  la rg e r  th a n  th e  probe ra d iu s ,  

a s  in  th e  c a se  of th e 'p re s e n t  ex p erim en t, the  probe theo ry  b a se d  upon th e

(3 .1 4 )

(3 .15 )

(3 .16 )

b etw een  t 2/3 G (t) and t is  g iven  in  F ig. 3 .3  u s in g  L am 's num erical r e s u l t s .  

W ith  the m easured  io n  sa tu ra tio n  cu rren t, 1^, r 2/ 3 G (r) can  be c a lc u la te d
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c o lle c tio n  of io n  cu rren t i s  s t i l l  a d e q u a te .

(a) E ffec ts  of th e  M agnetic  F ie lds

In a m agnetic  fie ld  e le c tro n s  and io n s  are c o n s tra in ed  to  gy rate  

abou t th e  m agnetic  fie ld  l in e s .  Their m otions c ro ss  th e  m agnetic  fie ld  

l in e s  a re  lim ited  to  the Larmor r a d i i ,  bu t not a long the f ie ld . This in tro ­

d u ces  a n iso tro p y . The e ffec tiv e  m ean free  path  is  now red u ced  to  the 

Larmor ra d iu s  a s  e le c tro n s  or io n s  can  only  trav e l tra n s v e rse ly  th is  far 

w ithou t a c o l l is io n .

E lectrons have much sm alle r Larmor rad iu s  th an  th a t of ions and  the 

e ffe c t of th e  m agnetic  f ie ld  on them  is  more se v e re . As the  e lec tro n  Larmor 

ra d iu s  is  of the  o rder o f 10“3 cm ev en  in  a m oderate f ie ld  of 1000 g a u s s ,  i t  

is  a t  le a s t  one order of m agnitude sm alle r th an  the rad iu s  of the probe 

(10“2 cm ). The u su a l assu m p tio n  of X » r  no longer ho ld s and the theory  

b a se d  on th e  e le c tro n  cu rren t c o lle c tio n  canno t be co n sid e re d  c o l l i s io n le s s . 

The theo ry  of e le c tro n  cu rren t c o lle c tio n  in  a c o ll is io n le s s  p lasm a p re ­

sen ted  in  S ec tion  3 .2  i s  then  not v a lid  in  the  p re se n c e  of the  m agnetic  f ie ld . 

This can  be se e n  from th e  m arked red u c tio n  of e le c tro n  cu rren t c o lle c tio n  a t  

th e  probe and  the  ch an g es in  the probe c h a ra c te r is t ic .

(b) The Probe C h a ra c te r is t ic  of P lasm a in  a M ag n e tic  F ield

Figure 3 .4  is  the  probe c h a ra c te r is t ic  ob ta in ed  a t  a m agnetic  f ie ld

of 800 g a u s s .  W hen com pared w ith  the probe c h a ra c te r is t ic  w ithou t 

m agnetic  f ie ld s  (F ig . 3 .1 ) ,  f i r s t  to  be no ted  is  the  a b se n c e  of e le c tro n
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sa tu ra tio n  in  F ig . 3 .4 .  The e le c tro n  cu rren t co n tin u es  to  in c re a s e  w ith  

v o ltag e  w ithou t re ac h in g  s a tu ra t io n , due to  th e  in c re a s e  o f th e  le n g th  of 

e le c tro n  c o lle c tio n  reg io n  a long th e  m agnetic  fie ld  w ith  the  v o lta g e .

N ext to  be no ted  is  the  red u c tio n  of th e  m agnitude of th e  e le c tro n  

cu rren t. The ra tio  of the  e le c tro n  cu rren t to  the  sa tu ra tio n  io n  cu rren t is  

now betw een  10 and 2 0 , a s  com pared to  100 in  the  c a se  of c o l l is io n le s s  

p lasm a w ithou t th e  m agnetic  f ie ld . This red u c tio n  in  e le c tro n  cu rren t is  

b e lie v e d  to  be due to  the low er d iffu s io n  ra te  of e le c tro n s  from the  con­

s tra in t o f m otion a c ro s s  the m agnetic  f ie ld .

The th ird  to  be no ted  is  th e  flu c tu a tio n s  in  e le c tro n  cu rren t in

reg io n  A of the  probe c h a ra c te r is t ic .  The f lu c tu a tio n s  in  e le c tro n  cu rren t

re f le c t  f lu c tu a tio n s  in  p lasm a d e n s ity  a t  th e  p robe . The m echanism  of the

flu c tu a tio n s  in  th e  e le c tro n  cu rren t has  not b een  s tu d ie d  e x c e p t being

3 8to u ch ed  upon by D em etria tes  and Doughm an on th e ir  s tu d y  of Langm uir 

probe in  tu rb u len t p lasm as .

The d e te rm in a tio n  of Vs now is  som ew hat d if f ic u lt due to  the  

d isa p p e a rin g  of th e  sharp  "knee" b e tw een  part A and  part B of th e  probe 

c h a ra c te r is t ic .

(c) E lectron  Tem perature

In th e  p re se n c e  of the  m agnetic  f ie ld ,  part B or th e  tra n s it io n  

reg io n  of th e  probe c h a ra c te r is t ic  i s  e x p o n en tia l on ly  a t  the  low er portion  

of th e  cu rve c lo se  to  Vf. In  th is  portion  th e  p re se n c e  of the m agnetic  f ie ld



30
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F igu re 3 .4  Probe C h a r a c te r is t ic
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d o es no t seem  to  change the  s ta te  o f equ ilib rium  of the p lasm a a t  the  sh e a th  

e d g e . In  p rin c ip le  th e  e le c tro n  tem peratu re can  s t i l l  be determ ined  from 

th e  tra n s itio n  reg ion  of the  probe c h a ra c te r is t ic .  H ow ever, th e  acc u racy  

of the  e le c tro n  tem pera tu re  com puted in  th is  m anner is  no longer r e l ia b le .

(d) E lectron  C urren t C o llec tio n

The theory  o f sp h e ric a l Langm uir p robes in  a s trong  m agnetic  f ie ld

39has  b een  s tu d ie d  a n a ly tic a lly  by Sanm artin  . E lec tr ica l p o te n tia l d is t r i ­

b u tion  in  the sh e a th  is  ta k e n  in to  acc o u n t and  th e  p o te n tia l is  found not 

confined  to  the  sh e a th . N um erical r e s u l ts  a re  g iv en  for the cu rren t 

c o lle c te d  a t  the  probe for various  m agnetic  f ie ld s  re la tin g  th e  e le c tro n
/~k~T<r

cu rren t to  th e  q u a n tity , n / ------- . They a re  v a l id ,  how ever, only for very
N me

low  p o s itiv e  to  n eg a tiv e  p o te n tia ls ,  th u s  not good for the  sa tu ra tio n  

e le c tro n  cu rren t c o lle c tio n .

(e) S a tu ra tio n  Ion C urren t

U nder the co n d itio n s  th a t the  io n  Larmor ra d iu s  is  co n s id e rab ly  

la rg e r than  the probe ra d iu s  and  the  sh e a th  i s  sm all as  com pared w ith  the 

probe th e  e f fe c ts  of m agnetic  f ie ld  on the sa tu ra tio n  io n  cu rren t can  be 

n e g le c te d . The p lasm a d e n s ity  then  can  be com puted from th e  sa tu ra tio n  

io n  cu rren t u s in g  th e  probe theo ry  for c o l l is io n le s s  p lasm a w ithou t m agnetic  

f ie ld  a s  d is c u s s e d  in  the  p reced ing  s e c t io n s .

In th e  re c e n t work of Sanm artin  th e  sam e co n c lu sio n  h as  b een  

re a c h e d  for a q u ie sc e n t,  fu lly  io n iz e d  p lasm a in  a strong  m agnetic  f ie ld .
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In the  p re se n t experim en t w ith  th e  m agnetic  f ie ld  rang ing  from 

500 to  6 ,0 0 0  g a u s s ,  th e  io n  Larmor ra d iu s  is  in  the  range of 1 to  0 .1  cm 

re s p e c t iv e ly , w hile  the  rad iu s  of the  probe is  approx im ate ly  0 .0 1  cm.

The th ic k n e s s  of the sh e a th  a t  the probe i s  in  the order o f the D abye 

le n g th , or 10"3 cm . T herefo re , the  above requ irem en ts a re  s a t is f ie d  and 

th e  p lasm a d e n s ity  is  determ ined  from the  sa tu ra tio n  ion  cu rren t u s in g

Bohm's or Lam theory  g iv en  in  S ec tio n  3 .2  (e) and (f).

40W ade has  checked  the  v a lid ity  of Langm uir probe m easurem ents 

in  the experim en t of cesiu m  p lasm a in  a Q -m achine over a range of 

m agnetic  f ie ld  from 300 to  1 ,5 0 0  g a u s s .  The plasm a d e n s ity  com puted 

from the  sa tu ra tio n  io n  cu rren t m easured  by double probes is  com pared w ith  

th e  m icrow ave p lasm a d e n s ity  m easurem ent w ith  an  ag reem en t w ith in  30 

p e rc e n t. The e le c tro n  tem peratu re  o b ta in ed  from the probe m easurem ents 

show 10 to  20 p e rcen t ag reem en t w ith  th a t o b ta ined  by th e  o p tica l pyrom eter.

(f) M easurem en t of O sc illa tio n s

The m easurem ent of p lasm a o s c il la t io n s  is  one of the  m ost im portan t 

a p p lic a tio n s  o f Langm uir p ro b e s , s in c e  su ch  m easu rem en ts make fu ll u se  of 

th e  s p a tia l  re so lu tio n  of probes and a re  no t su b je c te d  to  the erro rs in  

a b so lu te  c a lib ra tio n  of the probe cu rren t. H ow ever, th e  sp eed  of re sp o n se  

of a probe is  im portan t to  the phenom ena under s tu d y .

The e le c tro n s ,  due to  th e ir  h igh  m ob ility , r e a c t  a lm o st in s ta n t­

an e o u s ly  to  a changing  f ie ld , bu t th e  io n s  move ra th e r  s low ly  in  com parison  .
ikT  2

S ince th e  maximum v e lo c ity  o f the  io n s  is  of the order Vi = (JJ57) and th ey
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k T -
m ust tra v e l a  d is ta n c e  of the  order of Xn = (“;-------1)2 to  form a new s h e a th ,b) M irn e 4'-

the  maximum frequency  re sp o n se  of io n s  w ould  be e x p ec ted  to  be of the

14 7T n e 2order of the io n  p lasm a freq u en cy , upi = / ———  . The maximum frequency

re sp o n se  o f e le c tro n s  i s  o f th e  order o f th e  e le c tro n  p lasm a freq u en cy . The 

frequency  re sp o n se  of Langm uir p ro b e s , th e re fo re , is  much fa s te r  th a n  th a t 

req u ired  for th e  experim en t of s tudy ing  the  low  frequency  (5 to  30 kHz) 

o s c il la t io n s  in  the  Q -m ach in e .

Ion d e n s ity  o s c il la t io n s  are observ ed  by b ia s in g  the probe to  

c o l le c t ion  cu rren t and  le t  the cu rren t p a s s  through a 1 k ilo  ohm re s is to r .

The AC s ig n a ls  are d isp la y ed  on the o sc il lo sc o p e  and on the  spectrum  

an a ly z e r .

B asic  c irc u it for probe m easurem en ts of cu rren t and v o ltag e  i s  show n 

in  F ig . 3 .5 .  For probe cu rren t m easu rem en t, sw itch  5 is  in  "a"  p o s itio n , 

co n n ec tin g  the b a tte ry . The cu rren t i s  g iv en  by m eter Vj. and  th e  probe 

v o ltag e  is  re a d  by m eter V2. For flo a tin g  p o te n tia l m easurem ent sw itch  

is  in  "b" p o s it io n , iso la tin g  the  b a tte ry . The flo a tin g  p o te n tia l i s  g iven  

by m eter V2.

3 .4  The H igh Speed Photograph ic  T echnique

The p rin c ip le  o f the  p lasm a cam era i s  not d is s im ila r  to  th a t o f a 

ca thode  ray  tu b e . W ith  the  e le c tro n s  s tream ing  to  the  grid  sc re e n  a t  th e ir  

therm al v e lo c i t ie s ,  an  ap p lied  h igh  p o te n tia l on th e  alum inum  co a tin g  of
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Figure 3.5 Basic Circuit for Probe Measurements
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th e  s c in t i l la to r  a c c e le ra te s  th e  e le c tro n s  be tw een  the g rid  sc re e n  and the 

s c in t i l la to r  d is c  to  move tow ard th e  d is c .  W hen s u ff ic ie n tly  h igh p o s itiv e  

p o te n tia l is  ap p lied  on the alum inum  co a tin g  the a c c e le ra te d  e le c tro n s  w ill 

have high enough energy  to  p en e tra te  the  alum inum  and s tr ik e  the  phosphor 

co a tin g  cau s in g  lu m in escen c e  w h ich  is  th en  pho tographed  by th e  h igh  sp eed  

cam era . A minimum p o te n tia l of 8 k ilo  v o lts  i s  n e c e s s a ry  for proper 

s c in t i l la t io n ,  of w h ich  approx im ate ly  3 k ilo  v o lts  i s  req u ire d  for p e n e tra t­

ing th e  alum inum  co a tin g .

S ince the  opera tio n  of the  p lasm a cam era is  by a c c e le ra tio n  of the  

e le c tro n s  in  th e  p lasm a to  s tr ik e  th e  s c in t i l la to r  and c a u se  lu m in e sc e n c e , 

th e  s c in t i l la to r  i s  ex p o sed  to  the  p lasm a through th e  50% tra n sm is s iv e  g rid . 

Owing to  th e  h igh  tem peratu re  (2 3 0 0 °K) of th e  p la sm a , th e  s c in t i l la to r  has  

to  be p ro tec ted  from e x c e s s iv e  h e a t and ra d ia tio n  from th e  p la sm a . The 

op era ting  p ro ced u re , th e re fo re , is  su ch  th a t th e  s c in t i l la to r  i s  ex p o sed  to  

th e  p lasm a only  w hen the  high sp eed  pho tographs a id  o th e r d a ta  are  ta k e n . 

N orm ally th e  flag  (the copper p la te) i s  kep t down in  front of the  p lasm a 

cam era , thus iso la tin g  i t  from th e  p la sm a .

At the  s c in t i l la to r ,  w here end  reco m b in a tio n  of e le c tro n s  and  ions 

o c c u rs , a th in  co a tin g  of p o ta ss iu m  may dev e lo p  a fte r  th e  p lasm a cam era 

has  b een  u se d  for a sh o rt period  of tim e . For the  p u rpose  of en su rin g  

c o n s is te n c y  o f th e  t e s t  r e s u l t s ,  a s c in t i l la to r ,  once found w ith  n o tic e a b le  

p o ta ss iu m  d e p o s it ,  is  to  be re p la c e d .
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W hile  h igh m agn itudes of th e  ap p lied  e le c tr ic  p o te n tia l and cu rren t 

a t  th e  s c in t i l la to r  a re  d e s ira b le  for s c in t il la tio n  of h igh  in t e n s i ty , th e  

ap p lied  p o te n tia l is  lim ited  to  12 k ilo  v o lts  and the cu rren t to  2 ma for 

proper o p e ra tio n  of the  p lasm a cam era . H igher energy  ap p lied  to  the 

s c in t i l la to r  ex ceed in g  th e  a b o v e -s ta te d  lim its  may c a u se  sa tu ra tio n  of 

p h o s p h o r-sc in ti l la t io n  or dam age to  the  alum inum  and phosphor co a tin g s  

due to  th e  e x c e s s  h e a t and  ra d ia tio n  from the p la sm a . The d e s ig n  of the 

s c in t i l la to r  for proper o p era tio n  in  th e  experim en t is  a id e d  by e x p e ri­

m en ta tion  of v a rio u s  ty p e s  of phosphors in  com bination  w ith  the  alum inum  

co a tin g  of various  th ic k n e s s .  This w ill be d is c u s s e d  fu rther in  S ec tio n  4 .6 .

The s e le c t io n  of the  D ynafax  fram ing cam era i s  for i t s  a p p lic a b ility

to the  problem  under in v e s t ig a tio n . The D ynafax  h igh  sp e e d  cam era is

p a r tic u la r ly  su ita b le  for the  s tu d y  of th e  low frequency  h e l ic a l mode

in s ta b i l i ty  of the  p o ta ss iu m  p lasm a in  a Q -m ach ine  for i t s  co n s ta n c y  of

fram ing s p e e d , ad eq u a te  sh u tte r in g  sp eed  and frame s e p a ra t io n , w ide

41s e le c tio n  of film s and  s im p lic ity  in  o p era tio n  . The lin e a r  re la tio n sh ip  

b e tw een  th e  fram e se p a ra tio n  and  th e  fram ing sp eed  g re a tly  f a c i l i ta te s  the  

a n a ly s is  of th e  pho tograph ic  d a ta  and th e ir  c o rre la tio n  to  th e  experim en ta l 

r e s u l ts  o b ta in ed  by Langm uir p ro b es .

In p re lim inary  in v e s tig a tio n s  o f the  p rob lem , a s in g le  fram e p lasm a 

cam era w as  a ls o  em ployed using  th e  sam e s c in t i l la to r  a ssem b ly  b u t w ith  a 

G raflex  cam era and  Polaroid  film  b a c k . A o n e - to -o n e  im age to  o b je c t ra tio  

is  o b ta in ed  w ith  a 360 mm focal len g th  le n s  a s  show n in  F ig . 3 .6 .
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FIGURE 3 .6  SINGLE FRAME PLASMA CAMERA PICTURE 
SHOWING ONE TO ONE IMAGE TO OBJECT 
RATIO
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3 .5  M easurem en ts of D iffusion  of P lasm a A cross the M ag n etic  F ield

D iffusion  of p lasm a a c ro s s  th e  m agnetic  f ie ld  w as com puted from 

th e  tra n sv e rse  p lasm a f lu x , j and th e  ra d ia l d e n s ity  g ra d ie n t, d n /d r  

acco rd in g  to  the  re la tio n
h

D  =  < 3 - 1 7 >

w here D is  the tra n sv e rse  d iffu sio n  c o e ff ic ie n t . The tra n sv e rse  p lasm a 

flux w as m easured  d ire c tly  by th e  u se  of the  tra n sv e rse  d iffu s io n  co llec to r  

a s  d e sc r ib e d  in  S ection  2 .4 ,  w h ile  th e  p lasm a d e n s ity  g rad ie n t w as d e te r­

mined by th e  Langm uir probe.

To m easure th e  tra n sv e rs e  cu rren t f lu x , a p o te n tia l i s  ap p lied  be tw een  

th e  c o lle c to r  p la te s .  The ap p lied  p o te n tia l i s  su ff ic ie n tly  h igh  to  cau se  a 

com plete  charge se p a ra tio n  of th e  p la sm a en te rin g  the  sp a c e  be tw een  the 

p la te s  due to th e  d iffu siv e  m otion . This r e s u lts  in  a cu rren t flow in  the 

m easuring  c irc u it ,  rendering  the  v a lu e  of the  tra n sv e rse  p lasm a flu x , j .

Three d iffu sio n  flux  c o lle c to rs  have b een  co n s tru c te d  and te s te d .  

C o lle c to rs  A and B are of s im ila r d e s ig n , d iffering  only  in  th e  w id th  and 

the  gap  be tw een  the co llec to r  p la te s ,  w h ich  governs th e  qu an tity  of p lasm a 

flux  en te rin g  the  c o lle c to r . C o lle c to r  C c o n s is ts  o f only tw o p la te s  betw een  

w hich  a v o ltag e  is  a p p lie d . The p rin c ip le  of c o lle c tio n  of a l l  c o lle c to rs  i s  

the  sam e.

Figure 3 .7  p re se n ts  th e  v o lta g e  and cu rren t c h a ra c te r is t ic s  of the 

c o l le c to rs .  Three reg io n s e x is t  in  th e  c u rv e s . They a re ,  how ever, no t
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c le a r ly  d efin ed  for c o lle c to rs  B and C , for w h ich  the  m agnitude o f cu rren t 

is  ra th e r  low . In reg io n  I ,  th e  e ffe c t of th e  ap p lied  p o te n tia l ex ten d s  only 

to  th e  neighborhood of the  su rface  of the  p la te  and a th in  sh e a th  i s  form ed, 

p o s itiv e  or n eg a tiv e  depend ing  on i t s  p o la rity  of the ap p lied  v o lta g e . In  

reg io n  I I ,  a s  th e  p o te n tia l d iffe ren ce  in c re a s e s ,  the th ic k n e s s  of the sh e a th  

g ro w s, and th e  cu rren t in c re a s e s  a s  th e  volum e in  w hich  charge se p a ra tio n  

ta k e s  p la c e  in c re a s e s .  C om plete charge se p a ra tio n  o f ions and e le c tro n s  

h as  not b een  ach iev ed  a s  the sh e a th  of one p la te  does not ex ten d  fully  in to  

th a t of th e  o p p o site  p la te . In reg io n  III , the p o te n tia l be tw een  th e  c o lle c to r  

p la te s  i s  su ff ic ie n tly  h igh  and the sh e a th s  o v e rla p . There is  com plete 

charge se p a ra tio n  of io n s  and e le c tro n s  in  th e  p lasm a flux en te rin g  the 

c o lle c to r . The cu rren t m easured  is  the  sa tu ra tio n  ion  or e le c tro n  cu rren t 

depend ing  on the p o la rity  of th e  b ia s in g  v o ltag e  of th e  c o lle c to r  p la te .

A p lo t of c o lle c to r  cu rren t per un it a rea  norm al to  th e  tra n sv e rse  

p lasm a flux a g a in s t the b ia s in g  v o ltag e  b e tw een  the p la te s  is  g iv en  in  

F ig . 3 .8 .  In both  F ig s . 3 .7  and 3 .8  the d a ta  by B uchel'n ikova e t  a l are  

in c lu d ed  for com parison .

C o llec to r A w as u sed  in  the experim en t th roughou t. C o llec to r B and 

C w ere not u sed  due to  th e ir  low  cu rren t c o lle c tio n . Furtherm ore, 

c o lle c to r  C b ehaved  more lik e  a double probe th an  a d iffu s io n  co lle c to r  

b e c a u se  of i t s  re la tiv e  la rg e  gap be tw een  the tw o sm all c o lle c to r  p la t e s .
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CHAPTER 4

CALIBRATION OF EQUIPMENT AND PREPARATORY EXPERIMENT

The goal of the  experim ent i s  to  determ ine the  p re se n c e  of th e  

h e l ic a l  in s ta b i l i ty  in  a h igh ly  io n ized  p o tass iu m  p lasm a and to  s tu d y  its  

param etric  d ependence  and  en h an ced  d iffu s io n  re s u lte d  from th e  in s ta b i l i ty .

For p o s itiv e  id e n tif ic a tio n  and  study  of the h e lic a l in s ta b i l i ty ,  

sep a ra tin g  i t  from other ty p e s  of in s ta b i l i t ie s  w h ich  may occur in  a 

p o ta ss iu m  p la sm a , c a lib ra tio n  of the  experim en ta l ap p a ra tu s  and p rep a ra tio n  

for proper t e s t  co n d itio n s  are im portan t.

4 .1  P lasm a Colum n

In th e  experim en t before e a c h  run  a check  on th e  p lasm a colum n 

sh a p e  w as made by tak ing  th e  d e n s ity  p ro files  and flo a tin g  p o te n tia l cu rves 

in  th e  h o rizo n ta l and v e r tic a l d ire c tio n s  a t  m oderate m agnetic  f ie ld s .  This 

i s  to  en su re  th e  c o n s is te n c y  and co m p atib ility  of the experim en ta l r e s u l ts  

from v ario u s  t e s t  ru n s . Even w ith  a l l  the  co n tro llab le  p aram eters  k ep t the  

s a m e , th e  p lasm a colum n may vary  due to  the  sh iftin g  of the  p o s itio n  of th e  

sp ray  of p o ta ss iu m  n e u tra ls ,  the ag ing  of the ca th o d e  filam en t, or th e  o u t-  

o f-a lig n m en t of th e  io n iz e r  p la te  from quick  h ea tin g  and  coo ling  due to  

re p e a te d  s ta r t -u p  and sh u t-d o w n  of th e  Q -m ach in e . Under su ch  c ircum ­

s ta n c e s  ex p erim en ta l runs w ere h a lte d . Only a f te r  o b ta in ing  th e  d e s ire d  

p la sm a colum n sh ap e  ex p erim en ta l ru n s  w ere ca rried  ou t and d a ta  c o l le c te d .
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T ypical p lasm a d e n s ity  and  floa ting  p o te n tia l cu rv es  a re  show n in  

F ig . 4 .1 .  The s lig h t asym m etry  of the d e n s ity  p rofile  o u ts id e  th e  colum n is  

a ttr ib u te d  to  th e  in flu en ce  of the  probe w h ich  is  tra v e rse d  a c ro s s  the colum n.

4 .2  L ongitud ina l M ag n e tic  F ie ld

The m agnetic  f ie ld  s tre n g th  of the M agnion so len o id  c o ils  w as 

c a lib ra te d  and th e  v a ria tio n s  of f ie ld  s tre n g th  along  and  a c ro s s  th e  vacuum  

cham ber w ere determ ined  by u s in g  a Bell a x ia l type  G a u ssm e te r . C a li­

b ra tio n  covered  th e  w hole experim en ta l range  from 500 to  6000 g a u s s .

Axial v a ria tio n  a long th e  len g th  of th e  te s t  s e c tio n  w as  m easu red  w ith in  

± 0 .6 %  w hile  th e  v a ria tio n  a c ro s s  the t e s t  cham ber w as w ith in  ± 0 .5 % .

They are b e tte r  th an  the  m an u fac tu re r 's  c la im s . F igures 4 .2  and  4 .3  

p re se n t the  d a ta  sh e e t for a fie ld  s tren g th  of 3 ,5 0 0  g a u ss  ob ta in ed  during 

th e  c a lib ra tio n .

4 . 3 S heath  C ond ition  a t  the  Io n ize r P la te

In th e  study  of low frequency  o s c il la t io n s  in  a h igh ly  io n ized  

p lasm a the p roperty  of th e  sh e a th  formed on the  su rface  o f th e  hot io n ize r 

p la te  is  im p o rtan t. W hile  the  co n d itio n  o f q u a s i-n e u tra li ty  ho lds in  the 

body of the p la sm a , in s id e  th e  sh e a th  th e  p lasm a i s  no t n e u tra l. I t  may be 

io n -  or e le c tro n -r ic h  depend ing  on the b a la n c e  be tw een  io n s  and  e le c tro n s  

a t  th e  io n ize r  p la te . In  th e  p re se n c e  of an  io n  sh e a th  f lu te , io n -a c o u s t ic  

and  d rift in s ta b i l i t ie s  may o ccu r. The d rift in s ta b i l i ty ,  how ever, may not

dev e lo p  in  th e  p re sen ce  of an  e le c tro n  s h e a th  due to  the  Simon s h o r t-o irc u it

«  *42 e f fe c t ,
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In the range  of the  experim ent an  io n  s h e a th  e x is te d  in  a l l  c a s e s .  The 

ev id en ce  of the ion  s h e a th  is  p re sen te d  in  Fig. 4 . 4 .  It w as  determ ined 

a t  c o n s ta n t  neu tra l  flux by varying the power input to the  io n ize r  and 

m easuring  (i) the p lasm a d en s i ty  and  (ii) the f loa ting  p o ten tia l  a t  the 

a x is  of the  colum n. The in c re a s e  of p lasm a d e n s i ty  corresponding  to  an  

in c re a s e  in  power inpu t to  the io n ize r  in d ic a te s  the  e x i s te n c e  of a n  ion  

sh e a th .  In th is  c a s e  e x c e s s  ions  are  in  the s h e a th ,  hence  higher e lec tro n  

e m is s io n  from the  io n ize r  p la te  due to  the in c re a se d  power inpu t w ill  r a i s e  

the  d e n s i ty .  The f loa ting  po ten tia l  w ill  be low er a s  the  p lasm a con ta in s  

more e le c tro n s  due to  h igher e lec tro n  e m is s io n  from th e  io n iz e r .  This 

con t inues  to  hold true un ti l  the e lec tro n  s h e a th  is  formed. Then further 

in c re a s e  in  power to  the  io n iz e r  w ill  not bring an  in c r e a s e  in  d en s i ty  or 

d e c re a s e  in  f loa ting  p o te n tia l  a s  the  p lasm a d e n s i ty  i s  now lim ited  by the 

quan tity  of n eu tra l  f lux.

4 .4  Ion ize r  P la te  Tem perature Variation

Tem perature read in g s  a t  the  cen te r  and along the  periphery  of the 

p lasm a column w ere  ta k en  by us ing  a Leed and  Northrup o p tica l  pyrom eter. 

The v a r ia t io n  of the  io n iz e r  tem peratu re  are  w ith in  ± 1 0 o K, w h ich  amounts 

to  a v a r ia t io n  of abou t ± 0 .5% . Effects of tem perature g rad ien t of th is  

magnitude i s  in s ig n i f ic a n t  in  the  experim ent.

4 .5  D iffusion  C o llec to r

The c o l le c to r  w as  p o s it io n ed  w ith  the p la te s  perpend icu la r  to  the
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a x is  of the  p lasm a column w ith  i t s  tip  a t  a d is ta n c e  of 1 - 7 /8  in .  from the 

a x i s ,  i . e .  5 tim es of the  column ra d iu s .  A p o ten tia l  of 2 2 .5  v o lts  i s  

app l ied  be tw een  the co l lec to r  p la te s  to  en su re  a com plete  charge s e p a ra t io n  

of the p lasm a flux en te r ing  the  c o l le c to r .  The p re s e n c e  of the  d iffus ion  

co l lec to r  w as  shown to  have no e f fe c t  on the column sh ap e  or w ave  pro­

p e r t ie s  of the p lasm a.

The c o l lec to r  A (15 mm by 25 mm co l lec to r  w ith  1 .5  mm gaps  

be tw een  p la te s )  w as  te s t e d  w ith  i t s  ou ter p la te s  f loa ting  or grounded. 

Readings of both  c a s e s  followed the same p a t te rn  e x c e p t  th a t  w hen 

grounded h igher current w as  c o l le c te d .  F loa ted  c i rc u i t  w as  u se d  for mini­

m izing the  e ffec t  of the p re se n c e  of the  c o l lec to r  on the  p lasm a column.

4. 6 High Speed C am era , S c in t i l la to rs  and  Films

As the photographs of the c y l in d e r ic a l  p lasm a geom etry have no 

f ixed frame of re fe ren ce  in s id e  the vacuum  cham ber,  t e s t  film s tr ip s  w ere 

made by photographing o b je c ts  o u ts id e  of the Q -m ach ine  to  a s c e r ta in  the 

o r ien ta t io n  of p lasm a cam era pho tographs . All photographs p re sen te d  in  

th is  work g ive  the true p ic tu re  of p la sm a motion v iew ed  tow ard the  hot 

io n ize r  p la te .

Type P I ,  P l l  and P15 phosphors  w ere t e s t e d  for the  coa t ing  of the  

s c in t i l l a to r s  w ith  an  aluminum overlay  rang ing  from 3000 to  5000 angstrom s 

th ic k .  T hese  s c in t i l la to r s  w ere  co n s tru c ted  to  a sp e c i f ic a t io n  a im ed to 

give a sharp  and  f a s t - r e s p o n s e d im a g e .  The s e le c t io n  of phosphors  w as
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made by th e ir  a p p l ic a b i l i ty  to th is  experim en t.  Table I g iv es  the  d eca y

43c h a ra c te r i s t ic s  of the th ree  ty p e s  of phosphor

Table I

D ecay  C h a ra c te r i s t ic s  of Phosphors

Phosphor C olor of D ecay  Time Voltage
Type Lum inescence  To 50% To 10% Required C la s s i f ic a t io n

P 1 Y ellow ish 7 .5  m sec 2 4 .5  m sec  3 KV Medium
green

P 11 Blue 8 f i sec  34 fj,sec 3 KV Medium Short

P 15 G reen  0 .2 5 / i s e c  2 .8 p is e c  3 KV Short

In the  prelim inary  runs  the s c in t i l l a to r  w ith  type P 1 phosphor gave 

p lasm a cam era p ic tu res  of h igh  in te n s i ty  but i t  la ck ed  proper def in i t ion  and 

c o n t ra s t  in  re g is te r in g  d e n s i ty  o s c i l la t io n s  due to i t s  r e la t iv e ly  long d eca y  

time a s  com pared w ith  the period of az im utha l o s c i l la t io n s  of the  order of 

200 m ic ro seco n d s .  S c in t i l la to rs  w ith  type P 15 phosphor gave a d e s irab le  

d e c a y  time but had in s u f f ic ie n t  in te n s i ty  of im age even  w ith  the most 

s e n s i t iv e  film . Thicker aluminum c o a t in g ,  w hile  providing be t te r  sh ie ld  

for the  phospho r ,  requ ired  h igher energy  for the e lec trons  to  penetra te ,,  

thus  gave  a l e s s  lum inous image for the app lied  e le c t r ic  p o te n t ia l .  In order 

to  ob ta in  b e s t  s c in t i l l a t io n s  for the experim en t,  a compromise be tw een  high 

in te n s i ty  and  short d e c a y  time and the s e le c t io n  of an  optimum th ic k n e s s  of 

the  aluminum coa t in g  had to  be  m ade . C onseq u en tly  s c in t i l la to r s  w ith  type



74

P 11 phosphor and  3000 Angstroms th ick  aluminum coating  w ere c h o sen  for 

u se  in  the  experim ent.

Kodak high sp eed  record ing  film No. 2485 w as  u sed  for the e x p e r i­

ment. This film has a r e la t iv e  CRT (C athode Ray Tube) sp eed  of 10 ,000  

for type P 11 phosphor photography w hich  i s  the h ig h e s t  among a l l  high 

speed  record ing  films a v a i la b le  in  the  m arket. Other films te s t e d  in  the 

prelim inary experim ent are  Kodak Linograph reco rd ing ,  Kodak 2484 Pan 

and GAF H yscan  film s.

4 .7  Summary

C a lib ra t io n  of the  long itud ina l m agnetic  fie ld  s tre n g th ,  d e te r ­

m ination of the hot io n ize r  p la te  tem perature  va r ia t ion  and sh e a th  

cond ition  and the preparatory  experim en ta tion  of the high sp eed  plasm a 

camera s c in t i l la to r s  have b een  p re sen te d .  P repara tions  for proper t e s t  

cond itions  of the p lasm a column are a l s o  d e sc r ib e d .



75

CHAPTER 5 

EXPERIMENTAL RESULTS

Plasm a w ithou t the ex te rna l  long itud ina l e l e c t r ic  f ie ld  (Ez = 0) w as  

f irs t  in v e s t ig a te d .  The p lasm a d en s i ty  and p o ten tia l  p ro f i le s ,  p roperties  

of the wave and d iffus ion  w ere determ ined a t  c o n s ta n t  m agnetic  f ie lds  

under s tead y  s ta te  co n d i t io n s .  Then the c a se  w ith  the  long itud ina l 

e l e c t r ic  f ie ld  w as s tud ied  following s im ilar p ro ced u re s .  Effects of 

va r ious  param eters  on the p lasm a were deduced  from experim en ta l runs 

holding a ll param eters  c o n s ta n t  ex ce p t the  ones  in  q u es t io n .

5 .1  Plasm a in  the A bsence of Longitudinal E lec tr ic  Field

In the  a b se n c e  of the  long itud ina l e le c t r ic  f ie ld  low frequency 

w av es  w ere o bserved  a t  low and moderate m agnetic  f ie ld s .  The plasm a 

d en s i ty  p rofiles  a re  genera lly  sym m etrica l w ith  la rge  d e n s i ty  g rad ie n t  near  

the  edge  of the colum n. The shape  of floating  po ten tia l  profiles  i s  a n  in ­

v er ted  p la teau  w ith  a la rge  drop of po ten tia l  a t  the lo c a t io n  corresponding  

to  the  maximum d en s i ty  g rad ie n t .  The d en s ity  and po ten tia l  p rofiles  are 

s im ila r  to  th o se  a s  shown in  Fig. 4 .1 .

(a) P roperties  of W aves

At a m agnetic  fie ld  from 500 to  2000 g a u s s  the w aves  observed  

w ere coheren t  w ith  a predom inated mode a t  10 to  30 kHz . Above 2000 

g a u s s  the  w aves  g radually  lo s t  th e i r  coherency  and  m ulti-m ode w av es
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e x is te d  in  the  m ist of h igh  background n o is e .  C om plete ly  tu rbu len t 

spec trum , how ever, w as  no t observed  a s  n o isy  low frequency  w av es  of 

10 to  15 kHz p e r s is te d  a t  m agnetic  f ie ld s  up to  6000 g a u s s .  The pro­

paga tion  of the low frequency w av es  w as  az im u th a l ,  having  no rad ia l  of 

long itud ina l com ponents a s  in d ic a te d  by the  m easurem ents  of the 

az im u th a l ,  rad ia l  and long itud ina l p h ase  sh if ts  of the o s c i l la t io n s  

r e s p e c t iv e ly .  V ariations in. p lasm a d e n s i ty ,  tem perature  and the m agnetic  

f ie ld  a ffec ted  only the  am plitude and frequency  of o s c i l l a t io n s ,  w ith  no 

change on other p roperties  of the w av e .  The wave w as  thus  id e n tif ied  as  

of the flute mode s im ilar to th a t  observed  by Kent, Jen and Chen in  e x p e r i­

m ents conducted  in  the same Q -m ach ine  a s  the  p resen t  experim en t.

(b) T ransverse  D iffusion

The d iffus ion  of p lasm a a c ro s s  the m agnetic  f ie ld  w as  determ ined 

from d irec t  m easurem ents  of the t r a n sv e rs e  p lasm a flux co l le c te d  a t  the 

d iffus ion  co l lec to r .  C o llec to r  A a s  ou tlined  in  Section  3 .5  (15 mm wide 

by 25 mm deep  w ith  1 .5  mm gaps  be tw een  c o l lec to r  p la te s )  w as u s e d .  The 

app lied  po ten tia l  of 2 2 .5  v o lts  i s  su ff ic ie n t  for com plete  charge sep a ra t io n  

of the  p lasm a flux w hich  en te rs  the co l lec to r .

Figure 5 .1  show s the  d iffus ion  co e ff ic ien t  ob ta ined  for various  

m agnetic  f ie ld s .  It in d ic a te s  th a t  in  the a b s e n c e  of the long itud ina l 

e le c t r ic  f ie ld  the t r a n sv e rs e  d iffusion  of p lasm a is  proportional to  B“2 for 

ran g es  of m agnetic  f ie ld  from 500 to  1000 g a u s s  and from 2000 to  6000 g a u s s .
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The m agnitude i s ,  how ever,  h igher th an  the va lue  of the c l a s s i c a l  d if­

fu s io n .  There ap p ea rs  a sm all  reg io n  be tw een  1000 to  2000 g a u s s ,  in  

w h ich  the  d iffu s ion  is  approx im ate ly  proportional to  B-4 .

The d iffus ion  co e ff ic ien t  ob ta ined  in  the experim ent in  the a b se n c e

of the  long itud ina l e l e c t r i c  f ie ld  v e r if ie s  the  th e o re t ic a l  p red ic tion  of

D ~ B -2 for p lasm a produced in  a Q -m ach ine  and su b se q u e n t  experim ental

44re s u l t s  on "D v e rsu s  B" re la t io n s h ip  in  po ta ss ium  and cesium  p lasm as  

It a l s o  ag ree s  c lo se ly  w ith  the  experim ental o b se rv a tio n  of B uchel 'n ikova 

e t  a l of a po tass ium  plasm a in  the  p re sen ce  of the drif t in s ta b i l i ty  up to  

2000 g a u s s .  The d iffus ion  co e f f ic ien t  above 2000 g a u s s  is  not g iven  in  

the ir  r e s u l t s .

(c) V isua liza tion  of the  P lasm a Column

V isualiza tion  of the  p lasm a column w ithout the c o n s ta n t  long itud i ­

na l e l e c t r i c  f ie ld  w as  done by using  the  s in g le  frame p lasm a cam era as  

d i s c u s s e d  in  S ec t ion  3 .4 .  W ith  a h igh vo ltage  pu lse  of the order of one 

m icrosecond  app l ied  on the  s c in t i l l a to r ,  e lec tro n s  of the p lasm a in  the 

sp a c e  be tw een  the grid s c re e n  and the  sc in t i l la to r  w ere a c c e le ra te d  toward 

the  s c in t i l la to r  and produced lu m in e sc e n c e .  As the  e f fe c t  of the  short pu lse  

of e l e c t r i c  f ie ld  does  not ex tend  to  th e  body of the p la sm a , the lu m in escen ce  

p re se n ts  the true v is u a l iz a t io n  of the  p lasm a motion. The column w as 

shown to  m ain ta in  i t s  symmetry in  d en s i ty  d is tr ib u t io n  independen t of the 

m agne tic  f ie ld  e x c e p t  the  d en s i ty  v a r ia t io n  a t  the  edge  of the  colum n,
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w hich  i s  in  conformity w ith  th e  th e o re t ic a l  p red ic tion  and Langmuir probe 

m easurem ents  of the flu te  mode in s ta b i l i ty .  Figure 5 .2  is  a ty p ica l  

s in g le  frame p lasm a cam era photograph of the  column. The frequency 

spectrum  of the  flu te  o s c i l la t io n s  under the  sam e cond itions  i s  a l s o  g iven .

5 .2  P lasm a in  the  P resen ce  of Longitudinal E lec tr ic  F ield  -  G enera l 

Remarks

The p roperties  of the  w ave  ob se rv ed  in  the p lasm a w ith  an  ex te rna l 

e l e c t r i c  f ie ld  and curren t flow in the a x ia l  d irec tio n  d iffered  l i t t l e  from th o se  

of the c a s e  w ithou t the ax ia l  e l e c t r i c  f ie ld  when the confin ing  m agnetic  

f ie ld  w as  below  700 g a u s s .  Above 700 g a u s s ,  how ever,  the w ave behaved  

d iffe ren tly .  The e x is te n c e  of a long itud ina l w ave com ponent (kz f  0) w as  

d e te c te d  by the  Langmuir probe m e asu rem en ts ,  in d ica tin g  th a t  the 

in s ta b i l i ty  i s  of a type d ifferen t from the  flu te  mode (kz = 0). W ith  an  

in c re a s in g  m agnetic  fie ld  the long i tud ina l w ave leng th  d e c re a se d  w hile  a 

low frequency mode a t  a frequency  of about 5 kHz w as e x c i te d .  The wave 

w as  highly  coheren t a g a in s t  a re la t iv e ly  q u ie sc e n t  background a t  a m agnetic  

fie ld  up to  3000 g a u s s .  Above 3000 g a u s s  the  w ave lo s t  coherency  and 

gradua lly  approached  a tu rbu len t s ta t e .

In the  range  of m agnetic  f ie ld  (700 to  3000 g auss)  enhanced  

d iffu s ion  w as  o b se rv ed .  There appea red  a c r i t ic a l  m agnetic  f ie ld ,  Bc a t  

abou t 700 g a u s s ,  a t  w hich the  d iffus ion  p ro cess  underw ent an  abrupt 

ch an g e .  At B < Bc the d iffu s ion  r a te  w as  c l a s s i c a l .  At B > Bc the 

d iffu s ion  becam e a n o m a lo u s .
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FIGURE 5 . 2  SINGLE FRAME PHOTOGRAPH OF THE PLASMA 
COLUMN WITHOUT THE LONGITUDINAL 
ELECTRIC FIE L D



Evident from the ob se rv ed  wave p ro p e r t ie s , w hich  con ta in  a s ig ­

n if ican t  long itud ina l com ponent, and  the anom alous d iffu s ion  above the 

c r i t ic a l  m agnetic  f ie ld ,  the  in s ta b i l i ty  is  b e l iev ed  to  be of the h e l ic a l  

mode s im ilar  to  th a t  observed  in  pa r t ia l ly  ion ized  p la sm as  of the p o s it iv e  

column.

Table II i s  a summary of the conditions  under w hich  the experim ent 

w as  performed. The r e s u l t s  of the experim ent w ill be d is c u s s e d  in  the 

su b se q u e n t  s e c t io n s .
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Table II Experim ental C ond itions

Plasm a:

D iffusion
Collector:

Scin tilla tor:

D ynafax
Camera:

Langmuir
Probes:

column diam eter 3 /4  in .  (1 .9  cm .)

column leng th 18 in .  (46 cm.)

d en s i ty 1 to  5 x  1010 cm" 3

tem perature 2 3 0 0 °K

degree  of io n iza tio n up to  92%

(p a r t ic le /m a g n e t ic  p re s su re ) , |3 = 10-7

cham ber re s id u e  p ressu re 10-7 torr

long itud ina l m agnetic  f ie ld 500 to  6 ,000  g a u ss

d im ension , (w x  H) *  d (15 mm x  25 mm) x 1 • 5 mm

voltage  be tw een  p la te s 2 2 .5 vo lts

rad ia l  d is ta n c e 5 tim es column rad iu s

sa tu ra t io n  current 10-a  to  10-7 am peres

High Speed P lasm a Camera
phosphor Type P 11

aluminum coating 3000 Angstrom Thick

high  vo ltage 8 to  12 Kilo vo lts

e lec tro n  current 0 to  2 m illiamp.

grid s c reen  b ia s p o s it iv e  10 to 15 vo lts

framing sp eed 5000 to  25 , 000 pps

frame sp ea ra t io n 40 to  200 m icrosec .

shu tte r ing  sp eed 5 to  2 5 .6  m icrosec .

film Kodak No. 2485 (35 mm)

probe tip tu n g s te n  w ire 0 .2  mm d ia  
by 1 mm exposed  len g th

inner sh ie ld 0 .7  mm dia  by 5 cm long 
alum ina ceram ic

outer sh ie ld 1 .4  mm dia  by 5 cm long 
alum ina ceram ic

ground sh ie ld 0 . 025 mm th ick  copper foil 
(wrapping the inne r  sh ie ld)
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5. 3 A n o m a lo u s  D if fu s io n

F i g u r e  5. 3 p r e s e n t s  th e  d i f fu s io n  c o e f f ic i e n t  o b ta in e d  by  u s in g  the  

d i f f u s io n  c o l l e c t o r  and  th e  r a d i a l  d e n s i t y  g r a d i e n t  of t h e  p l a s m a  w i th  th e  

m e th o d  a s  o b ta in e d  in  S e c t io n  3. 5.

T he  d i f fu s io n  p r o c e s s  c h a n g e s  i t s  c h a r a c t e r  a t  B c j u s t  b e lo w  700 

g a u s s .  In c o n t r a s t  to  n e a r l y  c l a s s i c a l  d i f f u s io n  b e lo w  700 g a u s s ,  th e  

d i f fu s io n  a b o v e  B c is  a n o m a lo u s .  I t  i n c r e a s e s  a b r u p t l y  w ith  a n  i n c r e a s i n g  

m a g n e t i c  f i e ld  up  to  1000 g a u s s .

A bove  th e  c r i t i c a l  m a g n e t i c  f ie ld ,  B c , th e  t r a n s v e r s e  d i f fu s io n  i n ­

c lu d e s ,  in  s e p a r a t e  r a n g e s  of B f ie ld ,  c o n t r ib u t io n s  f r o m  c o h e r e n t  and 

i n c o h e r e n t  w a v e s .  In th e  r a n g e  f r o m  1000 to  3000 g a u s s  w h e r e  l a r g e  a m p ­

l i tu d e  c o h e r e n t  w a v e s  a r e  p r e s e n t ,  th e  d i f f u s io n  c o e f f ic i e n t  v a r i e s  w i th  B -1 , 

s i m i l a r  to  th e  B o h m  d i f f u s io n  b u t  w ith  a p p r o x i m a t e ly  o n e  o r d e r  lo w e r  m a g ­

n i tu d e .  A bove  3000 g a u s s ,  w h e r e  i n c o h e r e n t  w a v e s  d o m in a te ,  th e  d i f fu s io n

fo l lo w s  a B " 2 p r o p o r t i o n a l i t y .  I t  s h o u ld  be  r e m a r k e d  th a t  b o th  th e  B" 1 and
4 7  48 4 9

B “ 2 la w s  h a v e  b e e n  d e r i v e d  by  T c h e n  ’ * in  th e  t h e o r e t i c a l  s tu d ie s  of

t u r b u l e n t  d i f fu s io n  o f  a  p l a s m a  a c r o s s  th e  m a g n e t i c  f ie ld .

T he d i f f u s io n  m e a s u r e m e n t s  p r e s e n t e d  in  F ig .  5 .3  w a s  o b ta in e d  

u n d e r  s t e a d y  s t a t e  c o n d i t io n s  w i th  a  c o n s ta n t  l o n g i tu d in a l  e l e c t r i c  f ie ld  

(12 kv) and  e l e c t r i c  c u r r e n t  ( 2 0 .4  m a ) .  W hen th e  e l e c t r i c  c u r r e n t  w a s  

k e p t  a t  a m in im u m  (< 0. 1 m a)  th e  m a g n i tu d e  of d i f f u s io n  w a s  r e l a t i v e l y  

l o w e r .  A n o m a lo u s  d i f fu s io n  s t i l l  o c c u r r e d  a b o v e  th e  s a m e  c r i t i c a l  m a g n e t i c  

f i e ld  ( F ig .  5 .4 ) .  T he  e f f e c t  of th e  e l e c t r i c  c u r r e n t  is  e v id e n t  w h e n  c o m p a r ­

ing  F ig .  5 .3  w i th  F ig .  5 . 4 .  H ig h e r  a x i a l  c u r r e n t  c o r r e s p o n d s  to a  s h a r p e r  

r i s e  in  d i f fu s io n  a b o v e  B c .

I t  s h o u ld  b e  n o te d  t h a t  th e  su d d e n  c h a n g e  of th e  d i f fu s io n  r a t e  a t  

t h e  c r i t i c a l  m a g n e t i c  f i e ld  i n d i c a t e s  th e  o c c u r r e n c e  of a n  i n s t a b i l i t y  w h ic h  

h a s  n o t  b e e n  o b s e r v e d  in  a  Q - m a c h i n e .  T he  i n s t a b i l i t y  is  d e t e r m i n e d  by  th e
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Langmuir probe m easurem ents  of the w ave  p roperties  and verif ied  by the 

h igh speed  photography in  the following s e c t i o n s .

5 . 4 Azimuthal P ropagation  o f  the  W ave

The az im utha l com ponent of the w ave w as  m easured  by the  u se  of 

the  tw o-d im en s io n a l  and  the l in ea r  (radia l)  Langmuir probes lo c a te d  in  the 

sam e z -p la n e  a t  a n  ang le  6 a p a r t  and a t  the  sam e rad ia l  d is ta n c e  from the 

a x i s .  The l in ea r  probe w as u se d  a s  a tr igger probe w hile  the  tw o -d im en s io n a l  

probe w as p o s it io n ed  to a t ta in  any d e s i re d  ang le  6 be tw een  the two p robes .  

The m agnitude of the p h a s e - s h i f t  be tw een  the d is p la y s  of the  AC s ig n a ls  of 

the  two probes on the d u a l-b e a m  o s c i l lo s c o p e  depends  on the  ang le  0 and 

the  mode number, m of the w av e .

The d irec tion  of az im utha l p ropaga tion  of the w ave w as  f i r s t  d e te r ­

m ined. This w as  done by varying the  ang le  be tw een  the  two probes w ith  

f ixed tr igger probe and observ ing  the change  in  the p h a s e - s h i f t  on the 

o s c i l lo s c o p e  d is p la y s .  A d e c re a se  (or in c re a se )  in 0 accom pan ied  by a 

d e c re a s e  (or in c re a se )  in  p h a s e - s h i f t  in d ic a te s  tha t th e  p ropagation  of the 

w ave is  in  the d irec tio n  of the  movement of the  moving probe. O therw ise 

the  w ave i s  trav e ll in g  in  the oppos ite  d ire c t io n .  The az im utha l p ropagation  

of the  w ave w as  shown to  be in  the d irec tio n  of e le c tro n  d iam agne tic  w a v e s , 

i . e .  in  the c lo ck w ise  d irec tio n  when view ing  in  the d irec tion  of the m agne tic  

f ie ld .
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The mode numbers w ere determ ined  by m easuring  the p h a s e - s h i f t  

be tw een  the  s ig n a ls  of the two probes w ith  a predeterm ined 0 . The 

az im utha l phase  ve loc ity  i s  2 Trr/m7» where T  i s  the  period of the  wave 

and the phase  v e lo c ity  m easured  by the  p h a se  sh if t  is  r 0/ t  w here t  is  

time s c a le  of the ph ase  sh if t  on the d u a l-b e am  o s c i l lo s c o p e .  The mode 

number is  hence  g iven  by m = 2 n t / Q T  •

Mode numbers two and three  w ere  observed  for low and moderate 

m agnetic  f ie ld s  (B ^ 1600 gauss)  and mode one w as observed  a t  higher 

m agnetic  f ie ld s .  At m agnetic  f ie lds  above 3000 g a u ss  mode number 

m easurem ents  becam e d iff icu lt  due to  the d is to r ted  w ave form and high 

n o ise  le v e l  on the o s c i l lo sc o p e  d i s p la y s .  Figure 5 .5  shows the m easu re ­

ment of mode one a t  a m agnetic  f ie ld  of 2000 g a u s s .

The c o r rec tn es s  of the de term ina tion  of the mode numbers w as 

checked  by tak ing  a t  l e a s t  two d ifferen t 0 's  for e a c h  mode number m easu re ­

ment. This i s  to overcome the unce r ta in ty  due to the fa c t  th a t  on the 

o s c i l lo sc o p e  d isp la y s  a p h a s e - s h i f t  of 1 /4 -w a v e  len g th  and th a t  of 

1 - 1 /4  w ave leng th  are  not d if fe re n t iab le .  D e ta i l  methods for the d e te r ­

m ination of the azim uthal mode number are  g iv e n  in  the  Appendix.

5. 5 Radial P ropagation

No rad ia l  propagation  of the w ave w as  observed  in  the experim ent.  

Two Langmuir probes w ere  a l igned  a t  the  sam e 0 -p o s i t io n .  W ith  one probe 

he ld  s ta t io n a ry  w hile  the  o ther tra v e rse d  r a d ia l ly ,  no phase  sh if t  w as
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observed  on the  o sc i l lo s c o p e  d u a l-b e am  d is p la y s .  Only changes  in  the 

am plitude of the  w ave w as  d e te c te d  by the  moving probe. Figure 5 .6  

p re sen ts  the  v a r ia t io n  of the  w ave am plitude a s  the  Langmuir probe 

t rav e rse d  ra d ia l ly  a c ro s s  the p lasm a column. It no t only verif ied  th a t  the 

w ave did not propagate  ra d ia l ly  but a l s o  confirmed tha t the  o sc i l la t io n s  

w ere predom inant near the edge of the p lasm a colum n, a s  p red ic ted  by the 

theory  of Q -m ach ine  p la sm as  (Kent, Jen and  C hen).

5. 6 Longitudinal P ropagation

M easurem en ts  of long itud ina l p ropagation  of the wave are  s im ilar  

to  th a t  for the azim uthal mode numbers ex ce p t th a t  the two probes are 

p laced  a t  a known d is ta n c e  z ap a r t .  The long itud ina l probes were u se d .  

The long itud ina l component of the  p h ase  v e lo c i ty  w as  m easured  by 

(v ph)z = z / t .  From the re la t io n  (vpj1)z = \ z /t  , the long itud ina l w ave 

leng th  \ z = z3?/t w as  c a lc u la te d ,  (t and T  are defined  in  the preceding  

s e c t io n .)  The long itud ina l w ave number kz w as  c a lc u la te d  by equating  

the  p h ase  v e lo c i ty  u / k z to  the  v e lo c i ty  m easured  by z / t ,  g iving 

k z = u t / z .  Figure 5. 7 g ives  the m easurem ents  of the long itud ina l w ave 

leng th  for m agnetic  f ie ld s  above the c r i t ic a l  v a lue  Bc .

Tables  III l i s t s  the  long itud ina l w ave  le n g th s  a t  various  m agnetic

f i e l d s .
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Table III 

Longitudirlal W ave Length

M agnetic
Field

(gauss)
500 600 700 850 950 1200 1600 2000 2400

Ratio
Xz /L

» *  oo* 10.6 7 5 .5  2 .5  1 .6  0 .6  0 .5  

( > 20L )

L = len g th  of p lasm a column = 18 in .  (46 cm .) 

z = d is ta n c e  be tw een  probes = 8 in .  (2 0 .3  cm .)

At s trong  m agnetic  f i e ld s ,  B £ 2 800  g a u s s ,  the  de te rm ina tion  of \ z becom es 

u n re liab le  a s  the  w ave form i s  so  d is to r te d  due to the  in te ra c t io n s  be tw een  

d iffe ren t modes th a t  a c c u ra te  m easurem ents  of the phase  sh if t  be tw een  the 

two long itud ina l probes are no longer p o s s ib le .

I t  shou ld  be noted th a t  the  long itud ina l com ponents  of the  wave i s  

s ig n if ican t  and  the long itud ina l  w ave le n g th  is  short as  com pared to  the 

len g th  of p lasm a column. T h is ,  w hen v iew ed  to g e th e r  w ith  the azim uthal 

p ropagation  of the  w a v e ,  in d ic a te s  th a t  the  in s ta b i l i ty  o bserved  appears  to 

be of the  h e l ic a l  mode. Further affirm ation  to  th is  co n c lu s io n  i s  a t ta in e d  

by the  u se  of the h igh  sp e e d  photographic  te c h n iq u e .
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5. 7 V isu a liza t io n  of H elica l In s ta b i l i ty

The v is u a l iz a t io n  of the  h e l ic a l  in s ta b i l i ty ,  i t s  o n s e t ,  evo lu tion ,  

growth and f ina lly  i t s  development; in to  a tu rbu len t s ta te  have been  carried  

out by the use  of the high sp eed  p lasm a cam era . The s e q u e n t ia l  p lasm a 

cam era p ic tu res  reco rded  the f a s t  changing  motion, of the p la sm a . They 

p re sen te d  not only the in s ta n ta n e o u s  sp a t ia l  distd.but.ion of the d e n s i ty ,  

but a l s o  the time s c a le  of the p lasm a motion from w hich  inform ation w as 

ob ta ined  for the v e r if ica t io n  of the h e l ic a l  mode in s ta b i l i ty ,  i t s  p roperties  

and i t s  developm ent in  an  in c re a s in g  m agnetic  f ie ld .

W ith  th is  pho tograph ic  techn ique  it. w as  found th a t  a t  low m agnetic  

f ie ld s  (500 to  700 gauss)  the p lasm a column m ain ta ined  i t s  c ircu la r  shape  

and symmetry, The o s c i l la t io n  of p lasm a w as not s ig n if ic an t ly  reco g n izab le  

in  the  p lasm a cam era p ic tu res  w h ich  a re  shown in  F igs. 5 .8  to 5 .1 0 .  The 

am plitude of the w ave is  re la t iv e ly  low.

At a m agnetic  f ie ld  ju s t  above the c r i t ica l  m agnetic  f ie ld  (800 to 

1200 g a u s s ) ,  the d en s i ty  o s c i l la t io n  becam e e v id e n t ,  w hile  the  am plitude 

of the  w ave in c re a se d  in d ica tin g  that, in s ta b i l i ty  had s e t  in .  The plasm a 

column l o s t ,  to  some d eg ree ,  i t s  ax ia l  sym m etry, how ever, the  e x is te n c e  

of h e l ic i ty  in  the p lasm a column could not be determ ined  from the photo­

g rap h s .  In F ig s .  5 .1 1  to 5 .1 3  the p lasm a d en s i ty  o s c i l la t io n s  are  c le a r ly  

v i s i b l e .

W hen the m agnetic  f ie ld  is  much above the c r i t ic a l  v a lue  the 

h e l ic a l  form of the  p lasm a column becam e ap p a re n t .  At m agnetic  fie ld
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rang ing  from 1600 to  2800 g a u s s ,  th e  colum n w as h igh ly  asy m m etrica l and 

th e  o f f - s e t  of the a x is  w as appreciable , in d ic a tin g  a h e l ic a l colum n. 

M ean w h ile , th e  w ave spectrum  show ed a low frequency  and high am plitude 

d isp la y . F igures 5 .1 4  to  5 .1 7  present: the p lasm a cam era pho tographs 

show ing the  p lasm a w ith  the  in s ta b il i ty  ap p ea rin g  to  be of th e  h e lic a l m ode. 

In th e  ph tographs only  the  p a rts  of h igh  p lasm a d e n s ity  w ere re c o rd e d , as  

su ff ic ie n t energy  for ad eq u a te  s c in t i l la t io n  w as not a tta in e d  in  the  low 

d e n s ity  po rtion  o f the  colum n.

The in s ta b il i ty  in  th e  p lasm a grow w ith  in c re a s in g  m agnetic  fie ld  

and  f in a lly  d ev e lo p ed  in to  a s ta te  of tu rb u len ce  a t 5000 g a u s s .  The d e n s ity  

d is tr ib u tio n  of the  p lasm a colum n changed  e c a tic a lly  and  the h e lica l-fo rm  

o s c il la t io n s  w ere no lo n g e r reco g n izab le  The plasm a cam era pho tographs 

show ed random ly changed  sh a p e s  of the p lasm a colum n w ith  no fixed  

p a tte rn  or se q u e n c e  a s  in d ic a te d  in  F ig . 5 .2 1 . F igures 5 .1 8  to  5 .2 0  show 

photographs of th e  p lasm a colum n chang ing  from h e lic a l form to  tu rb u len ce .

5. 8 The E valua tion  of H e lica l In s ta b i li ty

After th e  h e l ic a l in s ta b il i ty  has b een  e x c ite d , an  in c re a s e  of the 

m agnetic  f ie ld  up to  approx im ate ly  1000 g a u ss  c a u se s  th e  in s ta b il i ty  to  

grow and th e  d iffu s io n  to  e n h a n c e . Further in c re a s e  in  th e  m agnetic  fie ld  

from 1000 to  3000 g a u s s  is  accom pan ied  by an  in c re a s e  of the  am plitude of 

th e  w a v e . In  th is  ran g e  th e  az im u th a l p ropagation  of th e  w ave ch an g es 

from a frequency  of ab o u t 9 kHz and mode t:wo (m = 2) to  abou t 5 k Hz of a
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low er mode number (m = 1) ,  w h ile  th e  lo n g itu d in a l w ave le n g th  is  

d e c re a se d  rap id ly  to  abou t o n e -h a lf  of the  le n g th  of th e  co lum n. In 

e f fe c t a fu lly  d ev eloped  h e l ic a l in s ta b i l i ty  h a s  occurred  in  th e  colum n.

A h igh  d e n s ity  portion  in  th e  form of a le f t-h a n d e d  h e lix  e x is ts  w hich  

ro ta te s  az im u th a lly  and d rifts  lo n g itu d in a lly  from th e  hot io n iz e r  to  th e  

co ld  end of th e  m ach ine .

The co rresp o n d en ce  be tw een  th e  frequency  of d e n s ity  o s c il la t io n  

c a lc u la te d  from the  h igh  sp eed  pho tograph  fram ing sp eed  and  th a t m easured  

by the  Langm uir probe is  good. Table IV p re se n ts  the c lo se  ag reem en t 

be tw een  th e  w ave freq u en c ie s  o b ta in ed  by th e  tw o d iffe ren t d ia g n o s tic  

te c h n iq u e s .

W hen the m agnetic  f ie ld  is  ra is e d  above 3000 g a u s s ,  the  h e lic ity  

of th e  w ave s ta r ts  to  b reak  down due to  th e  tu rb u len ce  w h ich  is  e x c ite d  

under the  s tro n g  m agnetic  f ie ld . W ith  fu rth er in c re a s e  of th e  m agnetic  

f ie ld  the  h e lic a l in s ta b il i ty  g rad u a lly  d ev e lo p s  in to  tu rb u len ce  (F ig. 5 .2 2 ) .  

I t is  im portan t to  po in t out th a t th e  ex p erim en ta l o b se rv a tio n s  of the  

developm en t of a highly io n ized  p o ta ss iu m  p lasm a from the  h e lic a l 

in s ta b il i ty  in to  p lasm a tu rb u len ce  v e r if ie s  K adom tsev 's  theo ry  on the 

h e l ic a l  in s ta b il i ty  of a p o s itiv e  colum n.

F igure 5 .2 3  show s the  v a r ia tio n  of th e  am plitude of the  w av es a s  

a fu n c tio n  of the  m agnetic  f ie ld .



TABLE IV Correspondence of Wave Frequency by High Speed Photographic Technique
and by Langm uir P robe Method

Magnetic 
F ie ld , B 
(gauss)

F ram ing
Speed
(pps)*

Data by High Speed Photographic Technique 
F ram e Cycle o r R ecurrence of P ic tu res 
Separ. F ram es U sec 

(10~6 sec) Rev** Rev**

P eriod  of 
Wave 
(/I sec)

Frequency 
of wave 

(Hz)

Langm uir P robe
Frequency of 

Wave (Hz)

850 13,500 74 3 223 115(m=2) 8,700 9,000

950 13,500 74 5/2 185 93(m = 2) 10,600 9,000

1200 16,000 62.5 4 250 125(m= 2) 8,000 8,000

1600 10,000 100 5/2 250 125(m= 2) 8,000 7,400

2000 16,000 62.5 3 188 188(m= 1) 5,300 5,500

2400 10,000 100 5/3 167 167(m= 1) 5,950 5,500

2800 16,000 62.5 7/2 218 218(m= 1) 4,700 4,500

3450 12,000 83.3 5/2 208 208(m= 1) 4,800 4,500

*pps -  p ic tu res p e r second

**Rev -  column revolution
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5 .9  Evidence of N o n -lin ea r E ffects

The rap id  in c re a s e  in  th e  am plitude o f th e  w ave above th e  c r it ic a l  

m agnetic  f ie ld  is  due to  the  l in e a r  grow th of the h e lic a l in s ta b i l i ty .  The 

in c re a s e  i s  le v e le d  off approx im ate ly  a t  B = 2000 g a u s s .  The lim ita tio n  of 

the  f a s t  l in e a r  grow th of in s ta b il i ty  is  b e liev ed  due to  n o n -lin e a r  in te r ­

a c tio n s  among v ario u s  m odes w h ich  becom e more predom inent a t  h igh  

m agnetic  f ie ld s .  T his n o n -lin e a r  e ffe c t p ro v id es  a dam ping on the  grow th 

of th e  in s ta b i l i ty .  The o s c il la t io n s  d isp la y e d  on th e  o sc il lo sc o p e  in  the 

ex p erim en t, w hen show n w ith  a la rg e  t im e - s c a le ,  in d ic a te d  the n o n -lin e a r  

b eh av io r of th e  in s ta b i l i ty .  In  F ig. 5 .2 4  the  grow th and dam ping of the 

w av es in  th e  u n s ta b le  p lasm a a t  h igh  m agnetic  f ie ld s  are a p p a re n t, A 

tim e s c a le  of 0 .6  m illis e c . w as noted  be tw een  th e  e x c ita tio n  and  q u en ch ­

ing  of th e  w a v e s , w h ich  is  long  as  com pared w ith  the  tim e in te rv a l covered  

by th e  h igh sp eed  p lasm a cam era sc a n n in g . As a r e s u l t  th e  n o n -lin e a r  e ffe c ts  

w as re g is te re d . The v a ria tio n  in  in te n s i ty  o f th e  p lasm a cam era pho tographs 

a t  h igh  m agnetic  f ie ld  has  dem o n stra ted  th is  n o n -lin e a r  dam ping e ffe c t 

(F ig s . 5 .1 6  and  5 .1 7 ) .

5 .1 0  E ffects of O ther P aram eters

(a) P ressu re : The re s id u e  p re ssu re  in  th e  Q -m ach ine  is  not an  

a c c u ra te ly  c o n tro llab le  p aram eter. H ow ever, over th e  range  of p re ssu re  

of 10-6 to  10“ 7 torr in  the  experim en t th e  e f fe c t of p re ssu re  on the  h e lic a l 

in s ta b il i ty  w as show n to  be  in s ig n if ic a n t .  This i s  con trary  to  th e  c a se  of the
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w eak ly  io n ized  g a s  d isch a rg e  w here th e  io n iz a tio n  p ro c e ss  is  by 

c o llis io n s  be tw een  em itted  e le c tro n s  and  n eu tra l atom s and thus h as  

s trong  d ep en d en ce  on th e  sy stem  p re s su re .

(b) The grid  sc reen : In the  bulk o f th e  experim en t the p lasm a 

colum n w as te rm in a ted  a t  the  g rid  sc re e n  of th e  p lasm a cam era 

s c in t i l la to r  a s se m b ly . The grid  sc re e n  w as  b ia se d  to  con tro l the  

q u an tity  of a x ia l e le c tro n  cu rren t flow  w hen th e  p o s itiv e  h igh p o te n tia l 

w as ap p lied  onto  th e  s c in t i l la to r .  For the  pu rpose  of check in g  w hether 

th e  ap p lied  h igh  p o te n tia l ex ten d ed  in to  the  main body of p la sm a , a 

seco n d  grid sc re e n  w as p laced  b e tw een  th e  f i r s t  s c re e n  and th e  s c in t i l ­

la to r . The added  grid  s c re e n  w as of th e  sam e co n s tru c tio n  a s  the  f ir s t  

one and  w as co n n ec ted  e le c tr ic a lly  to  g round. This a rrangem ent a s s u re d  

th e  te rm in a tio n  of the  p lasm a a t  the f ir s t  g rid  s c re e n , hence su b je c tin g  no 

in flu en ce  from th e  ap p lied  h igh  p o te n tia l .  W ith  th e  added  seco n d  sc re e n  

no s ig n if ic a n t change w as o b serv ed  in  the  p ro p ertie s  o f the  h e l ic a l in s t a ­

b ility  e x c e p t th a t th e  p lasm a cam era pho tog raphs had very  low  in te n s ity  a s  

w ell a s  c o n tra s t .  The r e s u l t  of poor pho tographs w as ex p e c te d  a s  under 

s im ila r o p era ting  co n d itio n s  th e  q u an tity  of e le c tro n s  a c c e le ra te d  to  the  

s c in t i l la to r  w as red u ce d  n early  by h a lf  by th e  h inde ring  of th e  ad d itio n a l 

s c re e n .

(c) The flag : The q u e s tio n  of w hether th e  f la g , w hen sw ung o p en , 

w ould  c re a te  an  asy m m etrica l f ie ld  a ffec ting  th e  co n d itio n s  of th e  p lasm a
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w as ch eck ed  by  perform ing ex p erim en ta l runs w ith  the  flag  rem oved . No 

change in  w ave p ro p e rtie s  w as  o b se rv ed .

(d) P lasm a param eters : V ariations in  p lasm a d e n s ity ,  tem pera­

tu re  and th e  ap p lied  lo n g itu d in a l e le c tr ic  f ie ld  in  th e  range  of the  e x p e ri­

m ent d id  no t have any  s ig n if ic a n t e f fe c t on the  c h a ra c te rs  of th e  in s ta b i l i ty .

5 .1 1  Summary

The o b serv ed  ab rup t change in  d iffu s io n  a t  the  c r i t ic a l  m agnetic  

f ie ld  p o in ted  ou t the  p re se n c e  of an  in s ta b i l i ty .  Langm uir probe m easu re­

m ents o f th e  p ro p e rtie s  of v ario u s  com ponents of th e  w ave e s ta b l is h e d  th e  

id e n tif ic a tio n  of the h e l ic a l mode in s ta b il i ty  a t  m agnetic  f ie ld s  above the  

c r it ic a l  f ie ld  s tre n g th . The in s ta b il i ty  w as c h a ra c te r iz e d  by a ro ta tin g  

h e lix  w ho se  frequency  and p itch  ( lo n g itu d in a l w ave leng th ) have b een  d e te r ­

m ined. High sp eed  p lasm a cam era pho tographs fu rther a s c e r ta in e d  th e  

h e lic a l c h a ra c te rs  of th e  in s ta b i l i ty .  The se q u e n tia l pho tographs a lso  

provided  th e  tim e e v o lu tio n  of th e  in s ta b il i ty  in  a d d i t io n ’to  th e  in s ta n t­

an eo u s  d e n s ity  d is tr ib u tio n s  of th e  p la sm a .

The h e lic a l in s ta b il i ty  grew  w ith  in c re a s in g  m agnetic  f ie ld  above 

Bc w h ile  n o n lin ea r e f fe c ts  lim ited  th e  grow th of th e  in s ta b i l i ty .  The p lasm a 

fin a lly  d ev e lo p ed  in to  a tu rb u le n t s ta t e .  G ood ag reem en t w as o b ta in ed  

be tw een  th e  r e s u l ts  by probe m easurem en ts  and  th o se  by the  h igh  sp eed  

p h o tog raph ic  te c h n iq u e .

In th e  n ex t c h a p te r  an  a n a ly s is  and  c o n c lu s io n  of th e  ex perim en ta l 

r e s u l t s  w ill be p re se n te d .
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CHAPTER 6 

ANALYSIS AND CONCLUSION

In th e  ran g e  of th e  experim en t the  p a r tic le  number d e n s ity ,

n = 1010 -  10u  cm "3, th e  tem pera tu re  T = 2 3 0 0 °K , th e  o b serv ed  freq u en -

45c ie s ,  10 k H z ,  the  c a lc u la te d  s e lf - c o l l is io n  tim e for th e  e le c tro n s , 

t ce  i s  of the  o rder of 10-7 s e c . , th e  co n d itio n  of u t ce  «  1 is  e a s ily  

s a t i s f ie d .  For th e  io n s ,  u t ^  is  of the  order of u n ity . The m otion of 

e le c tro n s  can  be tre a te d  a s  a flu id  in  s tudy ing  th e ir  m otion along  the 

m agnetic  f ie ld , and  the m otion of io n s  is  prim arily  tra n sv e rse  to  the  m ag­

n e tic  f ie ld . S ince the  co nd ition  to «  toc^ is  s a t i s f i e d ,  th e  p lasm a is  to  

be co n sid e red  in  the  c o llis io n  dom inant reg im e . The d is c u s s io n s  to  follow  

p e rta in  only to  th e  c o llis io n a l p la sm a s .

6 .1  D is c u s s io n  on the Id e n tif ic a tio n  of the  H e lica l In s ta b ility

As s ta te d  in  S ection  5 .6  the  observ ed  phenom enon in  the  e x p e ri­

ment h as  been  id e n tif ie d  a s  th e  h e lic a l mode in s ta b i l i ty  by both  th e  

Langm uir probe m ethod and th e  h igh  sp eed  pho tog raph ic  te c h n iq u e . How­

e v e r , a highly io n iz e d , non-un iform  plasm a in  a m agnetic  f ie ld , su ch  a s  the  

su rfa c e ly  io n ized  p o ta ss iu m  p lasm a under in v e s t ig a t io n , i s  in h e re n tly

46
su b je c t to  in s ta b i l i t ie s  le a d in g  to  low  frequency  o s c il la t io n s  (w «  u c )

The h e l ic a l  in s ta b il i ty  a s  w ell a s  th e  d rift and  flu te  in s ta b i l i t ie s  a l l  fa ll  in  

th is  group. The driv ing  m echan ism s may be d e n s ity  g ra d ie n t, th e  tem p era­
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tu re  g rad ie n t or e le c tr ic  cu rren t flow in  th e  p la sm a , p o te n tia l g ra d ie n t, 

e le c tr ic  r e s is t iv i ty ,  th e  cu rvatu re  of th e  confin ing  m agnetic  f ie ld ,  or any 

com bination  o f th e se  fa c to rs .

S ince  the  o s c il la t io n s  a r is in g  from th e  h e l ic a l ,  th e  d rift and  the  

flu te  in s ta b i l i t ie s  a re  in  th e  sam e frequency  range and of s im ila r c h a r­

a c te rs  ( i . e .  az im u tha l w aves w ith  zero  or f in ite  lo n g itu d in a l w ave 

num ber, k z ) /  and they  may be p re se n t c o n cu rren tly , th e  id e n tif ic a tio n  of 

th e  h e lic a l in s ta b i l i ty ,  se p a ra tin g  i t  from o ther p o s s ib le  in s ta b i l i t ie s ,  

d e se rv e s  fu rther a tte n tio n .

F irs t th e  d e n s ity  g rad ie n t d riven  d rift in s ta b il i ty  is  c o n s id e re d , 

for in  th is  experim en t th e  d e n s ity  g rad ie n t i s  s ig n if ic a n t and lo c a liz e d  

n ear the  edge of the  p lasm a colum n. The d rift in s ta b i l i ty  is  c h a ra c te r iz e d  

by (i) th e  co rresp o n d en ce  of i t s  p h ase  v e lo c ity ,  v p^ to  the  d iam ag n e tic  

d r if t , v^ due to  th e  in te ra c tio n  b e tw een  th e  d e n s ity  g rad ie n t and  the  m ag­

n e t ic  f ie ld ,  (ii) la rg e  lo n g itu d in a l w ave le n g th  a s  com pared w ith  the 

colum n le n g th , and  (iii)  the  param etric  d ep en d en ce  of the  w ave p ro p erties  

on the  m ag n e tic  f ie ld . More sp e c if ic a lly  i t  is  sum m arized , for the  d rift 

w av es  a s  fo llow s:

(i) The az im u th a l p rop ag a tio n  i s  in  th e  d ire c tio n  and of the  order 

of th e  e le c tro n  d iam ag n e tic  d r if t ,  v ^ , w here

kT  v n  
vd e B n

A re la t io n ,  v p^ = 2 is  p re d ic te d  by l in e a r  th e o rie s  for the
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maximum grow th ra te  of th e  d rift in s ta b il i ty  and  i s  v e rif ied  by 

experim en ta l o b se rv a tio n s  for c o llis io n a l p la s m a s .

(ii) The lo n g itu d in a l w ave is  a s tan d in g  w ave w ith  a w ave le n g th , 

XZ S 2 L .

(iii) W aves of h ighe r m odes have h igh  grow th ra te  and are  ex p ec ted  

to  occur a t  h igh  m agnetic  f ie ld s ,  m -  1 mode h as  th e  lo w e s t 

grow th ra te  and  is  not u su a lly  o b serv ed  in  ex p erim en ts .

In  th e  p re se n t experim en t l in e a r  co rresp o n d en ce  be tw een  Vp^ and 

Vjj i s  no t found. The az im u th a l phase  v e lo c ity  of the  o b serv ed  o s c il la t io n , 

a s  show n in  F ig. 6 .1 ,  d o es  not have s ig n if ic a n t dep en d en ce  on the  m ag­

n e tic  f ie ld . The vp^ and  v^  re la tio n  ch an g es  from v p^ < v^ for 

B £ 700 g a u ss  to  Vp^ «  for 700 < B £ 1600 g a u s s ,  and  to  Vp^ > v^  for 

B > 1600 g a u s s .  This i s  in  c o n flic t w ith  the c h a ra c te r  of th e  d rift w ave (i) 

ab o v e . The lo n g itu d in a l w ave le n g th , Xz m easured  in  th e  experim en t v a r ie s  

from an ex trem ely  la rg e  va lu e  (Xz s  2 0 L) a t  B < 700 g a u ss  to  a le n g th  of 

approx im ate ly  0 . 5 L  a t  B = 2400 g a u s s .  The sh o rt Xz can n o t s a t is fy  the  

requ irem en t of (ii) above of the  d rift w a v e s . The o b se rv a tio n  of m = 1 mode 

a t  B £ 2000 g a u s s ,  w h ile  m = 2 mode a t  low er B fu rther s u b s ta n tia te s  the  

co n c lu sio n  th a t th e  d rift w ave is  no t o b serv ed  in  the  experim en t a t  

B £ 1600 g a u s s .

Secondly  the p o s s ib il i ty  of th e  flu te  mode in s ta b i l i ty  being 

o b serv ed  in  the  experim en t is  co n s id e re d . Owing to  the  con fig u ra tio n  of
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th e  p la sm a , in  ad d itio n  to  th e  d e n s ity  g ra d ie n t, th e  sharp  p o te n tia l 

g rad ie n t and  th e  la rge  tem pera tu re  drop a t  th e  edge of the  co lum n, the  

p lasm a is  s u b je c t to  th e  K elv in-H elm holtz  type flu te  in s ta b i l i ty .  The 

f lu te  in s ta b i l i ty  is  c h a ra c te r iz e d  by th e  in f in ite  lo n g itu d in a l w ave le n g th  

( k z  = 0) and  th e  maximum am plitude of o s c il la t io n s  a t  th e  colum n e d g e .

In th is  ex p erim en t, how ever, a t  B £ 700 g a u ss  f in ite  lo n g itu d in a l w ave 

le n g th  ( kz ^  0) i s  o b se rv ed . I t n e g a te s  the  p o s s ib il i ty  o f th e  flu te  

in s ta b i l i ty  be ing  observ ed  a t  B £ 700 g a u s s .  Furtherm ore, th e  o b se r­

v a tio n  o f m = 1 mode a t  a h igher m agnetic  fie ld  th a n  th a t  for th e  h igher 

m odes i s  con tra ry  to  th e  th e o re tic a l p red ic tio n  and  experim en ta l o b se r­

v a tio n s  of the  flu te  m ode.

From th e  foregoing d is c u s s io n s ,  to g e th e r  w ith  m easured  c h a ra c te rs  

of th e  in s ta b i l i ty  (S ec tio n s  5 .4  to  5 . 8) , i t  i s  e s ta b l is h e d  th a t a t 

B £ 1600 g a u s s  only h e l ic a l in s ta b i l i ty  is  p re se n t in  th e  p la sm a . The 

sam e c o n c lu s io n , how ever, can n o t be draw n for th e  ran g e  700 «s B < 1600 

g a u s s ,  in  w h ich  the p re se n c e  of the d rift in s ta b il i ty  can n o t be a s c e r ta in e d . 

Below 700 g a u s s ,  th e  h e l ic a l in s ta b il i ty  i s  no t e x c ite d  and  only  th e  flu te  

in s ta b i l i ty  i s  p re se n t.

6 .2  C h a ra c te rs  of the  H e lica l In s ta b ili ty

(a) G enera l D esc rip tio n

The a n a ly s is  of th e  h e l ic a l  mode in s ta b il i ty  is  com p lica ted  by the 

e x is te n c e  o f th e  lo n g itu d in a l com ponent in  th e  predom inant az im u th a lly
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propagating  w ave in  an  asym m etrica l p lasm a colum n. The in s ta b il i ty  

occu rs  only  in  th e  p re sen ce  o f the  lo n g itu d in a l e le c tr ic  f ie ld  and curren t 

flow and w hen th e  m agnetic  fie ld  ex c e e d s  Bc . At B < Bc the  p lasm a is  

s ta b le  a g a in s t  h e l ic a l  p e rtu rb a tio n s . The o s c il la t io n s  o b serv ed  th e n  are 

of the  flu te  m ode. The p lasm a colum n is  g en e ra lly  sym m etrica l in  a 

s tra ig h t c y lin d ric a l form w ith  f lu te - lik e  d e n s ity  o s c il la t io n s  near the 

edge of th e  colum n.

At B > B C, beyond th e  o n se t of the  h e lic a l in s ta b i l i ty ,  the  o s c i l ­

la tio n s  have a f in ite  k z , a lth o u g h  th ey  a re  predom inan tly  az im u th a l. The 

lo n g itu d in a l w ave le n g th  is  la rge  com pared w ith  the  le n g th  of th e  colum n, 

w h ich  rem ains g e n e ra lly  cy lin d rica l w ith  s lig h tly  h e lic a l d e n s ity  p e r tu r­

b a tio n s  ap p ea rin g  a s  tw is te d  f lu te s .  Figure 6 .2(a)  is  a sch em a tic  

d e sc r ip tio n  of th e  colum n. This ho lds true  for a m oderate in c re a s e  of the 

m agnetic  f ie ld  above Bc (B = 700 to  1600 g au ss) e x c e p t w ith  a d e c re a se  of 

th e  lo n g itu d in a l w ave le n g th , or more "’tw is t"  in  th e  d e n s ity  p e rtu rb a tio n s . 

W hen th e  m ag n e tic  f ie ld  is  ra is e d  to  s ig n if ic a n tly  h igher than  Bc (B = 1600 

to  2800 g a u ss )  th e  h e lic a l in s ta b il i ty  is  fu lly  d ev e lo p ed . The d e n s ity  

o s c il la t io n s  a re  no lo n g er confined  to  the reg ion  near the  colum n e d g e , 

nor d o es  th e  colum n m ain ta in  i ts  s tra ig h t cy lin d rica l geom etry . In s te a d , 

h e lic a l d e n s ity  o s c il la t io n s  of h igh  am plitude p en e tra te  th e  bulk  of th e  

colum n. F igure 6.2(b)  d e p ic ts  th e  p lasm a colum n w ith  th e  fu lly  d ev eloped  

in s ta b i l i ty .  The lo n g itu d in a l w ave le n g th  Xz , i . e .  th e  p itc h  of th e  h e lix  

is  com parable to ,  or l e s s  th an  th e  le n g th  of the  colum n.
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FIGURE 6.2  SCHEMATIC DESCRIPTION OF THE DEVELOPMENT OF 
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W hile  Langmuir probe m easurem en ts  are re sp o n s ib le  for the 

d e te rm ina tion  of \ z , th e  form and e x te n t  of the  d en s i ty  o s c i l l a t io n s ,  the 

asym m etry  or " o f f - se t"  of the column from the  o rig ina l s ta b le  geom etry 

due to  h e l ic i ty  a re  not read i ly  d e te c ta b le  by the probe. They are  ob­

se rv ed  and an a ly zed  by the  use  of the  h igh sp eed  p lasm a cam era . Figure 

6 . 2(c) show s the ty p ic a l  high sp eed  p lasm a cam era photographs of the  

co lum n, superim posed  w ith  the outline of a s ta b le  column to re v e a l  the 

11 o f f - s e t"  of the  column due to  h e l ic a l  in s ta b i l i ty .

The u n s tab le  p lasm a w ith  the h e l ic a l  in s ta b i l i ty  d eve lops  in to  

tu rb u len ce  a t  s trong ,  m agnetic  f ie ld s  (B = 5000 to  6000 g au ss )  due to  in te r ­

a c t io n s  of many e x c i te d  m odes.

(b) P lasm a D e n s i ty  O sc i l la t io n s  -  A Rotating H elix

S ince the id e n t i f ic a t io n  of the  h e l ic a l  in s ta b i l i ty  has  b een  e s t a b ­

l i s h e d ,  the s a l i e n t  f ea tu re s  of the  h e l ic a l  d e n s i ty  o s c i l la t io n s  are of 

in t e r e s t .  The d irec tio n  of h e l ic i ty  w as  ob se rv ed  to  be  le f t -h a n d e d  by 

moving the  long i tud ina l  probe and  no ting  the change  of the  p h ase  sh if t  

w ith  r e s p e c t  to  a f ixed rad ia l  probe u s e d  a s  the tr igger probe. Figure 6 . 3 

g iv e s  a d e s c r ip t io n  of the  method for de te rm ina tion  of the  d irec tio n  of the  

h e l ic i ty  of the  d en s i ty  o s c i l l a t io n s .  S ince  the  az im utha l p ropagation  of 

the  w ave i s  in  the  d irec tio n  of th e  e le c t ro n  d ia m ag n e tic  d r if t ,  i f  the  he l ix  

i s  le f t -h a n d e d  a trave l  of the lon g itu d in a l  probe in  the d irec tio n  of the 

e l e c t r i c  cu rren t flow w ill  be accom pan ied  by movement of the moving probe 

s ig n a l  to  the  le f t  w ith  r e s p e c t  to  the  t r ig g e r  s ig n a l .  The r e v e rs e  i s  true
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for a r ig h t-h a n d e d  h e l ix .

W ith  regard  to  the d irec tio n  of the  h e l ic a l  w a v e ,  i t  should  be 

noted  th a t  the d iffe rence  betw'een a ro ta t ing  h e l ix  and an  advanc ing  h e l ix  

canno t be  d e te c te d  by s im ple d irec t  m easurem en ts  u s in g  the rad ia l  

Langmuir p robes  and the  high speed  p lasm a cam era .  The former m easu res  

the  lo c a l  p roperties  of the w ave and the  la t te r  v i s u a l iz e s  the  c r o s s -  

s e c t io n a l  d en s i ty  d is tr ib u tio n  of the s tream ing  p lasm a a t  co n s tan t  time 

in te rv a l s .  In e a c h  c a s e ,  a ro ta t in g  h e l ix  or an  a x ia l ly  advanc ing  he l ix  

w ill  render s im ila r  o sc i l la to ry  d en s i ty  v a r ia t io n s .  The h e l ic a l  o s c i l la t io n  

c a n ,  how ever,  be de term ined by an  in d ire c t  method by com parison of the 

p roperties  of the  h e l ic a l  w ave by th o se  of the  flu te  in s ta b i l i ty  w hich 

occu rs  under s im ila r  experim en ta l cond itions  e x c e p t  w ithou t the e le c t r ic  

fie ld  and  curren t a long  the colum n. The flu te  in s ta b i l i ty  i s  known to pro­

pag a te  only  i n  the  az im utha l d irec tio n  (Section  5 .1 a ) .  The a p p l ica t io n  of 

the  lon g i tu d in a l  e l e c t r i c  f ie ld  in  the c a s e  of the  h e l ic a l  in s ta b i l i ty  is  not 

e x p e c te d  to  a f fe c t  any change in  the  az im utha l motion of the p lasm a from 

th a t  of the  f lu te  in s ta b i l i ty .  Hence any  lon g itu d in a l  p ropagation  (ax ia l ly  

advancing) of the  h e l ic a l  w ave  w ill  be re f le c te d  in  the  change in  the 

m easurem ent of d en s i ty  o s c i l la t io n s  by the probe or by the  high sp eed  

p lasm a cam era .  It w il l  r e s u l t  in  a d e c re a se  (or an  in c re a s e )  of the 

m easu red  frequency  i f  the  h e l ic a l  w ave  i s  le f t -h a n d e d  (or r ig h t-h an d ed ) .  

As an  ex am p le ,  we c o n s id e r  the  c a s e  w ith  B = 2000 g a u s s ,

X_ = 0 .6 L  = 28 cm. If the  h e l ic a l  w ave  w ere ad v an c in g  a long the column z
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w ith  a s tream ing  v e lo c i ty  of the  order of the  ion therm al v e lo c i ty  

v p h «  10B c m /s e c ,  the  m easured  frequency Vphz /Xz w ould  have  been  

«  3 .6  kH z. This frequency  w ould  have  to  be superim posed  on , i . e .  su b ­

t ra c te d  from the  az im utha l frequency  f /m  (= 5 k H z ) , r e su l t in g  in  a frequency  

of 1 .4  kH z, b e c a u se  the  ob se rv ed  h e l ic a l  w ave i s  in  the le f t -h a n d e d  

d irec t io n .  H ow ever, the  experim en ta l m easurem ents  in d ic a te  no such  

change  in  frequency  w hen observ ing  the h e l ic a l  w av e .  Figure 6 .4  i s  a 

ty p ic a l  frequency spectrum  of the  h e l ic a l  w ave a s  compared w ith  th a t  of 

the  flu te  mode. From the  above j.t i s  e v id en t  that, the  h e l ic a l  w ave is  in  

the  form of a rotating  h e l ix  w ith  e le c tro n s  moving free ly  a long  the  h e l ic a l  

d e n s i ty  f i lam en t ,  bu t the  he l ix  i t s e l f  does  not ad v an ce  or p ropagate  along 

th e  column.

It should  be rem arked th a t  in  the  c a s e  of the  d rif t  in s ta b i l i ty  w here 

the  w ave  re se m b le s  th a t  of the  h e l ic a l  in s ta b i l i ty  e x c e p t  the  la rge  

\ z  ( s  2L) the l in e a r  theory  a l s o  p red ic ts  a s ta n d in g  w ave  in  the 

d ire c t io n  a long  the  column.

6 . 3 D iffusion  Across the M agnetic  Field

D irec t m easurem ent of d if fu s ion  of p lasm a a c ro s s  the  m agne tic  f ie ld  

ob ta ined  in  the  p re s e n t  experim en t i s  more d e s i ra b le  th an  the in d ire c t  

m ethods u sed  by some in v e s t ig a to r s ,  b e c a u se  i t  c a n  give  a more a cc u ra te  

re p re se n ta t io n  of the  m agnitude a s  w ell  a s  the  d ep en d e n ce  on the  m agnetic  

f ie ld .  H owever, the m agnitude of the  d iffus ion  r a te  shou ld  not be over



128

( a )  FLUTE IN S T A B IL IT Y  (m = 2 , f / m  = 5 k  H e )
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FREQUENCY SPECTRUM k  Hz

(b) HELICAL IN S T A B IL IT Y  (m = 1 ,  f / m  = 5 . 5  k Hz)

FREQUENCY SPECTRUM k  Hz

FIGURE 6 .4  AZIMUTHAL WAVE SPECTRA -  FLUTE AND
HELICAL IN S T A B IL IT IE S , B = 2000 GAUSS
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em phasized  a s  the  d iffus ion  m easurem ents  may be s e n s i t iv e  to the p lasm a 

o s c i l l a t io n s ,  v a r ia t io n s  in  p lasm a p a ram e te rs ,  (n ,  H, p ,  e t c . )  / and the 

d e s ig n  and  the  p h y s ica l  lo c a tio n  of the  m easuring  dev ice  w ith  r e s p e c t  to 

th e  p lasm a column. They are re p re se n ta t iv e  only to  the  p lasm a under 

in v e s t ig a t io n  a t  th e  sp ec if ied  experim en ta l c o n d it io n s .

In the experim ent the  unusua l ch a ra c te r  of the t r a n s v e r s e  d iffus ion  

of p lasm a in  the  p re sen ce  of the long itud ina l e le c t r ic  and curren t flow is  

im portant to  note  (Fig. 5 .3 ) .  The enh an ced  d iffus ion  a t  B > Bc s ig n if ie s  

an  abrupt change of the d iffusion  p r o c e s s ,  w h ich  in  turn  po in ts  to  the o n se t  

of the h e l ic a l  in s ta b i l i ty ,  a s  ver if ied  by the  Langmuire probe m easurem ents  

of the long i tud ina l  com ponent of the  w a v e . The in c re a s e  of d iffusion  w ith  

an  in c re a s in g  m agnetic  f ie ld  draw s a p a ra l le l  to  th a t  observed  in  w eak ly  

io n ized  p lasm as  in  w h ich  a h e l ic a l  in s ta b i l i ty  i s  a l s o  p re se n t .  The range 

of the m agnetic  f ie ld ,  in  w hich  the  d iffu s ion  in c re a s e s  abruptly  w ith  an 

in c re a s in g  f ie ld ,  i s  re la t iv e ly  sm a l l .  This abrup t in c re a s e  of d if fu s ion  a t  

the  o n se t  of in s ta b i l i ty  i s  not d is s im i la r  to  th a t  observed  in  the  s tudy  of 

the  c o l l is io n a l  drif t  in s ta b i l i ty .

The p re se n c e  of enhanced  d iffu s ion  ex ten d s  to  m agnetic  f ie ld s  about 

20% higher than  Bc (B = 700 to  850 g a u s s ) . In the  range  850 < B < 3000 

g a u s s ,  the d iffus ion  follows Bohm (Dec B- 1 ) , bu t i s  approx im ate ly  one 

order of m agnitude low er.  The r e la t iv e ly  h igh d iffu s io n  ra te  i s  a t tr ib u ted  

to  the  p re se n c e  of the  h e l ic a l  in s ta b i l i ty .  At B > 3000 g a u s s  the  w aves  

due to  th e  h e l ic a l  in s ta b i l i ty  s ta r t  to  breakdow n due to  the  o n se t  of
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m ulti-m odes .  Doc B“ 2 d ependency  e x i s t s  e x c e p t  th a t  the  d iffus ion  i s  

s t i l l  l a rg e ,  about two orders  of m agnitude h igher th an  the  c l a s s i c a l  

d if fu s io n .  At B = 5000 g a u s s ,  the  p lasm a app roaches  a tu rbu len t s t a t e .

A high d iffus ion  r a te  d o e s  no t occur w hen  tu rbu lence  i s  p re sen t  in  

the p la sm a ,  ra th e r  i t  o ccu rs  a f te r  the h e l ic a l  in s ta b i l i ty  is  e x c i te d .  The 

perturbed  az im u tha l e l e c t r i c  f ie ld  r e s u l te d  from the  d en s i ty  o s c i l la t io n  due 

to the  in s ta b i l i ty  i s  r e s p o n s ib le  for the h igh ra te  of d if fu s ion  a c ro s s  the 

m agnetic  f ie ld .

6 .4  M echanism  of H elica l  In s ta b i l i ty

The h e l ic a l  in s ta b i l i ty  is  a t tr ib u ted  to  the  growth of h e l ic a l  d e n s i ty  

per tu rb a tio n  of h ig h e r - th a n -a v e ra g e  d en s i ty  in  the  p lasm a w hich  h as  an  

in h e re n t  az im u tha l drift due to  the  ra d ia l  d en s i ty  g rad ie n t .  W ith  the 

h e l ic a l  d en s i ty  per tu rba tions  the long i tud ina l  e l e c t r i c  cu rren t fo llow s the 

h e l ic a l  p a th s ,  hence  the  cu rren t j h as  a  n o n -z e ro  j com ponent. The 

com ponent w ill  in te ra c t  w ith  the m agnetic  f ie ld ,  and  hence  a j x B drift 

r e s u l t s  in  the d irec tio n  aw ay or tow ard the  ax is  i f  the h e l ix  is  le f t -h a n d e d  

or r ig h t -h a n d e d ,  r e s p e c t iv e ly .

Figure 6 .5  p re se n ts  a s ch em a tic  d e sc r ip t io n  of the  m echanism  of 

the h e l ic a l  in s ta b i l i ty ,  (a) d e p ic ts  the e f fe c t  of the  long i tud ina l  cu rren t 

a long  the  le f t -h a n d e d  h e l ic a l  pa th .  The j x x B drif t  i s  in  the  d irec tio n  

aw ay from the a x i s ,  con tribu ting  the  growth of the  in s ta b i l i ty ,  (b) d e s ­

cribed  the  m icroscop ic  e f fe c ts  of the  m ob il i t ie s  of the  e le c tro n s  and ions
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on the  in s ta b i l i ty .

The e le c t r ic  po ten tia l  in  the high d e n s i ty  pertu rba tion  i s  h igher 

th an  th a t  of the  background , b e c a u se  the  e lec tro n s  are  more mobile and 

tend  to  move to the  low d e n s i ty  neighborhood. Azimuthally there  are 

e l e c t r ic  f ie ld  p e r tu rb a t io n s ,  Eg re su l t in g  from the  m icroscop ic  charge 

s e p a ra t io n  and ac t in g  aw ay  from the high d en s i ty  per tu rba tion .  The (+) 

s ig n  in d ic a te s  the  reg ion  of h igh p o te n tia l  and the (-) s ign  re fe rs  to  the 

o p p o s i te .  The az im utha l e l e c t r i c  f ie ld  per tu rba tions  and the m agnetic  

f ie ld  give a x B  (radial) d rif t .  The Eg x IB drif t  i s  outward in  reg io n  (I) 

bringing out high d en s i ty  p la sm a ,  and inward in  reg ion  (II), pushing  in  the 

d e n s i ty  pertu rba tion  th e re .  This am ounts to a p ropagation  of the h igh 

d en s i ty  pertu rba tion  in  the c lo ck w ise  d ire c t io n .  Diagram s (a) and (b) 

should  be superim posed  to v iew  the com bined to ta l  e f fec t .

The e f fec ts  of the  m agnetic  fie ld  are  tw o - fo ld ,  one i s  t ie d  w ith  

lo c a l  d iffu s ion  of the  h igh d en s i ty  p e r tu rb a t io n s , and the o ther is  r e la te d  

to  t.he f in i te  Larmor rad iu s  e f fe c ts  of the i o n s .

Once a h e l ic a l  high d en s i ty  pertu rba tion  i s  formed, i f  the m agnetic  

f ie ld  s t ren g th  is  low , the  pertu rba tion  w ill  sqon  s u b s id e  b e c a u se  the. 

p lasm a is  free to  d iffu se  out from the  h igh  d e n s i ty  reg ion .  If the m agnetic  

f ie ld  i s  in c re a s e d ,  the  lo c a l  d iffus ion  i s  red u ce d  a t  a ra te  proportional to  

B“2, w hile  the ra d ia l ly  outward j x 13 drif t d e c r e a s e s  a t  a r a te  pro­

portional to  B- 1 , i . e .  the  lo c a l  d iffus ion  d e c r e a s e s  a t  a f a s te r  r a te  th an  

th a t  of the  j , x B d rif t .  At B_ the j , x B drift dom inates  and the h igh
i. **“ o x —
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d en s i ty  pertu rba tion  p e r s i s t s  and grow s. This ex p la in s  the  n e c e s s i ty  of 

the long itud ina l e l e c t r i c  curren t and the  c r i t ic a l  m agne tic  f ie ld  in  the 

developm ent of th e  h e l ic a l  in s ta b i l i ty .

The fin i te  Larmor rad iu s  of the io n s  a f fec ts  the m agnitude of the  

d en s i ty  pertu rba tion  by the averag ing  e f fe c t  of the  io n s  gy ra ting  near  the 

boundary of the per tu rb a tio n .  It tends  to  ’’smear" out the  p o te n tia l  d iffer­

ence  there  (Fig. 6 .5 (b) ). In the range  w here  the h e l ic a l  in s ta b i l i ty  is  

p re sen t  the ion Larmor rad iu s  i s  be tw een  0 .2  and  0 .6  cm. W ith in  th is  

ra n g e ,  i f  the m agnetic  f ie ld  i s  high the  averag ing  e f fe c t  o f  the  ions  a t  the 

boundary of the  per tu rba tion  i s  low and the  v a r ia t io n  in  p o te n tia l  is  

abrup t.  Higher ra d ia l  d r if ts  a re  e x p e c te d ,  and hence  con tribu te  to  the 

growth of the  per tu rba tion . The in c re a s e  of the am plitude of the observed  

h e l ic a l  w ave w ith  the m agnetic  f ie ld  from 700 to  2000 g a u s s  (Fig. 5 .23) i s  

in  confirmity w ith  th is  ex p lan a tio n .

W hen the m agnetic  f ie ld  i s  h igh (B > 3 5 0 0  g a u s s ) ,  o n s e t  of m ulti-  

mode w av es  o c c u rs .  They develop  in  a s im ila r  w ay a s  d i s c u s s e d  above 

ex ce p t  th a t  they  becom e u n s tab le  a t  a h igher c r i t ic a l  m agne tic  f ie ld  and 

grow to  induce  w av es  of many modes (not harm onics) .  The in te ra c t io n s  

among them c a u se  the  p lasm a to  becom e e le c t ro s ta t i c a l ly  tu rbu len t.  The 

t ra n s i t io n  to  tu rbu lence  can  be s e e n  from the w ave  s p e c tra  of Fig. 5 .1 7  

(B = 2800 g auss)  to  Fig. 5 .2 1  (B = 5000 g a u s s ) .

W ith  the p re se n c e  of the  h e l ic a l  in s ta b i l i ty ,  the  e le c tro n  motion 

along the column ten d s  to e q u a l iz e  any tra n s v e rs e  p o te n t ia l  d iffe rence
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due to  the  h e l ic a l  w ave w hen th ey  r e a c h  the  ends  of the  colum n. This 

c o n s t i tu te s  a s ta b i l iz a t io n  fac to r  w h ich  lim its  the  h e l ic i ty  of the  d en s ity  

w av e .  The long itud ina l e le c t ro n  motion i s  governed  by the e le c t r ic  

curren t flow and the e le c t r ic  r e s i s t i v i ty ,  77 a long the column. Low 

e le c t r i c  r e s i s t i v i ty  co rresponds  to  l e s s -h in d e re d  e lec tro n  motion along 

the  m agnetic  f ie ld  and  the h e l ic a l  in s ta b i l i ty  then  w ill not o ccu r .  In the 

experim ent 77 i s  approx im ate ly  5 x 10s e . m . u .  and is  no t a con tro llab le  

experim en ta l param eter .

6 .5  C on c lu s io n s

This in v e s t ig a t io n  on a h ighly  io n ized  p o ta ss iu m  p lasm a produced 

by su rface  io n iz a t io n  in  a Q -m ach ine  has  a t ta in e d  the  following goa ls  

and f indings:

(1) The h e l ic a l  in s ta b i l i ty  in  a h ighly  io n ized  p lasm a i s  ob ­

served  and  id e n t i f ie d .  W hile  the  h e l ic a l  in s ta b i l i ty  h as  been  

observed  in  w eak ly  io n ized  gas d isch a rg e  p la sm a s ,  th e  p re sen t  

in v e s t ig a t io n  i s  the  f i r s t  to  iden tify  i t s  p re sen ce  in  a highly  

ion ized  p lasm a.

(2) The h e l ic a l  in s ta b i l i ty  occu rs  w hen the long itud ina l  e le c t r ic  

f ie ld  and curren t a re  p re s e n t  and  the m agnetic  f ie ld  ex ceed s  a 

c r i t ic a l  v a lu e ,  Bc (= 700 g a u s s ) .  The w ave p ro p ag a tes  a z i ­

muthally  but h a s  a s tan d in g  long itud ina l com ponent resem b ling
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a ro ta t in g  h e l ix ,  m = 1 mode dom inates  the azim uthal pro­

paga tion  w hen the  m agnetic  f ie ld  is  h igh  above Bc (B = 2000 

to  2800 g a u s s ) .

(3) The ro ta t ion  of the h e l ix  is  in  the d irec tion  of the e lec tro n  

d iam agne t ic  d r if t .  The h e l ic a l  d e n s i ty  w ave  i s  le f t -h an d ed  

and i t s  long itud ina l w ave le n g th ,  or p itch  of th e  h e l ix ,  is  

com parable to  or l e s s  th an  the leng th  of the co lum n.

(4) The long i tud ina l  e l e c t r i c  curren t i s  e s s e n t i a l  for the  h e l ic a l  

in s ta b i l i ty  to occur .  H owever, i t s  m agnitude does  not have, 

s ig n if ic a n t  e f fe c t  on the am plitude of the  in s ta b i l i ty  in  the 

range  of the experim en t.  The sy s tem  p re s s u re ,  w h ich  ran g es  

from 10-8 to 10-7 to r r ,  does  no t have  any s ig n if ic a n t  e f fec t  on 

the  in s ta b i l i ty .

(5) The genera l p roperties  of th e  h e l ic a l  in s ta b i l i ty  of a highly 

io n ized  plasm a are  ana logous  to  th o se  in  a w eak ly  io n ized  g as  

d isch a rg e d  p lasm a ex c e p t  in  the  la t t e r  c a s e  the  sy s tem  p ressu re  

i s  an  im portant param eter ,  b e c a u se  the io n iza tio n  p ro cess  in  the 

g a s  d isch a rg e  p lasm a i s  by c o l l is io n s  be tw een  the em itted  

e lec tro n s  and  the  g a s  n e u t r a l s . Thus the  degree  of io n iza tio n  

i s  governed  by the  p re s su re  in  the sy s tem .

(6) D irec t m easurem ents  of p lasm a d iffus ion  a c ro s s  the  m agnetic  

f ie ld  have  been  made by us ing  a t r a n s v e rs e  d iffu s ion  co l lec to r
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sp e c if ic a l ly  d es ig n ed  for the  experim en t.  Enhanced d iffus ion  

is  observed  w hen the m agnetic  f ie ld  i s  in c re a s e d  above Bc , and  

the  d iffusion  in c re a s e s  w ith  the confining m agnetic  f ie ld ,  

in s te a d  of d e c re a s in g  w ith  B“?' dependency  a s  i s  for the c a s e  of 

B < Bc . This abrup t change  of d iffusion  p ro c e ss  s ig n if ie s  the 

o n - s e t  of the h e l ic a l  in s ta b i l i ty  w h ich  i s  ve r if ied  by the 

m easurem ents  of the  long itud ina l w ave le n g th  by the Langmuir 

p ro b e s .

W hen the m agnetic  f ie ld  is  high above Bc , i . e .  850 < B < 

3000 g a u s s ,  the d iffu s ion  changes  to D©e B_i dependency  w hile  

la rge  am plitude h e l ic a l  w aves  are o b se rv ed .  I t c h a n g e s ,  a g a in ,  

to  DocB~2 dependency  for 3000 < B < 6000 g a u s s ,  w here the 

coheren t w aves  s ta r t  to breakdow n and d eve lop  in to  tu rb u len ce .  

It in d ic a te s  th a t  Bohm d iffus ion  co rresponds  c lo se ly  to  la rge  

am plitude o s c i l la t io n s  ra th e r  than  the tu rbu len t s ta te  of the 

p la sm a .

(7) A h igh -speed  photograph ic  techn ique  has  b een  deve loped  and 

app lied  to  the  s tudy  of p lasm a in s ta b i l i ty .  The u s e fu ln e s s  of 

th is  new d ia g n o s t ic  tech n iq u e  has  been  d em onstra ted  by i t s  

ab i l i ty  to  s tudy the in s ta n ta n e o u s  d e n s i ty  d is t r ib u t io n  and the 

time evo lu tion  of the  p lasm a in  the  p re se n c e  of in s t a b i l i t i e s .  

This method has  the  advan tage  of scann ing  the  w hole c r o s s -  

s e c t io n  of the  p lasm a w ithou t d is tu rb a n ce  to  i t ,  in  c o n s t r a s t
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to  the  p o in t - to -p o in t  lo c a l  m easurem ents  by  p h y s ic a l  in se r t io n  

of the  Langmuir probe in to  the  p la sm a .

This pho tographic  techn ique  in  con junc tion  w ith  the  Langmuir 

probe p rovides  more com plete  inform ation  on the behav io r  of 

the p la sm a .  The adoption  of the  h igh sp e e d  photographic  

method has  ex ten d ed  the m easurem ents  of the p roperties  of the 

p lasm a to  both  the s p a t ia l  and  time reg im es  in  the  s tudy  of 

p lasm a in s t a b i l i t i e s ,  to  w h ich  the time v a r ia t io n  of p lasm a 

param eters  in  the  com plete  domain of p la sm a is  im portan t.

This i s  an  im provem ent to  the conven tiona l  probe method w hich  

can  only  ob ta in  inform ation of the  time v a r ia t io n  a t  fixed 

lo c a t io n s  or inform ation  of the  s p a t ia l  v a r ia t io n  a t  d iffe ren t 

t i m e s .

The photographic  tech n iq u e  us ing  the h igh  sp eed  plasm a 

cam era h as  b een  proven to  be a powerful new d ia g n o s t ic  tool 

p a r t icu la r ly  u sefu l no t only in  the  in v e s t ig a t io n  of the  o n s e t  

and  evo lu tion  of p la sm a i n s t a b i l i t i e s , bu t  a l s o  in  s tu d ie s  of the  

t r a n s ie n t  phenom ena, m ode-m ode coupling  and tu rbu lence  in  

the p la sm a .

( 8) A tu rb u len t  p la sm a and i t s  developm ent from the  h e l ica l  

in s ta b i l i ty  have been  o b se rv ed .  The th e o re t ic a l  a n a ly s i s  on 

the  h e l ic a l  in s ta b i l i ty  in  w eak ly  io n ized  g a s  d isch a rg e  p la sm as  

p red ic ts  the  developm ent of the  in s ta b i l i ty  in to  tu rb u len ce  a t
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m agnetic  f ie ld s  h igh  above  Bc . The tu rbu len t s t a t e ,  how ever, 

h as  never been  o bserved  experim en ta lly  due to  the  failure  to 

s u s ta in  the  p lasm a column a t  m agnetic  f ie ld s  s ig n if ican t ly  

h igher th an  Bc . In the  p re se n t  in v e s t ig a t io n  the  tu rbu len t s ta te  

of the  p lasm a i s  no t only d e te c te d  by the  f requency  sp e c tra  of 

the  w a v e s ,  bu t a l s o  v is u a l iz e d  by the  high sp eed  p lasm a 

cam era photographs showing the  p lasm a w ith  f a s t  and  randomly 

changed  d en s i ty  d is t r ib u t io n s .

(9) A d esc r ip t io n  of the  m echan ism  of the h e l ic a l  in s ta b i l i ty  in  

a h ighly  io n ized  p lasm a is  g iv e n .  This d e sc r ip t io n ,  toge ther  

w ith  the  r e s u l t s  of the  exp erim en t ,  p re se n ts  a p h y s ica l  m odel, 

upon w h ich  th e o re t ic a l  in v e s t ig a t io n  may be b a s e d .
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APPENDIX

METHOD FOR MEASURING THE AZIMUTHAL MODE NUMBER OF WAVES

A. 1 G enera l D esc r ip tio n

Two Langmuir p ro b es ,  the  2 -d im e n s io n a l  ( r ,  0 )  probe and the  rad ia l  

p ro b e , a re  u se d  for the  d e te rm ina tion  of the  d irec tio n  of the  p ropagation  and 

the mode number of the w a v e s .  The two probes are  p o s it io n ed  a t  an  a n g le ,  

0! ap a r t  but w ith  th e  same r -  and  z - c o o r d i n a t e s . W ith  one probe u se d  as  

the  tr igger  and 0! p rede te rm ined ,  the  d irec t io n  of az im utha l propagation  and 

the  mode number can  be com puted from the  observed  p h ase  sh if t  be tw een  

the d en s i ty  (or po ten tia l)  o s c i l la t io n s  of the  two p ro b es .

The method of s e t t in g  the  a n g le ,  0X is  show n in  Fig. A . I .  The 

de term ina tion  of the d irec tio n  of p ropagation  and  th e  mode number of the 

az im utha l w ave are  g iven  in  the  following s e c t i o n s .

A. 2 D eterm ination  of the  D irec t ion  of P ropagation

The d irec t io n  of p ropagation  of the  az im utha l w ave  i s  determ ined  by 

no ting  the change  in  th e  p h a se  sh if t  be tw een  the  s ig n a ls  of the s ta t io n a ry  

tr igger  probe and the  moving probe w h ich  moves only in  0 d ire c t io n .  B as i­

ca l ly  th is  method i s  to  determ ine the  " le a d "  or " lag"  of the  s ig n a ls  of the 

moving probe w ith  r e s p e c t  to  the  tr igger  probe s ig n a ls  on th e  dual beam 

o s c i l lo s c o p e .  S ince  th e  re la t iv e  p o s i t io n s  of th e s e  p robes  a re  know n, the 

" le a d "  or " lag"  of the  moving probe s ig n a ls  in d ic a te s  the  d ire c t io n  of the



SETTING OF THE ANGLE, 0* BETWEEN THE 
TWO PROBES

(1) LOCATE 0 ON THE AXIS AS REFERENCE. 
THERE SET t  = 0 , 4̂= 0 FOR 2-DIM. 
PROBE AND r  = 0 FOR RADIAL PROBE.

(2) POSITION THE 2-DIM. PROBE AT D,
DF (=OC) AND ^  ARE THEN KNOWN;
AB = ARM OF PROBE, ALSO KNOWN.

(3 )  FOR THE 2-DIM. PROBE, OBTAIN r  AND 
0 j FROM

®.= TAN_ I DF/DC, WHERE DC = AB S I N ^  
r = OD = D F/SIN 0J.

(b) POSITION THE RADIAL PROBE AT 
t = OF = OD.

(5) NOW THE TWO PROBES ARE AT AN ANGLE,0j 
APART, BUT AT THE SAME t  AND S.

NOTE: DEVIATION FROM CONSTANT Z IS  
LESS THAN ONE-HALF PERCENT.

Figure a . i  arrangement of the two- dimensional and the radial probes for mode number measurement
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azim utha l w ave p ropaga tion . Figure A .2 i l lu s t r a t e s  how the d irec tion  of 

p ropagation  is  de term ined .

A. 3 D eterm ination  of the  Azimuthal Mode Number

The az im utha l mode number, m in d i c a te s ,  in  a  p h y s ica l  s e n s e ,  the  

number of c y c le s  of the w ave p ropagating  one com plete  pa th  around the 

p lasm a column. The w ave i s  the  d e n s i ty  o s c i l la t io n s  m easured  by the  

Langmuir p robes  he ld  s ta t io n a ry  re la t iv e  to  the  w av e .  Figure A .3 i s  a 

sch em a tic  diagram  i l lu s t r a t in g  the az im u tha l w av es  and  the corresponding  

d en s i ty  o s c i l la t io n s  in  the  p lasm a colum n. W ith  the  a id  of the high sp eed  

p lasm a cam era ,  the  d e n s i ty  o s c i l la t io n s  of various  mode numbers have 

been  o b se rv ed .  Good ag reem en t be tw een  the mode number m easured  by the 

probes and  the  d en s i ty  o s c i l la t io n s  observed  by the p lasm a cam era can  be 

se e n  in  F ig s .  5 .1 1  to  5 .1 4  w ith  m = 2 , and  in  F ig s .  5 .1 5  to  5 .1 8  w ith  m = l .

Before the  a c tu a l  de te rm ina tion  of the p h ase  sh if t  be tw een  the probe 

s ig n a l  and  the tr igger  s ig n a l ,  the  d ire c t io n  of p ropagation  o f  the  w av es  has  

to be know n, a s  i t  e s t a b l i s h e s  the  proper re la t io n  be tw een  th e se  s ig n a l s .  

Figure A. 4 g ives  the v a lu e s  of m determ ined  from the  p h ase  sh if t  m easured  

a t  the  tw o p robes .

As can  be  s e e n  from Fig. A .4 ,  u n ce r ta in ty  may a r i s e  in  the d e te r ­

m ination of m, b e c a u se  in  the  o s c i l lo s c o p e  d isp la y  the  p h ase  sh if t  of 1 /4  

w ave le n g th  and  th a t  of 1 - 1 /4  w ave  le n g th  a re  not d if fe re n t ia b le .  For 

exam ple ,  w ith  0i = 9 0 ° ,  p h ase  sh if t  = 1 / 4  w ave le n g th ,  the  mode number,



CASE I MOVING PROBE SIGNAL "LEAPS" THE TRIGGER SIGNAL

WAVE
TRIGGER
PROBE

AMP

WAVE PROPAGATES IN THE DIRECTION OF THE MOVING PROBE:

-WITH DECREASING 04 , THE PHASE SHIFT V* DECREASES RESULTING IN 
A REDUCED LEAD; FROM THE LEFT ON THE DUAL-BEAM OSCILLOGRAM.

CASE I I  MOVING PROBE SIGNAL "TRAILS" THE TRIGGER SIGNAL

WAVE

A

0

A

0

WAVE PROPAGATES IN THE DIRECTION OPPOSITE TO THE MOVING PROBE:

-WITH DECREASING 04 , THE PHASE SHIFT ? DECREASES RESULTING IN 
A REDUCED LAG; ^ - * 0  PROM THE RIGHT OF THE DUAL-BEAM OSCILLOGRAM.

FIGURE A. 2 DIRECTION OF THE AZIMUTHAL WAVE PROPAGATION

1



m = 1 $ B

j l l k  PROBE
90* 270# 9 fl

1 COLUMN)
STAB i
COLUMN

m =2
o

$ B

m =3

o

PLASMA COLUMN

FIGURE A. 3 AZIMUTHAL WAVE AND PLASMA. DENSITY OSCILLATIONS, m = 1 , 2 AND 3-
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MODE
No.

m

9  PER 
WAVE 
LENGTH*

PHASE SHIFT IN FRACTION OF THE 
WAVE T.ENGTH

©1 =  9 0 ° ©1 =  4 5 ° © ! =  30 °

1
360 9 0 /3 6 0  

= l / h
1*5/360 

= 1 /8
3 0 /3 6 0  

= 1 /1 2

2 180 9 0 /1 8 0  
= 1 /2

1*5 /1 8 0
=1/ 1*

3 0 /1 8 0  
= 1 /6

3 120 9 0 /1 2 0  
= 3/1*

1*5/120
=3 /8

3 0 /1 2 0
=1/ 1*

4 90 9 0 /9 0  
= 1

1*5 /9 0  .
= i / 2

3 0 /9 0  
= 1 /3

5 72 9 0 /7 2  
= 1 - 1/ 1*

1*5/72 
= 5 /8

3 0 /7 2
= 5 /1 2

6 60 9 0 /6 0  •
= 1 - 1 /2

1*5/60 
= 3/h

3 0 /6 0  
= •1 /2

7 5 1 .^ 3 9 0 /5 1 .U3 
= 1 -3 A

1*5/51.1*3 
= 7 /8

30/51.11-3 
= 7 /1 2

8 U5 90/U5  
= 2

i+5/^5 
= 1

30/1*5 
= 2 /3

9 1*0 r—I 1
O 

OJ

OON 1+5/I+O 
= 1 - 1 /8

30/1*0
= 3/1*

10 36 9 0 /3 6  
= 2 - 1 /2

^ 5 /3 6  
= l - l / l *

3 0 /3 6  
= 5 /6

«  COLUMN © AZIMUTHAL © ANGLE,
0 90 180 270  360
,   1   1 1 1 1 1

V  120’

PROBE

TRIGGER

FIGURE A. U DETERMINATION OF THE AZIMUTHAL. MODE NUMBER, m
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m is  de term ined  to  be one .  H owever, the  sam e p h ase  sh if t  c a n  a l s o  be 

observed  for m = 5 , 9 . . . .  e t c .  This d iff icu lty  can  be overcom e by 

verify ing  the  mode number w ith  the  two probes  s e t  a t  a d if fe ren t  a n g le .  

For th e  above exam ple ,  i f  in  further m easurem ents  a p h ase  sh if t  of 1 /8  

w ave le n g th  i s  ob ta ined  w ith  0X = 4 5 ° ,  m = 1 i s  a s c e r t a in e d .  In the  

experim en t the mode number of the  w ave w as  de term ined  by tak ing  a t  

l e a s t  two d iffe ren t 0j ’ s .
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