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ABSTRACT 

A magnetoplasmadynamic discharge i s  examined near the 

cathode of a 2.5 MW, quasi-steady, se l f - f ie ld  arcjet ,  High 

speed photography shows a concent ra t ion  of  arc luminosity i n  

t h e  cathode region,  while  d e t a i l e d  measurements with electric 

and magnetic f i e l d  probes i n d i c a t e  t h a t  85% of t h e  t o t a l  arc 

power i s  deposi ted wi th in  one base diameter of t h e  cathode 

sur face ,  Ion ene rg ie s  a r e  shown t o  be p ropor t iona l  t o  t h e  

vol tage drop i n  t h e  cathode reg ion  even though cu r ren t  conduc- 

t i o n  is  accomplished p r i m a r i l y  by e l e c t r o n s  i n  a t e n s o r  manner. 

It is found t h a t  a high speed plasma flow is  de l ive red  t o  t h e  

cathode where it is  converted i n t o  a u s e f u l  exhaust j e t  i n  a 

t h i n ,  high d e n s i t y  l a y e r  a t  t h e  cathode sur face ,  Local measure- 

ments of  e l e c t r o n  temperature and estimates of e l e c t r o n  dens i ty ,  

made w i t h i n  t h e  discharge and exhaust j e t  using a twin Langmuir 

probe technique, i n d i c a t e  a n e a r l y  uniform e l e c t r o n  temperature 

of  about 1,5 e V  throughout the quasi-s teady arcjet f l o w ,  The- 

o r e t i c a l  cons idera t ions  of  cu r ren t  conduction and plasma accel- 

e r a t i o n  processes  near t h e  cathode are c o r r e l a t e d  w i t h  the  ex- 

per imenta l  evidence and lead  t o  r e l a t i o n s h i p s  among o v e r a l l  arc- 

j e t  p r o p e r t i e s ,  I n  p a r t i c u l a r ,  ion k i n e t i c  energ ies  i n  t h e  ex- 

haus t  j e t  should be comparable t o  t h e  arc vol tage,  exhaust ve- 

l o c i t y  and arc impedance should be p ropor t iona l ,  and t h e  in-  

f luence  of  i n s u l a t o r  a b l a t i o n  should become important when t h e  

input  m a s s  flow i s  f u l l y  ion ized  by t h e  arc, 
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CHAPTER 1 

INTRODUCTION 

Our purpose he re  i s  t o  understand t h e  phys ica l  pro- 
cesses involved near t h e  cathode of a magnetoplasmadynamic 
a r c j e t .  I n t e r e s t  i n  such processesder ives  from a d e s i r e  t o  
achieve l o g i c a l  gu ide l ines  f o r  t h e  design o f  an optimum e lec -  
t r i c  t h r u s t e r  of t h i s  type f o r  space a p p l i c a t i o n s ,  W e  s h a l l  
be p a r t i c u l a r l y  concerned with t h e  mechanics of  c u r r e n t  con- 
duct ion and plasma a c c e l e r a t i o n  i n  t h e  v i c i n i t y  of t h e  cath-  
ode, and t h e  t r a n s f e r  of e l e c t r i c a l  energy t o  t h e  plasma i n  
t h i s  reg ion ,  

Nature o f  t h e  Problem 

A magnetoplasmadynamic a r c j e t  involves ,  as i t s  name 
implies ,  t h e  product ion of  a d i r e c t e d  plasma flow by an a r c  
discharge i n  a magnetic f i e l d .  The h i s t o r y ,  development, and 
c h a r a c t e r i s t i c s  of  such devices  has  been t h e  sub jec t  o f  exten- 
s i v e  review by s e v e r a l  au thors .  B r i e f l y ,  t h i s  type of plasma 
a c c e l e r a t o r  i s  d i s t ingu i shed  from t h e  thermal a r c j e t s  o r  plasma- 
je ts ,  t h a t  preceded it, by h igher  cu r ren t  and lower p a r t i c l e  
d e n s i t y  opera t ion  and by s i g n i f i c a n t l y  improved performance- 
The a s s o c i a t i o n  of  t h e s e  c h a r a c t e r i s t i c s  suggests  t h a t  some 
more e f f i c i e n t  e lectromagnet ic  i n t e r a c t i o n s  become important 
a t  high-current ,  low-density condi t ions ,  although t h e  MPD arc 
may s t i l l  r e f l e c t  i t s  e lec t ro thermal  ances t ry  and should thus  
be considered a hybrid form of e l e c t r i c  t h r u s t e r ,  

A s  such, t h e  d e t a i l s  of i t s  opera t ion  can be q u i t e  com- 
plex.  The t h e r m a l  a rc je t  i t se l f  i s  d i f f i c u l t  t o  descr ibe  be- 

cause of  t h e  vigorous energy t r a n s p o r t  processes  a s soc ia t ed  with 
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an a r c  discharge.  To t h i s ,  w e  now add t h e  complications of  
an electromagnet ic  body fo rce  d i s t r i b u t i o n  which depends on 
t h e  v e l o c i t y  and conduct iv i ty  of t h e  ionized gas,  and we  a l s o  
include t h e  p o s s i b i l i t y  of noncontinuum flow condi t ions ,  O n  

one hand, we  have t h e  two-dimensional a c c e l e r a t i o n  of a non- 
equi l ibr ium, ionized gas,  On t h e  o the r ,  we must d e a l  with t h e  
nonl inear  mechanics of charged p a r t i c l e s  i n  t h e  e l e c t r i c  and 
magnetic f i e l d s  of t he  discharge.  These extreme p o i n t s  of 
view have taken t h e  form of s i m p l i f i e d  models f o r  MPD a r c j e t  
opera t ion .  I n  t h e  l a t t e r  case,  f o r  example, e l e c t r o s t a t i c  ac- 
c e l e r a t i o n  of ions  provides  t h e  b a s i s  f o r  both cu r ren t  conduc- 
t i o n  and plasma a c c e l e r a t i o n ,  while  t h e  self-magnetic f i e l d  
a c t s  t o  d e f l e c t  t h e  ions downstream, thereby p r o t e c t i n g  t h e  
cathode su r face  from excessive bombardment. 6 ' 7  

case,  t h e  c u r r e n t  conduction mechanism i s  not s p e c i f i e d  and 
pressure  g rad ien t s  a r e  invoked t o  ob ta in  a x i a l  t h r u s t  from t h e  
r a d i a l  component of t h e  j x B fo rce  i n  t h e  discharge,  

I n  t h e  former 

4 A d  

Approach t o  t h e  Problem 

To understand t h e  i n t e r p l a y  of t h e  var ious phys ica l  
processes  involved, w e  may fol low two approaches. The a r c  
could be operated over a range of e x t e r n a l l y  con t ro l l ed  condi- 
t i o n s ,  such as t o t a l  cu r ren t  and input  m a s s  flow r a t e .  Mea- 
su remen t s  of o t h e r  a r c j e t  p r o p e r t i e s  such a s  t h r u s t ,  exhaust 
ve loc i ty ,  and t o t a l  a r c  vol tage  could then be used t o  deduce 
t h e  mechanics of plasma a c c e l e r a t i o n  and cu r ren t  conduction, 
The r e s u l t s  of  such endeavors a r e  discussed i n  t h e  prev ious ly  
c i t e d  review ar t ic les ,  The o t h e r  approach i s  t o  analyze a 
p a r t i c u l a r  t y p i c a l  a r c j e t  opera t ion  i n  d e t a i l ,  d i r e c t l y  obtain-  
ing  t h e  s t r u c t u r e  of t h e  discharge flow by measurement wi th in  
t h e  arc chamber of t h e  cu r rep t  dens i ty  d i s t r i b u t i o n ,  e lectr ic  
and magnetic f i e l d  d i s t r i b u t i o n s  and e l e c t r o n  d e n s i t i e s  and 
temperatures ,  Understanding of  t h e  i n t e r r e l a t i o n s h i p s  between 
these  q u a n t i t i e s  and t h e i r  connection t o  o v e r a l l  a r c j e t  param- 
e t e r s  may then be genera l ized  t o  o the r  opera t ing  condi t ions ,  
This i s  t h e  approach we  s h a l l  fol low here.  
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The Cathode Resion 

I n  a coax ia l  geometry, t h e  c u r r e n t  d e n s i t y  and mag- 
n e t i c  f i e l d  s t r e n g t h  are both g r e a t e s t  near  t h e  c e n t r a l  elec- 
t rode ,  The electromagnet ic  i n t e r a c t i o n s  w i t h  t h e  plasma flow 
w i l l  t h e r e f o r e  be most i n t e n s e  i n  t h i s  region,  both from t h e  
s tandpoin t  of  t h e  j x B fo rce  exer ted  i n  t h e  gas ,  and i n  t e r m s  
of ion  and e l e c t r o n  H a l l  parameters,  I n  add i t ion ,  h igher  cur- 
r e n t  d e n s i t i e s  suggest  t h a t  ohmic hea t ing  ( j ) may be g r e a t e s t  
i n  t h i s  region (depending o f  course on t h e  v a r i a t i o n  of gas  con- 
d u c t i v i t y ) ,  Thus, s i n c e  t h e  cathode i s  normally t h e  c e n t r a l  
e l e c t r o d e  i n  an arcjet ,  w e  have chosen t o  concent ra te  our  ef- 
f o r t s  t h e r e  so as t o  encounter f u l l y  t h e  var ious processes  
c h a r a c t e r i z i n g  an MPD arcjet ,  W e  s h a l l  t h e r e f o r e  l i m i t  our 
concern t o  the d ischarge  and plasma f l o w  wi th in  one base d i a m -  
eter of t he  cathode su r face ,  This  i s  def ined  as t h e  cathode 
reqion. 

- h a  

2 

Subdivis ions of t h e  Cathode Resion 

T o  s impl i fy  a very complicated problem, we s h a l l  d i v i d e  
the cathode region i n t o  zones o r  l a y e r s  i n  w h i c h  ei ther t h e  

s i t u a t i o n  i s  dominated by phys ica l  processes  t h a t  can be des- 
c r ibed  l o c a l l y  by our  experimental  evidence, o r  t h e  geometry 
i s  such  t h a t  a knowledge of o v e r a l l  p r o p e r t i e s  i s  adequate t o  
determine t h e  c h a r a c t e r i s t i c s  o f  t h e  d ischarge  and plasma flow. 
W e  expect t h a t  t h e  subdiv is ions  shown i n  Fig. 1 are s u f f i c i e n t  
t o  d e l i n e a t e  p o r t i o n s  of the cathode reg ion  i n  which d i f f e r e n t  
phys i ca l  phenomena are important,  

I n  t h e  convective zone, plasma p a r t i c l e s  are accel- 
e r a t e d  by electromagnet ic  fo rces  t o  create a plasma flow near  
t h e  cathode. It is i n  t h i s  region t h a t  p a r t i c l e s  are convected 
t o  the  cathode su r face  laver where var ious  i n t e r a c t i o n s  w i t h  
t h e  cathode su r face  are important,  I n  t h i s  su r f ace  l aye r ,  we 
are concerned w i t h  t h e  d e f l e c t i o n  of t h e  plasma flow t o  the 

cathode, conduction ac ross  t h e  cathode-plasma in te r face ,  and 
energy t r a n s f e r  and e ros ion  by ion  bombardment of  t h e  cathode, 
J u s t  downstream of the cathode t i p  i s  t h e  cathode je t  which 
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r ece ives  t h e  plasma flow both f r o m  t h e  cathode su r face  layer  
and f r o m  t h e  convective zone, and channels t h i s  flow i n t o  t h e  
arcjet  exhaust,  (Beyond t h e  cathode region,  t h e  MPD d ischarge  
c i r c u i t  i s  completed through a reg ion  of gas i o n i z a t i o n ,  i n  
which plasma a c c e l e r a t i o n  may a l s o  occur , )  

T o  aid t h e  reader ,  we n i n d i c a t e  t h e  o rde r  and pur- 
pose of t h e  var ious  s e c t i o n s  of t h e  t h e s i s ,  Immediately fol- 
lowing t h i s  i n t roduc t ion ,  t h e  experimental  program and i t s  m o r e  
d i r e c t  r e s u l t s  are descr ibed ,  I n  subsequent chap te r s  (Chaps. 3 ,  

4, and 5 ) ,  t h e  d a t a  are analyzed i n  d e t a i l  t o  e s t a b l i s h  t h e  
na ture  of t h e  working f l u i d ,  t h e  cu r ren t  conduction and plasma 
a c c e l e r a t i o n  processes  i n  t h e  convective zone, and t h e  energy 
depos i t i on  and f l o w  d e f l e c t i o n  i n  t h e  cathode su r face  l a y e r  and 
je t .  Following Chap., 5, t h e  experimental ly  obtained phys ica l  
p i c t u r e  of  t h e  cathode region i n  our  quasi-s teady MPD arcjet  
is  reviewed. 

The fundamental basis f o r  t h e  s t r u c t u r e  of  an MPD d i s -  
charge i s  de l inea ted  i n  Chap. 6. There, t h e  i n t e r a c t i o n s  be- 
tween t h e  plasma f l o w  and t h e  cu r ren t  conduction p a t t e r n  are 
considered and t h e  r e l a t i o n  of t h e  arc vol tage t o  t h e  ion  ki- 
n e t i c  energy i s  d iscussed ,  I n  Chap. 7 ,  we  apply our understand- 
ing  of  t h e  phys ica l  processes  involved i n  t h e  cathode region t o  
MPD arcjet  ope ra t ion  and performance, 



6 

CHAPTER 2 

THE EXPERIMENTAL ATTACK 

Experiments i n s i d e  MPD arcjets  have long been pro- 
h i b i t e d  by the  s m a l l  volume of t h e  arc chamber and t h e  vio- 
lence of arc opera t ion .  Understanding of MPD processes  has 
thus  been l imi t ed  t o  inferences  made from a knowledge of 
var ious t e rmina l  p r o p e r t i e s  such as t o t a l  vol tage,  c u r r e n t ,  
t h r u s t ,  e tc , ,  I-’ supplemented by o p t i c a l  measurements o f  arc 
luminosity d i s t r i b u t i o n ,  and spec ie s  ex i s t ence  and tempera- 
t u r e .  *” 
series of d e t a i l e d  measurements w i th in  a high power, l a r g e  
r ad ius ,  quasi-s teady a r c j e t .  

Our purpose here i s  t o  improve t h i s  s i t u a t i o n  by a 

The Experimental F a c i l i t y  

By opera t ing  an arcjet  with a s h o r t  pu l se  of high 
cu r ren t ,  we a r e  able t o  avoid t h e  experimental  d i f f i c u l t i e s  
of poor, i n t e r i o r  access and i n s t a n t  probe des t ruc t ion .  Higher 
c u r r e n t s  allow us t o  s c a l e  the  arc chamber dimensions t o  main- 
t a i n  t h e  i n t e n s i t y  of  MPD opera t ion  i n  a l a r g e r  volume, Thus, 
f o r  a c y l i n d r i c a l  system, a f a c t o r  of 10 inc rease  i n  cu r ren t  
from 2000 A t o  20,000 A permits  a s i m i l a r  change i n  chamber 
diameter from 1 c m  t o  10 c m .  A t  t h e  same t i m e ,  t h e  s h o r t  du- 
r a t i o n  of t h e  c u r r e n t  pu l se  l i m i t s  energy t r a n s f e r  t o  modest 
amounts even a t  the higher  power l e v e l s  involved, allowing 
small ,  uncooled probes t o  surv ive  wi th in  the  arc chamber, The 
design philosophy of t h e  quasi-steady arcjet  and d e t a i l s  of t h e  
cons t ruc t ion  of  the  f a c i l i t y  used here  are discussed a t  length 
by Clark, 5 

Br ie f ly ,  our apparatus  c o n s i s t s  of  a S-in, diam, 2-in, 
high chamber i n  which a d i f f u s e  arc forms between a c o n i c a l  
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tungsten cathode and a c o a x i a l  aluminum anode (see Fig,  2-1). 
The arc ope ra t e s  i n  t h e  experiments d i scussed  here, a t  
17,500 A, w i th  a cons tan t  argon m a s s  inf low of  5.5 g/sec, and 
exhausts  i n t o  a P l e x i g l a s  vacuum v e s s e l  maintained a t  2 x LO 
Torr ,  dur ing  t h e  t i m e  of  i n t e r e s t .  Current i s  suppl ied  by a 
c a p a c i t o r  bank arranged as an LC-ladder network t o  provide a 
f l a t topped  cu r ren t  pu l se  f o r  165 psec, (See Fig. 2-2; subse- 
quent d i scharges  are due t o  the  gross  impedance mismatch be- 
tween t h e  network and discharge,  and need not  concern u s ) ,  Ar -  

gon flows i n t o  t h e  arc chamber through s ix  choked o r i f i c e s  from 
a high p res su re  r e s e r v o i r  created a t  t h e  dr iven-sec t ion  endwall 
of a vacuum shock tube.  The c u r r e n t  p u l s e  i s  de l ive red  t o  the  

chamber when t h e  mass flow has  a t t a i n e d  a s teady  l eve l .  Some 
30 psec a f t e r  d i scharge  i n i t i a t i o n ,  t o t a l  vol tage,  cu r ren t ,  
magnetic f i e l d  d i s t r i b u t i o n ,  and o v e r a l l  arc appearance achieve 
a s teady  s ta te  which i s  maintained u n t i l  t h e  cu r ren t  decreases 
a t  t h e  end of t h e  pulse .  Recent experiments'' i n d i c a t e  t h a t  
t h i s  s i t u a t i o n  i s  r e p r e s e n t a t i v e  of quasi-steady ope ra t ion  wi th  
cu r ren t  pu l se s  an order of magnitude longer i n  du ra t ion  than  
tha t  used here. 

-5 

The Experimental Proqram 

I n  at tempting t o  mount a balanced a t t a c k  on our prob- 
l e m ,  we  u t i l i z e  many techniques,  bu t  avoid pursuing any par- 
t i c u l a r  measurement beyond our limited knowledge of e i t h e r  t h e  
d i a g n o s t i c  s i t u a t i o n  or the r e l a t i o n s h i p  of t h e  measured quan- 
t i t y  t o  arc processes .  Such an organic  approach i s  q u i t e  ap- 
p r o p r i a t e  i n  view of t h e  p r o f l i g a t e  l ack  of s i m p l i c i t y  involved 
i n  the  experimental  problem, s i n c e  we  cannot hope t o  o b t a i n  a 
completely unambiguous q u a n t i t a t i v e  r e s u l t  from any of  our 
d i agnos t i c  t o o l s .  W e  now desc r ibe  t h e  experiments and the i r  
more immediate r e s u l t s ,  

Q u a l i t a t i v e  information on t h e  na ture  o f  the arc i n  
t h e  cathode region is  provided by c o l o r  photography through a 
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high speed Kerr-cell system, A q u a r t e r  of  t h e  anode c u r r e n t  
r e t u r n  pa th  w a s  removed a t  t h e  arc chamber allowing t h e  e n t i r e  
d i scharge  region t o  be viewed through t h e  g l a s s  r i n g  i n s u l a t o r  
(Fig,  2-3a), Color s l i d e s  w e r e  obtained using High Speed Ekta- 
chrome Daylight Film (with s tandard  development; ASA 160) i n  
a 35 mm, s i n g l e  l e n s o  r e f l e x  camera (Honeywell Pentax; 50 mm 
f ,%,),  The Kerr-cell s h u t t e r  w a s  t r i g g e r e d  a t  a known t i m e  i n  
t h e  cu r ren t  pu l se  and remained open f o r  5 sec Bleedthrough 
of l i g h t  from t h e  high i n t e n s i t y  region a t  t h e  cathode t i p ,  
checked by photographing t h e  arc  wi th  t h e  Kerr ce l l  c losedp  
w a s  unnot iceable  a t  t h e  exposure s e t t i n g  used ( f /4 ,7 ) .  The 
f i g u r e s  shown are enlargements made on Polaro id  Type 58 c o l o r  
f i lm  and s a t i s f a c t o r i l y  r ep resen t  t h e  o r i g i n a l  s l i d e s .  Black 
and white  photographs obtained i n  t h e  same manner wi th  a 4 x 5 
Speed Graphex camera, using Polaro id  3000 f i l m ,  show t h e  same 
luminosi ty  d i s t r i b u t i o n s  but  do not ,  of course,  provide as 
c l e a r  a d e l i n e a t i o n  of  plasma r a d i a t i o n s  as t h e  c o l o r  s l i d e s .  
The sequence o f  photos shown are r e p r e s e n t a t i v e  of t h e  var ious  
phases of  arc opera t ion ,  

A s  t h e  cu r ren t  t o  t h e  a r c  chamber inc reaseso  we observe 
t h e  motion of cathode s p o t s  and t h e  t r a n s i t i o n  of  cathode cur- 
r e n t  attachment from a spo t  t o  d i f f u s e  mode (Figs.  2--3b,c,d). 
A f t e r  20 psec (Fig,  2-3d), t h e  luminosity p a t t e r n  has  nea r ly  
achieved t h e  quasi-steady s i t u a t i o n  shown a t  a r e p r e s e n t a t i v e  
t i m e  i n  Fig. 2-3e, 100 psec after discharge i n i t i a t i o n ,  I n  
later photos,  t h e  luminosity p a t t e r n  becomes less c o n s t r i c t e d  
and diminishes  i n  i n t e n s i t y  as t h e  cu r ren t  r e t u r n s  t o  zero 
(6 psec a f t e r  Fig,  2-3f),  When t h e  cu r ren t  reverses ,  t h e  cen- 
t r a l  e l e c t r o d e  becomes t h e  anode and a r a d i c a l l y  d i f f e r e n t  
p a t t e r n  i s  obtained,  Figures  2-3g and 2-3e a r e  both obtained 
100 psec i n t o  t h e i r  r e spec t ive  cu r ren t  p u l s e s B  but  are q u i t e  
d i s s i m i l a r ,  Y e t ,  a t  t h e  same t i m e  i n t o  t h e  t h i r d  cu r ren t  
p u l s e p  when t h e  c e n t r a l  e l e c t r o d e  i s  again t h e  cathode, we  re- 
ga in  normal opera t ion  (Fig,  2-3h)- The p a t t e r n  is  now less 
b r i g h t  and less c o n s t r i c t e d  s i n c e  t h e  m a x i m u m  cu r ren t  l e v e l  
i s  somewhat lower than t h a t  o f  t h e  i n i t i a l  pu l se ,  
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The c o l o r s  observed i n  the discharge may be used t o  
i n d i c a t e  var ious phys ica l  phenomena, For example, c o r r e l a t i o n  
w i t h  spec t roscopic  evidence’’ i n d i c a t e s  t h a t  green i s  assoc i -  
a t e d  with molecular carbon (C2)  r a d i a t i o n  i n  our discharge,  
w h i l e  blue-white i s  c h a r a c t e r i s t i c  of  bremscontinuum. Thus, 
we would expect  t o  f i n d  molecular carbon i n  a region extending 
from t h e  cathode-insulator  junc t ion  (see Fig,  2-3e). This  in-  
d i c a t e s  a b l a t i o n  of the  P l e x i g l a s  i n s u l a t o r  [n ( C 5 H 8 0 2 ) I r  and 
t h e  presence t h e r e f o r e  of hydrogen and oxygen i n  t h e  plasma, 
i n  a d d i t i o n  t o  molecular and atomic carbon, 

Our photographic work a lso y i e l d s  s o m e  information on 
t h e  cathode surface, W i t h  t h e  p o s s i b l e  except ion of a s m a l l  
area a t  t h e  t i p ,  the  cathode su r face  appears dark. This  in-  
d i c a t e s  t h a t  most of  t he  cathode su r face  does not  achieve in- 
candescent temperatures during t h e  t i m e  of our  experiment, 
even though the su r face  cu r ren t  d e n s i t i e s  exceed 10 A/m e That 
incandescence should be observable  w a s  v e r i f i e d  by success fu l ly  
photographing t h e  f i lament  of a 35 W spot  lamp, using t h e  same 
5 psec s h u t t e r  Kerr-cell system. Spectroscopic  photographs 
confirm these r e s u l t s ,  showing b r i g h t  continuum a t  t h e  cathode 
t i p ,  but  darkness everywhere else on t h e  surface. 

7 2  

The importance of t h e  photographic work i s  t h a t  i s  
provides  a time-resolved, gene ra l  look a t  t h e  i n t e r i o r  of an 
MPD a r c j e t .  Discharge mode, a r c  i n t e n s i t y  d i s t r i b u t i o n  and 
p o l a r i t y  effects are immediately seen, and s i g n i f i c a n t  evidence 
i s  obtained about processes  such as i n s u l a t o r  a b l a t i o n  and 
cathode emission. 

Surface Phenomena 

I n s u l a t o r  Ablation, A d i a l  i n d i c a t o r  w a s  appl ied  t o  
the  i n i t i a l l y  f l a t  P l e x i g l a s  backplate  used i n  t h e  photographic 
s t u d i e s ,  Af te r  some 50 f i r i n g s ,  a shallow, conica l  region had 
been ab la t ed  approximately 0,002-ine deep a t  the  cathode-insu- 
l a t o r  junc t ion  and extending out  t o  t h e  r a d i u s  of  gas i n j e c t i o n ,  
Measurement of  t h e  a b l a t i o n  depth of t h e  backpla te  normally 
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used, a f t e r  over 3,000 f i r i n g s  a t  var ious  cu r ren t  and m a s s  
flow condi t ions ,  y i e l d s  a comparable value of  m a s s  l o s t  p e r  
shot .  This a b l a t e d  region i s  shown i n  our  diagrams of  t h e  
arc chamber as a c o n i c a l  volume a t  t h e  base of  t h e  cathode. 
Computations based on t h e  volume of P l e x i g l a s  ablated, aver- 
aged over  t h e  t o t a l  discharge du ra t ion  inc luding  r eve r se  cur- 
r e n t  pu l se s ,  g ive  a m a s s  flow of  i n s u l a t o r  material of  0 - 9  

g/sec, which i s  an apprec iab le  f r a c t i o n  of t h e  input  argon 
m a s s  flow (5  a 5 g/sec i n  our  case) More important, however, 
i s  t h e  i n f l u x  of l o w  m a s s  ions  t o  t he  plasma, s i n c e  each Plex- 
i g l a s  group ( C  H 0 ) may be expected t o  provide up t o  e i g h t  
hydrogen ions.  T h i s  may have important impl ica t ions  f o r  any 
process ,  d i agnos t i c  o r  a r c ,  t h a t  involves  t h e  random f l u x  of  
p o s i t i v e  charge t o  a sur face .  

5 8 2  

Cathode Surface.  Af te r  s e v e r a l  hundred f i r i n g s ,  t h e  
cathode w a s  removed f o r  c l o s e  examination. It i s  immediately 
evident  t h a t  the  cathode t i p  has  experienced considerable  
violence s i n c e  t h e  i n i t i a l l y  smooth, l a r g e  r ad ius  cone end 
has  developed a sharp  peak a t  the  t i p  cen te r ,  surrounded by 
a r a t h e r  f l a t t e n e d  area .  (See Fig. 2-4; note t h a t  t h e  unused 
cathode on t h e  l e f t  has a h igher  base than  the used cathode 
had i n i t i a l l y .  A l s o ,  the used cathode had been f i l e d  t o  
smoothness a few t i m e s  ear l ier  i n  i t s  h i s t o r y ,  so  we  cannot 
compare t h e  two f o r  e ros ion  due t o  t h e  discharge.)  

T h e  drawing i n  Fig. 2-5 was made w h i l e  viewing t h e  

cathode with a 3X stereomicroscope. W e  see tha t  t h e  surface 
extends with increas ing  s lope  from t h e  darker a reas  of the  

cathode t o  form a peak 0. 1- ine high, surmounted by a globule  
0.04-in, i n  diameter,  The  su r f ace  appears t o  have been molten 
along t h e  sides of  t h e  peak as s l i g h t  f o l d s  a r e  observed, 
These i n d i c a t e  flow away from t h e  end of t h e  cathode and t h u s  

oppos i te  t o  the  f r e e  stream plasma flow, Occasionally,  a red, 

hot  spark  w i l l  be e j e c t e d  from t h e  arc chamber during o r  per -  
haps s l i g h t l y  af ter  the d ischarge ,  W e  may surmise t ha t  t h i s  

r e s u l t s  when t h e  cathode t i p  deforms t o  the ex ten t  t h a t  t h e  
globule  is  f reed  from the peak, Processes then  r e t u r n  t o  
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OF CATHOD 

FIGURE 2-5 



17 

normal (spark-free)  u n t i l  t h e  mechanical s t a b i l i t y  of t h e  peak 
formation i s  aga in  l o s t .  Although t h e  c u r r e n t  d e n s i t y  a t  t h e  
base o f  t h e  cathode i s  comparable t o  t h a t  a t  t h e  cathode t i p ,  
no melt ing i s  apparent t h e r e ,  

Maqnetic F i e l d  D i s t r i b u t i o n  

By measurement of  t h e  magnetic f i e l d  d i s t r i b u t i o n  wi th in  
an MPD a rc je t ,  we  may ob ta in  both t h e  cu r ren t  flow p a t t e r n  and 
t h e  d i s t r i b u t i o n  and d i r e c t i o n  of t h e  j x B body fo rce ,  I n  a 
quasi-s teady discharge,  t h i s  i s  accomplished q u i t e  simply by 

5 u s e  of a small  c o i l  of wi re  p laced  a t  t h e  p o i n t  of i n t e r e s t ,  
A s  t h e  d ischarge  p a t t e r n  forms and s t a b i l i z e s ,  a cu r ren t  i s  
generated i n  t h e  c o i l  p ropor t iona l  t o  t h e  l o c a l  r a t e  of change 
of  magnetic f i e l d .  E lec t ron ic  i n t e g r a t i o n  of t h i s  s i g n a l  then  
allows us t o  monitor t h e  l o c a l  magnetic f i e l d  on an o s c i l l o -  

A d  

scope (see Fig. 2-6a), Ca l ib ra t ion  i s  accomplished i n  a s i t u -  
a t i o n  nea r ly  i d e n t i c a l  t o  t h a t  i n  which t h e  probe i s  used by 
p l ac ing  t h e  c o i l  a t  a p o s i t i o n  i n  t h e  a r c  chamber where t h e  
magnetic f i e l d  i s  known, i - e . ,  a t  a p o s i t i o n  enc los ing  t h e  
t o t a l  d i scharge  cu r ren t .  

The r e s u l t  of a survey of t h e  magnetic f i e l d  i n  t h e  
cathode region of t h e  d ischarge  i s  displayed as a p l o t  of  en- 
c losed c u r r e n t  contours i n  Fig. 2-7. Constant f r a c t i o n s  of 
t h e  t o t a l  d i scharge  cu r ren t  flow between t h e s e  s t r e a m l i n e s  
and t h e  a r c j e t  c e n t e r l i n e .  This  f i g u r e  was obtained by graph- 
ing t h e  enclosed cu r ren t  a t  over 40 p o i n t s  i n  t h e  cathode re- 
gion versus  both r a d i a l  and a x i a l  p o s i t i o n ,  The loca t ions  a t  
which a s p e c i f i e d  cu r ren t  i s  enclosed w e r e  then  c r o s s  p l o t t e d  
t o  provide a contour.  The e r r o r  boxes a r e  due t o  f i n i t e  probe 
s ize ,  shot-to-shot r e p r o d u c i b i l i t y ,  and experimental  p rec i s ion ,  
and i n d i c a t e  t h e  a r e a  around each po in t  of  t h e  contour a t  which 
t h e  p a r t i c u l a r  c u r r e n t  may be enclosed. I n  ob ta in ing  enclosed 
cu r ren t  from the  l o c a l  magnetic f i e l d  measurement, we make use  
of t h e  azimuthal symmetry of t h e  d ischarge ,  This symmetry i s  
ind ica t ed  by t h e  quasi-s teady c h a r a c t e r  of  our s i g n a l s  (no ro- 
t a t i n g  spokes, f o r  example, are suggested) and w a s  confirmed 
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by r o t a t i o n  of  t h e  probes 90° out of t h e  usua l  p lane  of  m e a -  
surement. The s a m e  l e v e l  and d i s t r i b u t i o n  of magnetic f i e l d  
w a s  obtained even though our azimuthal p o s i t i o n  r e l a t i v e  t o  
t h e  hexagonally arranged gas i n j e c t o r s  w a s  d i f f e r e n t ,  

W e  c a l l  a t t e n t i o n  a t  p re sen t  t o  some of t h e  more i m -  
mediate f e a t u r e s  of  t h e  c u r r e n t  flow p a t t e r n ,  W e  no te  t h a t  
25% of t h e  t o t a l  c u r r e n t  t r a v e l s  i n  a l a y e r  ad jacent  t o  t h e  
i n s u l a t o r  wa l l ,  w i th  t h e  remainder of  t h e  cu r ren t  d i s t r i b u t e d  
i n  a d i f f u s e  manner throughout t h e  cathode region. A t  t h e  
cathode su r face ,  t h e  cu r ren t  d e n s i t y  i s  r a t h e r  uniform, It 

i s  h ighes t  a t  t h e  cathode t i p  ( 5  x l o 7  A/m ) ,  somewhat lower 
a t  t h e  base of t h e  cathode ( 4  x l o 7  A/m ) and lower s t i l l  along 
t h e  in te rvening  s lope  (1.5 x l o 7  A/m ) .  Another, r a t h e r  i n t e r -  
e s t i n g ,  aspec t  of  t h e  p a t t e r n  i s  t h e  double i n f l e c t i o n  of t h e  
cu r ren t  s t reaml ines  a t  t h e  r a d i u s  of  gas i n j e c t i o n .  Even when 
t h e  p a t t e r n  i s  smoothed t o  achieve g e n t l e  curves through t h e  
e r r o r  boxes, t h i s  f e a t u r e  i s  s t i l l  p re sen t .  

2 

2 

2 

Voltaqe D i s t r i b u t i o n  

The vol tage d i s t r i b u t i o n  wi th in  t h e  discharge i s  de- 
te rmined  by use of f l o a t i n g  e l e c t r o s t a t i c  probes,  These m e a -  
surements a c c u r a t e l y  r e f l e c t  t h e  plasma p o t e n t i a l  d i s t r i b u t i o n  
i f  t h e  e l e c t r o n  temperature and plasma flow p r o p e r t i e s  do not 
vary g r e a t l y  over t h e  d i s t a n c e  of i n t e r e s t .  From t h e  p o t e n t i a l  
d i s t r i b u t i o n ,  we may ob ta in  l o c a l  components of t h e  e lectr ic  
f i e l d  i n  t h e  discharge and, wi th  re ference  t o  t h e  cu r ren t  d i s -  
t r i b u t i o n ,  w e  may a l s o  d e l i n e a t e  regions of  s i g n i f i c a n t  elec- 
t r i c a l  energy depos i t ion .  

To minimize t h e  e f f e c t s  of t o t a l  vol tage f l u c t u a t i o n  
from shot- to-shot ,  we  employ two f l o a t i n g  probes a t  nearby 
p o s i t i o n s ,  separa ted  i n  e i t h e r  t h e  r a d i a l  o r  a x i a l  d i r e c t i o n .  
The probe system used he re  cons i s t ed  of two #18 copper w i r e s ,  
i n s u l a t e d  with Mylar and epoxy, and c o a x i a l l y  sh ie lded  i n  t h e  
same support  t u b e  (Fig,  2 - 8 ) -  The w i r e  ends w e r e  exposed t o  
t h e  plasma a s  nea r ly  s p h e r i c a l  t i p s ,  separated by 0,11 i n ,  
i n  t h e  case of t h e  r a d i a l  f i e l d  probe, and 0 .22  i n ,  f o r  t h e  
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axia l  f i e l d  probe, Voltages w e r e  monitored by t h r e e  Tektronix 
P6006 vol tage  probes,  using a Tektronix Type G d i f f e r e n t i a l  
pre-amp t o  o b t a i n  t h e  vol tage  d i f f e r e n c e  between t i p s  (see 
Figo  2-6b), By simultaneously recording t h e  vol tage  of one 
probe and t h e  vol tage  d i f f e r e n c e  between probes,  w e  ob ta in  
t h e  f l o a t i n g  p o t e n t i a l  a t  two p o i n t s  i n  t h e  plasma and t h e  
average electric f i e l d  between them, This  procedure w a s  ap- 
p l i e d  a t  over 50 l o c a t i o n s  i n  t h e  cathode region, providing 
over a hundred measurements o f  f l o a t i n g  p o t e n t i a l ,  

P l o t s  of f l o a t i n g  p o t e n t i a l  versus  r a d i a l  and a x i a l  
p o s i t i o n  w e r e  then  used t o  o b t a i n  t h e  loca t ions  of p a r t i c u l a r  
vol tage values ,  The r e s u l t i n g  e q u i p o t e n t i a l  contours  are 
shown i n  Fig. 2-9, The e r r o r  boxes are again due t o  f i n i t e  
probe s i z e ,  shot-to-shot r e p r o d u c i b i l i t y ,  and experimental  
p rec i s ion ,  and aga in  i n d i c a t e  t h e  range of  p o i n t s  through 
which a given contour could be drawn, The vol tage l e v e l  of  
each l i n e  may be co r rec t ed  by a f a c t o r  depending on t h e  elec- 
t r o n  temperature and t h e  appropr ia te  ion  speed and m a s s .  Both 
these  c o r r e c t i o n s  tend t o  decrease given vol tage  values  by up 
t o  10 V, (The e l e c t r o d e  vol tages  need no co r rec t ion ,  so t h e  
cathode f a l l  vo l tage  may be 10 V more than  ind ica ted  i n  Fig. 
2-9, 

W e  no te  immediately from t h e s e  contours  t h a t  t h e  bulk 
of  t h e  arc vol tage,  and thus  e l e c t r i c a l  power, i s  provided 
wi th in  one (base) diameter of  t h e  cathode sur face ,  confirming 
t h e  importance of t h e  cathode region t o  MPD arc processes ,  A 

d e t a i l e d  a n a l y s i s  of t h e  electromagnet ic  s t r u c t u r e  o f  t h e  d i s -  
charge i n  t h e  cathode reg ion  i s  presented i n  Chap, 4, W e  must 
f i r s t  determine some of t h e  e l e c t r i c a l  and mechanical p r o p e r t i e s  
of  our plasma, 

Lanqmu ir  Prob inq  

Time-resolved l o c a l  measurements o f  e l e c t r o n  tempera- 
t u r e  and e s t ima tes  of e l e c t r o n  d e n s i t y  are obtained by Langmuir 
probe techniques,  B r i e f l y ,  a Langmuir probe c o n s i s t s  of a w i r e  
i n s e r t e d  i n t o  a plasma and exposed t h e r e  as a su r face  of  known 
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geometry., A c u r r e n t  i s  drawn through the  w i r e  and t h e  s u r -  
face  i s  e s t a b l i s h e d  a t  some vol tage ,  The approach i s  t o  re- 
la te  t h i s  cu r ren t  and vol tage t o  the  charge t r a n s p o r t  processes  
of t h e  plasma and thereby  t o  o b t a i n  the  p a r t i c l e  temperatures 
and d e n s i t i e s ,  Unfortunately,  t h i s  procedure i s  extremely com- 
p l i c a t e d  except i n  a few well-defined s i t u a t i o n s .  l2 TO u t i l i z e  
t h i s  technique, we are t h e r e f o r e  requi red  t o  design our probe 
so t h a t  such a simple s i t u a t i o n  ob ta ins ,  W e  need a probe w i t h  
a r ad ius  much l a r g e r  than  a Debye length,  so  t h a t  the c o l l e c t i o n  
area i s  w e l l  known, ye t  much smaller than  var ious mean f r e e  
pa ths ,  so  t h a t  a c o l l i s i o n l e s s  formulation may be used, Addi- 
t i o n a l l y ,  we  r e q u i r e  t h e  probe t o  survive many exposures t o  a 
dense, e n e r g e t i c  plasma without v a r i a t i o n  i n  i t s  opera t ing  
cha rac t e r ,  

Our i n i t i a l  e f f o r t s  w e r e  concerned with the  measure- 
ment of  e l e c t r o n  temperature i n  the MPD exhaust on t h e  a rc je t  
c e n t e r l i n e  1 2  i n ,  downstream o f  t he  anode face ,  W e  employed 
a s i n g l e  Langmuir probe, cons t ruc ted  a s  shown i n  Fig,  2-10, 

and a l igned  p a r a l l e l  t o  t h e  plasma flow., The vol tage  drop 
across  a r e s i s t o r  connecting t h e  probe t o  ground w a s  monitored 
w i t h  a Tektronix P6013A vol tage probe, so t h a t  t h e  c u r r e n t  
drawn by t h e  probe and t h e  probe vol tage  during quasi-steady 
ope ra t ion  w e r e  obtained wi th  a s i n g l e  measurement (see Fig, 
2 - l l a ) ,  The procedure w a s  repeated f o r  a range of r e s i s t o r  
valves ,  from 9.6- t o  10 n , t o  achieve t h e  graph of  probe 
cu r ren t  versus probe vol tage shown i n  Fig,  2-12, The ion  cur-  
r e n t  branch of  t h e  probe character is t ic  w a s  obtained by t h e  
a d d i t i o n  of a 45 V b a t t e r y  i n  series w i t h  the  r e s i s t o r ,  The 
probe t i p  was cleaned i n i t i a l l y  by submersion i n  w a r m  c lorox  
u n t i l  a shiny, l i g h t  gray  surface was obtained,  Examination 
of  the probe t i p  a f t e r  many exposures t o  t h e  d ischarge  showed 
t h a t  t h i s  condi t ion  w a s  maintained, presumably by probe hea t ing  
i n  t h e  arc environment, The e r r o r  bars i n  Fig. 2-12 are p r i -  
mari ly  due t o  t h e  shot-to-shot f l u c t u a t i o n s  of t h e  t o t a l  d i s -  
charge vol tage  and t h u s ,  l o c a l  plasma p o t e n t i a l ,  Note t h a t  
both e l e c t r o n  and ion  c u r r e n t  s a t u r a t i o n s  w e r e  achieved, Thus, 

8 



R 

d 

L\ 
N 

J 4 I 



I 



0 

6 1  

T 

d- 
I 

a3 
I 

e 



28 

w e  may a d j u s t  t h e  t o t a l  c u r r e n t  by the  ion  cu r ren t  (assumed 
cons tan t )  t o  o b t a i n  a p l o t  of  e l e c t r o n  c u r r e n t  versus  probe 
vol tage,  Fig, 2-13, W e  see t h a t  a s t r a i g h t  l i n e  t r a n s i t i o n  
po r t ion  and a "knee" are p r e s e n t ,  The e l e c t r o n  temperature 
i s  obtained from t h e  slope of the s t r a i g h t  po r t ion ,  while 
t h e  "knee" i n d i c a t e s  whefi t h e  probe has  a t t a i n e d  plasma po- 
t e n t i a l ,  Our a n a l y s i s  fol lows simple Langmuir probe theory  
and gives:: 

kT = (8,8 2 0,6) e V  i 

The r a t h e r  l a rge  e r r o r  bar on ne r e f l e c t s  the lack  
of p r e c i s i o n  involved i n  determining t h e  l o c a t i o n  of  plasma 
p o t e n t i a l  w i th in  the  knee. T h i s  could be improved i f  more 
d a t a  w e r e  obtained,  b u t  i n  view of the  unce r t a in ty  o f  t he  

probe c o l l e c t i o n  area a t  t h i s  low dens i ty ,  we are s a t i s f i e d  
merely wi th  an estimate of  e l e c t r o n  dens i ty .  The ion  temper- 
a t u r e  i s  determined from the  ion  s a t u r a t i o n  cu r ren t ,  assuming 
s i n g l y  charged argon ions  and neglec t ing  f a r - f i e l d  shea th  e f -  
f e c t s  i n  view of t h e  high ion energy. (Calcu la t ions  based on 
ion  c u r r e n t  are s e n s i t i v e  t o  t h e  chemical na ture  of t h e  flow 
as w e l l  as t h e  exac t  flow d i r e c t i o n  and w e  s h a l l  avoid them 
f o r  t h e s e  reasons , )  W e  no te  our  probe data is  cons i s t en t  w i t h  
simple theory  i n  t ha t  t h e  measured d i f f e r e n c e  between plasma 
p o t e n t i a l  and f l o a t i n g  p o t e n t i a l  agrees  with t h e  value computed 
from t h e  e l e c t r o n  temperature and t h e  s a t u r a t i o n  c u r r e n t  r a t i o ,  

Although t h e  s i n g l e  Langmuir probe proved u s e f u l  for  

measurements of e l e c t r o n  temperature and estimates of e l e c t r o n  
d e n s i t y  and ion  temperature i n  t h e  downstream exhaust of t h e  

arcjet ,  t h i s  was not t h e  case wi th in  t h e  a r c  chamber, The 
f l u c t u a t i o n s  of l o c a l  plasma p o t e n t i a l  from shot-to-shot be- 

came more s i g n i f i c a n t  compared t o  t h e  d i f f e r e n c e  between f l o a t -  
ing and plasma p o t e n t i a l s ,  so t h a t  we could no longer  ob ta in  a 
probe characterist ic,  Pulsed ope ra t ion  of t h e  probe (sweeping 
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t h e  probe c h a r a c t e r i s t i c  during t h e  discharge)  w a s  considered 
but  discounted because of t h e  induct ive  vol tage  drops assoc i -  
a t e d  wi th  d r iv ing  p u l s e s  up t o  e l e c t r o n  cu r ren t  s a t u r a t i o n  on 
a t i m e  s h o r t  compared t o  l o c a l  f l u c t u a t i o n  t i m e s  i n  t h e  plasma, 
W e  t h e r e f o r e  developed a technique t h a t  i s  insensit ive t o  f luc -  
t u a t i o n s  i n  plasma p o t e n t i a l ,  

The approach i s  simply t o  measure t h e  c u r r e n t s  and 
vol tages  of two i d e n t i c a l  probes sampling t h e  same plasma, I f  
w e  ope ra t e  on t h e  t r a n s i t i o n  p o r t i o n  of t h e  c h a r a c t e r i s t i c  and 
d r a w  c u r r e n t s  w e l l  above ion  s a t u r a t i o n  c u r r e n t ,  then  t h e  r a t i o  
of c u r r e n t s  t o  t h e  probes w i l l  be given by t h e  Boltzmann f a c t o r  
based on t h e  d i f f e r e n c e  i n  probe vol tages  and t h e  e l e c t r o n  t e m -  
p e r a t u r e  :: 

- e(Vz -V I )  

Such a twin probe w i l l  t hus  provide t h e  e l e c t r o n  t e m -  
p e r a t u r e  i f  we measure the necessary c u r r e n t s  and vol tages ,  
The procedure i s  s i m i l a r  t o  t h a t  used f o r  t h e  s i n g l e  probe, i n  
t h a t  each probe is  connected t o  ground through a d i f f e r e n t  re- 
s i s t o r ,  and the vol tage drops are monitored using Tektronix 
P6006 vol tage  probes,  Both c u r r e n t s  are determined i n  t h i s  

way, while  the d i f f e r e n c e  i n  vol tages  i s  obtained using a Tek- 

t r o n i x  Type G d i f f e r e n t i a l  pre-amp (see Fig,  2 - l l b ) .  To in su re  
tha t  we  a r e  opera t ing  on the  proper  p o r t i o n  of t h e  probe char- 
a c t e r i s t i c ,  s e v e r a l  p a i r s  of r e s i s t o r s  are used, Our computed 
value of  kTe i s  j u s t  the  r e c i p r o c a l  of t he  s lope  of  a l i n e  be- 

tween two p o i n t s  on t h e  probe characterist ic.  A p l o t  of in-  
verse  s lope  versus  the  h ighes t  cu r ren t  t o  t h e  probe p a i r  i s  
shown i n  Fig,  2-14. When both probe t i p s  are on the t r a n s i -  
t i o n  branch, t h e  computed value of kTe remains nea r ly  cons tan t  
f o r  d i f f e r e n t  c u r r e n t s  (decreasing somewhat a s  we  approach ion  
s a t u r a t i o n  c u r r e n t ) ,  I f  one o r  both of  t h e  probe t i p s  a r e  
drawing cu r ren t  on t h e  e l e c t r o n  s a t u r a t i o n  branch, howeverp we 
suddenly compute high values  of  kTee Thus, the constant  p o r t i o n  
of Fig,  2-14 provides  the e l e c t r o n  temperature,  w h i l e  the  "kink" 
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i n d i c a t e s  e l e c t r o n  cu r ren t  s a t u r a t i o n ,  from which w e  may es- 
timate e l e c t r o n  dens i ty ,  The r e s u l t s  o f  twin probe and s i n g l e  
Langmuir probe techniques are compared a t  a p o s i t i o n  on t h e  
a r c j e t  c e n t e r l i n e ,  1 2  i n ,  from t h e  anode face and found t o  
agree almost e x a c t l y  (kTe = 1,5 eV,  ne = 6 x 10 ,+$versus pre- 
vious values)  A basic l i m i t a t i o n  on t h e  accuracy of  t h e s e  
measurements i s  the  turbulence of  t h e  plasma flow. I n  Fig,  
2-15, we see t h e  t i m e  v a r i a t i o n  of kTe determined by the  t 
probe during quasi-steady opera t ion ,  

19 

Values of kTe and estimates of  ne a r e  shown a t  var ious 
p o s i t i o n s  wi th in  the  arc chamber i n  Fig,  2-16, The values  i n  
t h e  cathode j e t  ( r  = 0,  z = 3/16 i n - )  w e r e  obtained by sacri- 
f i c i n g  probe t i p s  t h a t  remained from previous opera t ions  else- 
where. It w a s  found t h a t  a tungsten w i r e  t i p  would not be 
l o s t  t o  t h e  fu ry  of t h e  cathode j e t  u n t i l  sometime af ter  t h e  
f i r s t  f e w  pulses  of  t h e  discharge ringdown, I n  t h i s  way, values  
of e l e c t r o n  s a t u r a t i o n  cu r ren t  i n  t h e  cathode je t  w e r e  accumu- 
lated. One experiment with a twin probe a t  t h i s  l o c a t i o n  (with 
r e s i s t o r  values  es t imated t o  p l ace  t h e  probe on t h e  t r a n s i t i o n  
branch) y ie lded  the  e l e c t r o n  temperature shown i n  Fig,  2-16 
a t  the cathode t i p .  

W e  note  t h a t  the  s t rong  magnetic f i e l d  i n  t h e  cathode 
region w i l l  cause the  probe c h a r a c t e r i s t i c  (current-vol tage 
diagram) t o  p l a t eau  before  reaching t h e  t r u e  s a t u r a t i o n  elec- 
t r o n  c u r r e n t ,  so  e l e c t r o s t a t i c  probe data provide only  minimum 
values of the  e l e c t r o n  d e n s i t y  near  the cathode, Indeed, l a te r  
a n a l y s i s  based on t h e  electromagnet ic  s t r u c t u r e  of  t h e  d i s -  
charge i n d i c a t e s  e l e c t r o n  d e n s i t i e s  almost an order  of  magni- 
tude h igher  than  values  obtained by these probes. The e l e c t r o n  
temperature measurement should not be a f f e c t e d  by the presence 
of the  magnetic f i e l d  s ince  it i s  based on t h e  t r a n s i t i o n  por- 
t i o n  o f  t h e  c h a r a c t e r i s t i c ,  C o l l i s i o n a l  e f f e c t s  near  t h e  probe 
surface a l s o  tend t o  d i s t o r t  t h e  r e s u l t s  obtained from probe 
d a t a ,  Computations based on t h e  higher  d e n s i t i e s  obtained from 
a n a l y s i s  of t he  discharge s t r u c t u r e  i n d i c a t e  t h a t  )a& /rp i 
and X,/r,* lom3, where Ae: i s  t h e  e lec t ron- ion  PEP, 
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A, is  t h e  Debye length,  and i s  t h e  probe radius .  The 
work of Kirchhoff e t  a l e L 3  suggests  t h a t  t r a n s i t i o n  flow e f -  
f e c t s  are the re fo re  unimportant i n  our probe s i t u a t i o n ,  

The minimum l e v e l s  of e l e c t r o n  dens i ty  provided by 
t h e  twin probe d a t a  w i l l  be used i n  Chap. 3 t o  e s t a b l i s h  t h e  
quasi-neutral ,  continuum na tu re  of our plasma and thereby  t o  
j u s t i f y  5 p r i o r i  t h e  magnetogasdynamic formulat ion from which 
t h e  higher  dens i ty  values  are obtained. 

I n  t h e  following chapters  we  s h a l l  formulate a cogent, 
phenomenological p i c t u r e  of t h e  phys ica l  processes  involved 
i n  the  cathode region of  our MPD arcjet  based on the  preceding 
experimental  evidence, 
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CHAPTER 3 

THE CATHODE PLASMA 

The na tu re  of a plasma is  p r i m a r i l y  determined by 
p a r t i c l e  c o l l i s i o n s ,  These c o l l i s i o n s  relate t h e  momentum 
and energy of a p a r t i c l e  t o  i t s  f e l l o w s  and t o  t h e  o t h e r  
types of  p a r t i c l e s  that  comprise t h e  plasma, C o l l i s i o n s  a l s o  
p r e s c r i b e  t h e  response of  a plasma t o  i t s  electromagnet ic  and 
mechanical environment, W e  s h a l l  examine and compare c o l l i -  
s i o n a l  events  i n  t e r m s  of  characteristic lengths  or mean free 
pa ths ,  I n  t h i s  way, t h e  r e l a t i v e  importance of  a p a r t i c u l a r  
c o l l i s i o n a l  process  may be judged on t h e  scale of i n t e r e s t  of 
t he  experiment e 

I o n i z a t i o n  Level 

An important parameter when comparing c o l l i s i o n a l  pro- 
cesses i n  a plasma i s  i t s  i o n i z a t i o n  level..  This  provides  a 
measure of t h e  r e l a t i v e  concent ra t ions  of charged and n e u t r a l  
p a r t i c l e s ,  and thus  p a r t i a l l y  desc r ibes  t h e  r e l a t i v e  c o l l i s i o n  
frequencies  of a charged p a r t i c l e  with o t h e r  charges and w i t h  
n e u t r a l s ,  The long range inf luence  o f  t h e  Coulomb f i e l d s  of 
charged p a r t i c l e s  w i l l  dominate t h e  s i t u a t i o n  whenever more 
than  a few percent  of t h e  gas  i s  ionized ( f o r  temperatures of 
i n t e r e s t  h e r e ) ,  I f  t h i s  i s  t h e  case, then our  plasma w i l l  re- 
semble a f u l l y  ion ized  gas f o r  phenomena involving t h e  t r ans -  
p o r t  of  one type of charge r e l a t i v e  t o  another ,  such as elec- 
t r o n  cu r ren t  conduction, For t h e s e  processes ,  t h e  exact l e v e l  
of  i o n i z a t i o n  i s  no longer very important,  Such knowledge w i l l ,  
howeverl s t i l l  be requi red  t o  desc r ibe  i n t e r a c t i o n s  between 
groups of charged and n e u t r a l  p a r t i c l e s .  For exampleo ion  
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momentum exchange with n e u t r a l s  and e l e c t r o n  energy loss i n  
i ne l a s t i c  events ,  such as i o n i z a t i o n ,  c l e a r l y  depend on t h e  
l o c a l  concent ra t ion  of n e u t r a l  p a r t i c l e s ,  I n  t h e  following 
d i scuss ions ,  we s h a l l  e s t a b l i s h  minimum l e v e l s  of plasma i o n i -  
z a t i o n  based on e s t ima tes  of e l e c t r o n  number d e n s i t y  and t e m -  
p e r a t u r e  obtained from e l e c t r o s t a t i c  probe measurements. Max- 
i m u m  l i m i t s  on plasma. i o n i z a t i o n  a r e  d i f f i c u l t  t o  impose with- 
ou t  = p r i o r i  knowledge of  arc processes .  For example, an 
o v e r a l l  power balance may be used t o  compute t h e  amount of  
energy a v a i l a b l e  f o r  i o n i z a t i o n  a f t e r  t h e  k i n e t i c  and thermal 
energy of  t h e  flow and hea t  l o s s e s  t o  e l ec t rodes  have been 
sub t r ac t ed  from t h e  t o t a l  a r c  power, Unfortunately,  uncer -  
t a i n t i e s  i n  our knowledge of plasma flow speed and temperature 
toge the r  wi th  f a i r l y  reasonable assumptions a s  t o  e f f e c t i v e  
i o n i z a t i o n  p o t e n t i a l  and hea t  l o s s e s ,  a l low i o n i z a t i o n  l e v e l s  
from zero  t o  over 200%. I n  any event ,  such o v e r a l l  estimates 
cannot be u s e f u l l y  appl ied  t o  l o c a l  plasma condi t ions ,  p a r t i c -  
u l a r l y  near t h e  cathode, 

T o  ob ta in  l o c a l  estimates of t h e  minimum i o n i z a t i o n  
l e v e l  w i th in  t h e  a r c  chamber, w e  need t o  know t h e  t o t a l  par-  
t i c l e  d e n s i t y  d i s t r i b u t i o n .  For our purposes, we  s h a l l  assume 
a reasonable v e l o c i t y  p r o f i l e  i n  t h e  chamber and compute heavy- 
p a r t i c l e  d e n s i t i e s  using t h e  known mass flow rate.  Since t h e  
p rope l l an t  gas i s  i n j e c t e d  i n t o  t h e  chamber through choked o r i -  
f i c e s  from a high pressure  r e s e r v o i r ,  we  expect i n i t i a l  heavy- 
p a r t i c l e  speeds on t h e  order  of  lo3 m/s. 
anode exhaust p o r t ,  t ime-of - f l igh t  v e l o c i t y  probes i n d i c a t e  
speeds'' of about 2 x lo' m / s .  
t h e  e n t i r e  backwall of t h e  chamber (assuming t h a t  t h e  i n j e c t e d  
flow r a p i d l y  expands i n t o  t h e  lower p re s su re  expected i n  t h e  
arc chamber), we  have a d e n s i t y  near t h e  back p o r t i o n  of t h e  
cathode region of :  

Downstreamp a t  t h e  

Averaging t h e  mass flow over 

22 3 n GS 10 /m H (3-1)  

Downstream of t h e  cathode t i p ,  a f a c t o r  of 10 increase  i n  speed 
( t o  - 10 m / s )  r e s u l t s  i n  a f a c t o r  of  10 lower dens i ty ,  From 4 
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these estimates of  heavy-part ic le  dens i ty ,  we  see t h a t  i n  ~- ~ 

20 3 t h e  back p o r t i o n  o f  t he  chamber, where n 3 x 10 /m , e 
o(% 3%; while  j u s t  downstream of t h e  cathode t i p ,  o( 

may exceed 100% (we note  t h a t  our  d e n s i t y  estimates f a i l  t o  

e consider  compression of t h e  flow near  t h e  cathode, where n 
w a s  measured) e 

It is i n s t r u c t i v e  t o  a t tempt  o t h e r  approaches t o  t h e  
i o n i z a t i o n  l e v e l .  For ins tance ,  i f  we assume t h a t  an e q u i -  
l i b r i u m  e x i s t s  between t h e  e l e c t r o n s  i n  t h e  plasma and t h e  
var ious excited s t a t e s  of  t h e  heavy p a r t i c l e s ,  we may o b t a i n  
a two-temperature ”equi l ibr ium cons tan t”  (genera l ized  Saha 
equation) The ch ie f  approximation i s  t h a t  we  may w r i t e  t h e  
heavy-par t ic le  p a r t i t i o n  func t ion  as t h e  product of a t r a n s -  
l a t i o n a l  p a r t i t i o n  func t ion  based on t h e  heavy-par t ic le  t e m -  
p e r a t u r e  and an internal .  p a r t i t i o n  func t ion  determined by t h e  
e l e c t r o n  temperature:  

This  should hold as long as t h e  heavy-part ic le  t e m -  
p e r a t u r e  i s  less than  an order  of magnitude g r e a t e r  t han  t h e  
e l e c t r o n  temperature,  s i n c e  e l e c t r o n  heavy-part ic le  c o l l i s i o n s  
are more e f f i c i e n t  for i n e l a s t i c  energy exchange, Assuming 
t h a t  n e u t r a l s  and ions  have t h e  same temperature and m a s s ,  
we have 

where t h e  q u a n t i t y  i n  braces  is  t h e  r a t i o  of i n t e r n a l  p a r t i -  
t i o n  func t ions  of t h e  ion and atom, and E, i s  t h e  i o n i z a t i o n  
p o t e n t i a l  e 

Since w e  have both ne and Te from probe measurements 
20 3 /m ( say  n = 3 x 10 and kTe = 1-5 e V ) ,  w e  may compute n./nAe e 1 
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For f i r s t  i o n i z a t i o n  of argon, we f i n d  n./nA 5000. W e  

would thus  conclude t h a t  our plasma i s  f u l l y  ion ized ,  How- 
ever ,  we may cont inue t h i s  approach t o  d iscover  t h a t  t h e  con- 
c e n t r a t i o n  r a t i o s  of  higher  i o n i z a t i o n  l e v e l s  are s i m i l a r l y  
l a r g e  ( n .  /nil 20,000, ni3/ni2 * 3700, e tc , ,  where sub- 
s c r i p t s  r e f e r  t o  doubly and t r i p l y  ionized p a r t i c l e s )  Even 
with an order  of  magnitude inc rease  i n  e l e c t r o n  d e n s i t y  t h i s  
s i t u a t i o n  p e r s i s t s  and computations wi th  o the r  atomic spec ie s  
(C ,  0, H) y i e l d  s i m i l a r  r e s u l t s ,  This  i n d i c a t e s  t h a t  t h e  ba- 
s i c  assumption of our approach i s  not  va l id :  W e  do not  have 
a balance of forward and r eve r se  r e a c t i o n s  on t h e  scale of  
i n t e r e s t .  That i s ,  t h e  i o n i z a t i o n  of t h e  plasma has  not pro- 
gressed s u f f i c i e n t l y  f o r  recombination t o  occur u n t i l  some 
t i m e  a f t e r  t h e  plasma has l e f t  t h e  arc chamber. I n  e f f e c t ,  
t h e  breakdown of an i n i t i a l l y  n e u t r a l  gas  i n  an e l e c t r i c a l  d i s -  
charge i s  spread over t h e  e n t i r e  a r c  chamber by t h e  high speed 
flow, I n  t h a t  much t h e  same e l e c t r o n  temperature and lower 

1 

12 

e l e c t r o n  d e n s i t i e s  are found i n  t h e  downstream exhaust ,  it ap- 
pea r s  t h a t  w e  do not  achieve even a two-temperature equi l ibr ium 
plasma wi th in  our apparatus ,  This  s i t u a t i o n  has  a l r eady  been 
suggested by t h e  r a t h e r  cons tan t  l e v e l  of  t h e  e l e c t r o n  temper- 
a t u r e  throughout our system, i n d i c a t i n g  t h a t  while  e l e c t r o n s  
r ece ive  energy from t h e  e lec t r ic  f i e l d  and l a t e r  from e las t ic  
c o l l i s i o n s  with heavy p a r t i c l e s ,  they  con t inua l ly  t r a n s f e r  
hea t  t o  exc i t ed  s ta tes ,  The i o n i z a t i o n  l e v e l  of t h e  plasma 
thus  d e r i v e s  from t h e  k i n e t i c s  of electron-atom i n e l a s t i c  en- 
counters  * 

W e  may compute t h e  mean d i s t a n c e  t r a v e l l e d  by an atom 
before  i o n i z a t i o n  from our knowledge of e l e c t r o n  d e n s i t y  and 
temperature,  i f  we assume t h a t  t h e  i o n i z a t i o n  r e a c t i o n  k i n e t i c s  
a r e  dominated by a simple one-step electron-atom e x c i t a t i o n  
process ,  I n  argon, t h e  f i r s t  e x c i t a t i o n  p o t e n t i a l  (11.5 eV) 

i s  q u i t e  c l o s e  t o  f i rs t  i o n i z a t i o n  p o t e n t i a l  (15 ,7 ) ,  so  t h a t  
exc i t ed  atoms may be r e a d i l y  ionized.  ( W e  note  t h a t  t he  a c t u a l  
r e a c t i o n  k i n e t i c s  may be considerably more complex, so  t h a t  w e  
only ob ta in  a rough estimate of  i o n i z a t i o n  r a t e  from t h i s  
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approach,) 
cu la t ed  by consider ing t h e  c r o s s  s e c t i o n  f o r  r e a c t i o n  as a 
cons tan t  ramp inc rease  from a th re sho ld  energy, and i n t e g r a t i n g  
t h e  t a i l  of a Maxwellian e l e c t r o n  energy d i s t r i b u t i o n  above 
t h i s  l e v e l ,  

The c o l l i s i o n  frequency for e x c i t a t i o n  may be cal- 

15 For  kTe = 1 - 5  eV,  w e  have: 

(3-4)  ion 
e A  EX = ( 3 - 9  x n3/sec)ne SY 

e A  z/ 

20 3 with ne = 3 x 10 /m I t h e  mean free t i m e  is: 

c 8.5 x sec (3-5) '%: ion  

3 I n  t h e  back p o r t i o n  o f  t h e  a r c  chamber, we again l e t  k a  10 

m / s e c  t o  o b t a i n  t h e  d i s t a n c e  t r a v e l l e d  by an atom before  it 
i s  ionized:  

8 - 5  x 10-1 m A ion  (3-6)  

Fur ther  downstream, t h e  flow v e l o c i t y  inc reases  by 
about a f a c t o r  of 10, but  the e l e c t r o n  d e n s i t y  has  a s i m i l a r  
increase ,  so t h i s  d i s t a n c e  remains about t h e  sameo W e  note  
t h a t  it i s  much g r e a t e r  than  t h e  chamber he ight  (5  c m ) ,  so 
t h a t  we cannot expect complete i o n i z a t i o n  wi th in  t h e  arc cham- 
be r  by a simple two-step process ,  
w i t h  t h e  f a i l u r e  of the quasi-equi l ibr ium formulation. 

This c o r r e l a t e s  q u i t e  w e l l  

W e  may estimate t h e  d i s t a n c e  from t h e  i n j e c t o r s  a t  
which t h e  argon flow i s  ionized one percent  by means of a 
simple dep le t ion  formula: 

X i on  - 
n(x )  = n e 

0 

For n/no = 0,99, we have: 

(3-7) 

0-85 c m  G5 
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This  i s  s m a l l  i n  compar ison  t o  t h e  e x t e n t  of t h e  cathode re- 
gion, so w e  aga in  f i n d  t h a t  t h e  i o n i z a t i o n  l e v e l  i n  t h i s  re- 
gion i s  

stream, 
i s  a l s o  

s u l t s ,  

bet ter  than  a f e w  percent ,  Af te r  5 c m  of t r a v e l  down- 
w e  would have an i o n i z a t i o n  l e v e l  of about lo-'. This 
c o n s i s t e n t  wi th  previous e s t ima tes ,  

Spectroscopic  evidence'' t ends  t o  confirm these  re- 
The appearance and i n t e n s i t y  of  var ious  l i n e s  a r e ,  t o  

some e x t e n t ,  i n d i c a t o r s  of t h e  i o n i z a t i o n  l e v e l  o r ,  i n  our 
case,  i o n i z a t i o n  progress  of t h e  plasma, For example, t h e  H p  

l i n e  i s  q u i t e  prominent throughout t h e  discharge,  r e q u i r i n g  
t h e  ex i s t ence  of  a t  least  some atomic hydrogen everywhere i n  
t h e  chamber. Molecular carbon l i n e s  appear throughout t h e  
cathode region b u t  become weak i n  t h e  cathode je t .  On t h e  
o t h e r  hand, doubly ionized atomic carbon appears on ly  i n  t h e  
cathode je t .  This  i n d i c a t e s  t h a t  t h e  i o n i z a t i o n  l e v e l  i s  
higher  t h e r e  than elsewhere i n  t h e  arc chamber, 

W e  may conclude from o u r  d i scuss ion  t h a t  t h e  minimum 
l e v e l  of  i o n i z a t i o n  of t h e  plasma i n  t h e  cathode region pro- 
g re s ses  from a few percent  a t  t h e  back o f  t h e  chamber t o  some 
t e n s  of  percent  downstream of t h e  cathode t i p .  With a b e t t e r  
knowledge of t h e  composition of  our plasma, we  may proceed t o  
consider  i t s  electromagnet ic  and mechanical p r o p e r t i e s ,  

Debye Lensth 

The Debye length  i s  a measure of  t h e  c o l l e c t i v e  na ture  
of  a plasma. On a s c a l e  smal le r  than  t h i s  length,  i nd iv idua l  
charges i n t e r a c t  by means of t h e i r  Coulomb f i e l d s ,  Over l a r g e r  
d i s t ances ,  p a r t i c l e  motions are determined by t h e  f i e l d s  t h a t  
r e s u l t  from t h e  o v e r a l l  d i s t r i b u t i o n  and motion of charges,  
Thus, t h e  Debye length provides  a d e l i n e a t i o n  between micro- 
scopic  and macroscopic i n t e r a c t i o n s  of charged p a r t i c l e s  i n  a 
plasma, It is  a l s o  t h e  c h a r a c t e r i s t i c  d i s t a n c e  over which a 
plasma may d e v i a t e  from q u a s i - n e u t r a l i t y  and thereby support  
e l e c t r o s t a t i c  f i e l d s .  

I n  Table 3-1, t h e  value of t h e  Debye length,  AD , i s  
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computed f o r  two typical  e l e c t r o n  d e n s i t i e s ,  a t  an e l e c t r o n  
temperature of  1,5 eV,  W e  see t h a t ,  i n  bo th  cases, it i s  much 
smaller than  any dimension of  i n t e r e s t  so our working f l u i d  
i s  always a quas i -neut ra l  plasma, 

An i n t e r e s t i n g  q u a n t i t y  involving t h e  Debye length  i s  

)%B t o  t h e  impact parameter f o r  a 90° d e f l e c t i o n  of an elec- 
A t h e  so-cal led plasma parameter,  This  i s  t h e  r a t i o  of  

t r o n  by an ion,  Computation of t h e  Coulomb c r o s s  s e c t i o n  
assumes a b ina ry  i n t e r a c t i o n  between a charged p a r t i c l e  and 
each charge w i t h i n  one Debye length,  I f  is  large, then  
weak de f l ec t ion -b ina ry  c o l l i s i o n s  w i l l  predominate and a s ta-  
t i s t i c a l  approach may be used t o  compute t h e  c o l l i s i o n  f r e -  
quency, When A is  not  l a r g e ,  s t rong  deflection-many body 
c o l l i s i o n s  p r e v a i l  and the computational approach l o s e s  va- 
l i d i t y o  The c r i t e r i o n  sepa ra t ing  these cases is ,  &LA* 1, 
From Table 3-1 we see t h a t  t h i s  i s  not  exceedingly t r u e  i n  our 
case, Thus, we are only  approximately c o r r e c t  i n  employing 
t h e  r e s u l t s  of such c a l c u l a t i o n s  i n  our work, 

An important plasma p rope r ty  t h a t  r e s u l t s  from t h e  
c a l c u l a t i o n s  ind ica t ed  above is  t h e  scalar e lectr ical  conduc- 
t i v i t y ,  For a f u l l y  ionized gas ,  t h i s  i s  e s s e n t i a l l y  a func- 
t i o n  only  of  t h e  e l e c t r o n  temperature.  W e  have: 16 

where c 
and ,&A expresses  t h e  r a t h e r  weak dependence of  0-7~ on 
t h e  charged-par t ic le  dens i ty ,  

is a cons tan t  f o r  a p a r t i c u l a r  i o n i c  charge number, 
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I n  a p a r t i a l l y  ionized gas ,  e l e c t r o n s  can c o l l i d e  wi th  
n e u t r a l  p a r t i c l e s ,  so we  would expect C ~ O  t o  depend on t h e  
i o n i z a t i o n  l e v e l ,  Howevero as mentioned earlier, Coulomb col -  
l i s i o n s  predominate above an  i o n i z a t i o n  l e v e l  of a f e w  percent .  
Thus, w e  should be able t o  use  t h e  above express ion  i n  our 
s i t u a t i o n ,  
e lectr ical  conduct iv i ty  of  p a r t i a l l y  ion ized  noble gases  as a 
func t ion  of  temperature,  over a wide range of i o n i z a t i o n  l e v e l s ,  

This  i s  confirmed by Nighan17 who has  computed t h e  

For an e l e c t r o n  temperature of  1.5 (f 0,5) e V  and an 
i o n i z a t i o n  l e v e l  between 3% and loo%, we f i n d  t h a t  t h e  conduc- 
t i v i t y  i s  f a i r l y  cons tan t  throughout t h e  cathode region a t  
8 - 1  (f, 5) x 10 mho/m. The e r r o r  bars r e f l e c t  t h e  h igher  values  
of Co assoc ia t ed  w i t h  upper estimates of  kTe and t h e  lower 
values  f o r  lower l e v e l s  of i on iza t ion .  Considering a change 
i n  i o n i z a t i o n  l e v e l  f r o m  3% a t  t h e  back of t h e  chamber t o  say  
100% beyond the cathode t i p ,  t h e  conduc t iv i ty  would inc rease  
f r o m  3.2 t o  5,85 kmho/m, f o r  kTe- = 1.5 eV. This  i s  a rather 
moderate v a r i a t i o n  and reflects t h e  d i f f u s e  na ture  of t h e  arc 
conduction p a t t e r n  a t  high-current  l e v e l s .  

3 

It w i l l  l a te r  be shown t h a t ,  when t h e  ion v e l o c i t y  
perpendicular  t o  t h e  cu r ren t  flow i s  zero,  t h e  electric f i e l d  
p a r a l l e l  t o  t h e  c u r r e n t  i s  j u s t  Ell = j /cG e W e  expect 
t h i s  condi t ion  t o  occur near  t h e  back w a l l  o f  t h e  chamber. 
A t  r = 1/2 i n . ,  where j GZ 1.4 x lo7  A/m and Ell i s  about 
7 x 10 V/m, w e  o b t a i n  Cr, e 2 x 10 mho/m, i n  f a i r  agree- 
ment w i t h  t he  t h e o r e t i c a l  r e s u l t s ,  

2 
3 3 

Electron-Ion C o l l i s i o n  Frequency 

From t h e  e lec t r ica l  conduct iv i ty ,  we  ob ta in  an esti- 
m a t e  of  t he  frequency with which e l e c t r o n s  lose t h e i r  d i r e c t e d  
motion i n  c o l l i s i o n s  with ions ,  The Lorentn conduct iv i ty  of  
a f u l l y  ionized gas  is: 

(3-10) 
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So t h e  c o l l i s i o n  frequency o f  e l e c t r o n s  wi th  ions  i s  

(3-11) 

where we r eve r se  t h e  c o r r e c t i o n  due t o  e l ec t ron -e l ec t ron  scat- 
t e r i n g  so t h a t  we may.use t h e  computed value o f  conduc t iv i ty  
f o r  a f u l l y  ionized plasma ( f r o m  S p i t z e r ,  16 cF/g-L- 
f o r  an i o n i c  charge of  u n i t y ) .  

= 0.582 
With kTe = 1 , 5  e V ,  we have: 

(3-12) 
20 3 /m For ne = 3 x 10 9 = 1.23 x 10 /sec 

The mean free pa th  of an average e l e c t r o n ,  estimated 
using t h e  e l e c t r o n  thermal speed, i s  shown f o r  two values  of 
n i n  Table 3-1, W e  see t h a t  it i s  s m a l l  compared t o  dimen- 
s i o n s  of i n t e r e s t ,  
e 

E q u i l i b r a t i o n  T i m e s  

I n  the s a m e  manner as t h e  electrical  conduct iv i ty ,  t h e  
t i m e  f o r  a c o l l e c t i o n  o f  charged p a r t i c l e s  t o  e s t a b l i s h  i t s e l f  
w i t h  a Maxwellian energy d i s t r i b u t i o n  may be computed, From 
S p i t z e r  we have (with u n i t s  modified):  

- (3-13) tc - 
e 

where ne [m-3] 
kT [eV] 

A = m a s s  of p a r t i c l e  i n  AMU = 1/1836 f o r  e l e c t r o n s ,  
Thus, f o r  e l e c t r o n s  wi th  kT = 1 , 5  eV, e 

11 6,15 x 10 - 

20 3 sec f o r  ne = 3 x 10 /m -10 = 3 x 1 0  
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T o  check t h a t  t h e  e l e c t r o n s  have a Maxwellian energy 
d i s t r i b u t i o n ,  we  compare t h e  ra te  a t  which energy i s  d i s -  
t r i b u t e d  among t h e  e l e c t r o n s  t o  t h e  rate a t  which energy i s  

t r a n s f e r r e d  t o  and f r o m  them. This  l a t te r  process  inc ludes  
both e las t ic  energy exchange wi th  ions  and i n e l a s t i c  en- 
counters ,  such as i o n i z a t i o n ,  It i s  cha rac t e r i zed  by t h e  
electrical  power d i s s i p a t e d  i n  e l e c t r o n  c u r r e n t  conduction, 

o b 0  e 

The h ighes t  c u r r e n t  d e n s i t y  p re sen t  i n  t h e  cathode 
7 2 region i s  a t  t h e  cathode t i p  where j = 5 x 10 A/m e So 

11 
I_ j2 6 x 10 W/m3 
ab 

(3-15) 

The energy t r a n s f e r r e d  among e l e c t r o n s  may be repre-  
sented as: 

$& 2.4 x W/m3 >7 - j2 
tc a;; 

(3-16) 

where ne and tc have been ad jus t ed  f o r  t h e  h igher  d e n s i t y  a t  
t h e  cathode t i p .  Even i n  t h i s  extreme case we see t h a t  t h e  
e l e c t r o n s  should maintain a Maxwellian energy d i s t r i b u t i o n ,  
W e  no te  t h a t  t h e  i n e q u a l i t y  i s  not  as t ronomical ,  which i s  con- 
s i s t e n t  wi th  t h e  view t h a t  t h e  e l e c t r o n  temperature i s  deter- 
mined by c u r r e n t  conduction i n  t h e  presence of i n e l a s t i c  phe- 
nomena, such as i o n i z a t i o n ,  

To apport ion t h e  r e s i s t i v e  hea t ing  i n  t h e  plasma t o  
e l a s t i c  and i n e l a s t i c  processes ,  we  must cons ider  t h e  hea t  
t r a n s f e r  between e l e c t r o n s  and ions  due t o  e las t ic  c o l l i s i o n s ,  
Sp i t ze r l '  provides  a formula for  t h e  t i m e  requi red  t o  estab- 
l i s h  two s w a r m s  of charged p a r t i c l e s  a t  a common temperature,  
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W e  have : 

(3-17) 

With a plasma speed o f  lo3 m/sec back i n  t h e  chamber, 

we have a c h a r a c t e r i s t i c  length  f o r  ion-e lec t ron  e q u i l i b r a t i o n  
of  about 1 c m ,  ( I n  t h e  cathode je t ,  t h e  d e n s i t y  inc reases  
along wi th  t h e  v e l o c i t y  so t h e  d i s t a n c e  t h e r e  i s  about t h e  
same,) W e  no te  t h a t  t h e  length  f o r  energy e q u i l i b r a t i o n  should 
be about t h e  same as t h e  d i s t a n c e  over which t h e  motion o f  an 
ion  w i l l  be a f f e c t e d  by e l e c t r o n  c o l l i s i o n s ,  This i n d i c a t e s  a 
reasonable degree of  coupling of  ions  t o  e l e c t r o n s  by means of  
e l a s t i c  c o l l i s i o n s ,  

D i s t r i b u t i o n  of  Res i s t ive  Heatinq 

W e  may now compare t h e  hea t  t r a n s f e r  rates due t o  re- 
s i s t i v e  hea t ing ,  e las t ic  c o l l i s i o n s ,  and ion iza t ion ,  With t h e  
e q u i l i b r a t i o n  t i m e  j u s t  computed, we may w r i t e  t h e  hea t  t r a n s -  
f e r  ra te  from e l e c t r o n s  t o  ions  as: 

(3-18) 

The energy t r a n s f e r  r a t e  f o r  i o n i z a t i o n  i s  t h e  product of  t he  

frequency of i o n i z a t i o n  r e a c t i o n s  and t h e  e f f e c t i v e  i o n i z a t i o n  
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energy (cost / ion)  : 

(3-19) 

where ?Zion i s  t h e  t i m e  f o r  a s i n g l e  atom t o  be ionized ,  

chamber, we t ake  j 10 A/m : so t h a t  zl 1-2 2.5 x 10 W/m 

Then, r equ i r ing  t h a t :  

As  a r e p r e s e n t a t i v e  c u r r e n t  d e n s i t y  wi th in  t h e  arc 
6 2 8 3 'h 

(3-20) 

we may examine t h e  i o n i z a t i o n  of t h e  plasma, Rearranging, we 
obtain:  

(3-21) 

where we have assumed 

The product ( 

t h a t  e;EPP = Lf e i . 
/ I -- )Tion reflects t h e  i o n i z a t i o n  

progress  
t i m e  f o r  
s i b  i 1 it y 
With o( 

of t h e  plasma, m e n  W is  s m a l l ,  t h e  c h a r a c t e r i s t i c  
i o n i z a t i o n  i s  long. A s  t h e  gas breaks down, t h e  pos- 
of f u r t h e r  i o n i z a t i o n  inc reases ,  so .'k 
= 3 x we have 

decreases .  ion  

= 4 x sec (3-22) Z i o n  

i n  good agreement wi th  our  previous c a l c u l a t i o n s ,  i n  which the 

i o n i z a t i o n  t i m e  w a s  computed d i r e c t l y  from t h e  e l e c t r o n  



49 

temperature,  Thus, our experimental  d a t a  and t h e o r e t i c a l  anal-  
y s i s  a r e  c o n s i s t e n t  i n  t e r m s  of an e l e c t r o n i c  hea t  balance,  The 
minor inf luence  of e l a s t i c  c o l l i s i o n s  i n  t h i s  balance i n d i c a t e s  
t h a t  t h e  e l e c t r o n  temperature i s  indeed l i m i t e d  by i n e l a s t i c  
processes .  W e  no te  t h a t  ( M /  1 -%)Tion decreases r a p i d l y  as 
we  e n t e r  regions of  h igher  cu r ren t  dens i ty .  W e  t h e r e f o r e  ex- 
pec t  t h e  i o n i z a t i o n  l e v e l  of t h e  plasma t o  increase  w e l l  above 
a few percent  nea r  t h e  cathode sur face ,  even a t  t h e  back of  t h e  
a r c  chamber, 

Heavy P a r t i c l e  I n t e r a c t i o n s  

I n  p r i n c i p l e ,  c a l c u l a t i o n s  s i m i l a r  t o  those above may 
be performed t o  i l l umina te  heavy-part ic le  i n t e r a c t i o n s .  Un- 
f o r t u n a t e l y ,  our merely q u a l i t a t i v e  knowledge of  ion  temperature 
and plasma composition l i m i t s  u s  t o  r a t h e r  crude es t imates :  
t hese  may, however, prove s u f f i c i e n t  f o r  our purposes. 

Ion-Ion Mean Free Path 

For example, t h e  ion-ion MFP f o r  energy e q u i l i b r a t i o n  
o r  momentum exchange depends on t h e  ion  temperature and flow 
speed. I n  Table 3-1, we  compute xii f o r  t w o  extreme values  
of ion temperature,  kTi = 1-5 e V  and 20 eV.  W e  f i nd  t h a t ,  i n  
both cases ,  t h i s  d i s t a n c e  i s  smaller  than  t h e  e x t e n t  of  t h e  
cathode region. While we  may not be a b l e  t o  follow t h e  ion  
energy.and momentum d i s t r i b u t i o n  i n  d e t a i l ,  we  can reasonably 
speak of  an ion  f l u i d  v e l o c i t y  and t h e r e f o r e  use a magnetogas- 
dynamic ana lys i s .  (The c r i t e r i o n  i s  t h a t  t h e  ion  v e l o c i t y  i s  
well-defined on t h e  scale of f i e l d  v a r i a t i o n ;  so t h a t  
U 
d d a 3  

x B = (u x BIaver,  averaging over t h e  volume of i n t e r e s t ) ,  aver  

Ion-Neutral Co l l i s ion  Distance 

A s  i nd ica t ed  ear l ier ,  t h e  i n t e r a c t i o n  of  ions  and neu- 
t r a l s  depends on t h e  exact  l e v e l  of i o n i z a t i o n  of t h e  l o c a l  
plasma, W e  may w r i t e  t h e  d i s t ance  t r a v e l l e d  by an ion  before  
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c o l l i d i n g  wi th  an atom as: 

(3-23)  

where QiA i s  t h e  t o t a l  c r o s s  s e c t i o n  f o r  ion-neut ra l  momentum 
t r a n s f e r ,  inc luding  charge-exchange r e a c t i o n s  (which are par- 
t i c u l a r l y  important f o r  argon) e For r e l a t i v e  energ ies  less 
than a few hundred v o l t s ,  the  t o t a l  c r o s s  s e c t i o n  i s  g r e a t e r  
than about 4 x 10 -19 m2- I n  t e r m s  of t he  degree of  i o n i z a t i o n ,  

20 3 So, f o r  6 = 3 x and ne = 3 x 10 /m , we have: 

A, .=s 2.5 (3-25) 

This  i s  q u i t e  s m a l l  compared t o  t h e  dimensions of t h e  

cathode region,  For a mean f r e e  pa th  g r e a t e r  than  1 c m ,  we  
need an i o n i z a t i o n  l e v e l  above 50%, a t  t h e  above dens i ty .  

Reversing our  p o i n t  of  view, t h e  d i s t a n c e  t r a v e l l e d  
by a n e u t r a l  p a r t i c l e  before  c o l l i s i o n  with an ion  is: 

(3-26)  

For ne = 3 x 10 20 /fn 3 

Thus, we  may expect s e v e r a l  ion-neut ra l  i n t e r a c t i o n s  before  
p a r t i c l e s  leave the  a r c  chamber. It appears ,  t h e r e f o r e ,  t h a t  
t h e  ions  and n e u t r a l s  are rather w e l l  coupled i n  t h e  cathode 
region,  I n  view of t he  s m a l l  ion-neutral  MFP, a t  low degrees  
of i o n i z a t i o n ,  compared t o  t h e  scale of f i e l d  v a r i a t i o n ,  we 
may represent  t h i s  coupling as an inc rease  i n  t h e  e f f e c t i v e  
mass of t h e  ion: 

(3-27) 
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where f ( M ,  XLA/L 

importance over a 

ions and n e u t r a l s  

) expresses  t h e  degree of  coupling, and i t s  
d i s t a n c e  b E s s e n t i a l l y ,  we  may t reat  the  

toge the r  a s  a s i n g l e  f l u i d ,  t ak ing  c a r e  t o  
c o r r e c t  t e r m s  involving charge t r a n s p o r t  o r  e lectromagnet ic  
body fo rces ,  (For high l e v e l s  of  i o n i z a t i o n ,  t h i s  approxi- 
mation i s  no longer  v a l i d ,  bu t  n e i t h e r  i s  it very important 
s i n c e  few n e u t r a l s  are p r e s e n t . )  

Plaqnetic I n t e r a c t i o n s  

The connection of  t h e  plasma t o  t h e  magnetic f i e l d  
of  t h e  d ischarge  occurs  a t  two l e v e l s ,  The charged par t ic les  
t h a t  g ive  the plasma i t s  e lectr ical  cha rac t e r  experience d i -  

r e c t l y  a fo rce  due t o  t h e i r  motion i n  t h e  magnetic f i e l d ,  
The  e x t e n t  t o  which t h i s  force  i s  important i n  t h e  t r a j e c t o r y  
of a p a r t i c l e  depends on the  s i z e  of t he  magnetic gyro r ad ius  
compared t o  c o l l i s i o n a l  mean free pa ths  and t h e  dimensions of 
the reg ion  of  i n t e r e s t .  On a.macroscopic l e v e l ,  t he  plasma 
flow and the  magnetic f i e l d  are coupled through Faraday*s l a w  
f o r  a moving conductor. The degree of  coupling i s  determined 
by t h e  conduc t iv i ty  of t h e  plasma and i t s  v e l o c i t y  a c r o s s  t h e  
magnetic f i e l d ,  

Gyro Radii  

The r a d i u s  of gy ra t ion  of a charged par t ic le  i n  a 
uniform magnetic f i e l d  is: 

(3-28) 

w h e r e  V.A i s  t h e  p a r t i c l e  speed i n  t h e  plane perpendicular  t o  
t h e  magnetic f i e l d  and Ze i s  the  p a r t i c l e  charge, For an  
e l e c t r o n ,  we have:: 
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f o r  a r e p r e s e n t a t i v e  value of  B = 0-18 
This  is  q u i t e  s m a l l  on our scale of  i n t e r e s t ,  For argon ions,  

and kTe = 1,s eV,  

a t  t h e  same temperature,  

r& = 

Again, t h i s  i s  less than  t h e  dimensions of t h e  ca th-  
ode region,  Thus, we  are assured  t h a t  t h e  magnetic f i e l d  can 
be of importance i n  our  opera t ion ,  

Hal l  Parameters 

The a c t u a l  in f luence  of t h e  magnetic f i e l d  depends on 
the r e l a t i v e  frequency of  d e f l e c t i o n s  of  t h e  p a r t i c l e  pa th  due 
t o  t h e  magnetic f i e l d  compared t o  c o l l i s i o n s  wi th  o t h e r  types 
of  p a r t i c l e s ,  This  i s  expressed by t h e  H a l l  parameter, t h e  
r a t i o  of gy ra t ion  frequency t o  c o l l i s i o n  frequency, For elec- 
t r o n s  i n  a moderately ionized g a s p  w e  have: 

= 20 f o r  condi t ions  as above 

This  i s  a r a t h e r  high value and i n d i c a t e s  t h a t  t h e  e l e c t r o n  
d e n s i t y  i n  t h e  cathode region i s  h igher  t han  est imated from 
t h e  e l e c t r o s t a t i c  probe d a t a ,  

For argon ions,  aga in  a t  1,s eV,  we  have a t o t a l  col-  
l i s i o n  frequency of: 

(3-3 2) 

where t h e  f i r s t  t e r m  accounts approximately f o r  e lec t ron- ion  
c o l l i s i o n s ,  and t h e  second assumes t h a t  t h e  ion  and n e u t r a l  
f l u i d  speeds are t h e  samer 20 3 For o( = 3% and ne = 3 x 10 /m , 
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w e  have : 

(3-33) -2 A;= 2,8 x 10 

A s  t h e  i o n i z a t i o n  l e v e l  i nc reases ,  however, JXL a l s o  
inc reases ,  so t h a t  near  t h e  cathode, it may exceed 0,5, Thus, 
as we  approach t h e  cathode surface, t h e  importance of  t h e  mag- 
n e t i c  f i e l d  inc reases ,  This  i s  because of  t h e  h igher  ioniza-  
t i o n  l e v e l s  a s soc ia t ed  wi th  h igher  c u r r e n t  d e n s i t i e s ;  i n  addi- 
t i o n  t o  t h e  inc rease  i n  magnetic f i e l d  s t r e n g t h ,  

W e  see t h a t ,  as expected, t h e  magnetic f i e l d  e x e r t s  a 
considerable  inf luence  on t h e  motions of charged p a r t i c l e s  i n  
t h e  cathode region,  On the o t h e r  hand, t he  magnetic f i e l d  i s  
i t s e l f  determined i n  p a r t  by t h e  c o l l e c t i v e  motions of charged 
p a r t i c l e s  e 

Maqnetic Reynolds Number 

It w i l l  l a te r  be shown t h a t  the  degree of coupling be- 

tween t h e  plasma f l o w  and the  magnetic f i e l d  is  cha rac t e r i zed  
by t h e  magnetic Reynolds number based on the  e l e c t r o n  flow 
speed, w r i t t e n  here  as: 

For @ m e  77 , coupling t o  t h e  flow i s  s t rong  and 
t h e  f i e l d  l i n e s  d i s t end  downstream, I f  6 1 , on t h e  
o t h e r  hand, t h e  magnetic f i e l d  d i s t r i b u t i o n  i s  determined by 
t h e  e l e c t r o d e  geometry and t h e  conduct iv i ty  d i s t r i b u t i o n ,  
The l a t t e r  case i s  t h e  usua l  thermal arc, w h i l e  t he  former i s  
an aspec t  of high-current MPD a c c e l e r a t o r s ,  I n  our  s i t u a t i o n ,  
we  have = 8(+ 5) o/m and ue j/nee 2 x 10' m/sec 
for j = 10 A/m So 6 2 

(3-35) 
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For t 

(3-36) 

This  d i s t a n c e  d e l i n e a t e s  between t h e  two extremes, 
Thus, on t h e  scale o f  t h e  cathode region convective effects 
are s i g n i f i c a n t .  ( A s  we approach t h e  cathode sur face ,  t h e  
cu r ren t  d e n s i t y  inc reases  i n v e r s e l y  with ; so coupling i m -  
proves i n  t h i s  d i r e c t i o n  only  because of t h e  h igher  a t  
h igher  i o n i z a t i o n  l e v e l s ,  ) 

From both microscopic and macroscopic p o i n t s  of  view, 
the re fo re ,  we are j u s t i f i e d  i n  d i f f e r e n t i a t i n g  our  device f r o m  
t h e  usua l  ( thermal) arcjet  by t h e  t e r m  maqnetoplasmadynamic. 

I n  Table 3-1, we  c o l l e c t  t h e  q u a n t i t a t i v e  r e s u l t s  of 
our d i scuss ions  i n  t e r m s  of c h a r a c t e r i s t i c  d i s t a n c e s  for  in- 
t e r a c t i o n ,  W e  see t h a t  a l l  such d i s t a n c e s  are smaller than  
the  dimensions of  t h e  cathode region,  w i th  t h e  except ion of 
t h e  i o n i z a t i o n  mean free pa th .  The r e l a t i v e  s i z e  of  t h i s  
l a s t  q u a n t i t y  i n d i c a t e s  t h e  chemical nonequilibrium of our 
flow and sugges ts  t h e  progress  o f  i o n i z a t i o n  from a few per- 
c e n t  t o  some t e n s  of  percent  through t h e  cathode region. 

For a l l  other processes ,  t h e  scales o f  events  are 
s u f f i c i e n t  t o  p l a c e  us  i n  a t r a n s i t i o n  flow regime (as opposed 
t o  free p a r t i c l e  on continuum flow) wi th  r e spec t  t o  coupling 
between d i f f e r e n t  types of  par t ic les  wi th in  t h e  cathode region. 
W e  f ind ,  however, t h a t  t h e  e l e c t r o n s  can maintain themselves 
with a Maxwellian energy d i s t r i b u t i o n  a t  a temperature o f  
about 1,5 e V ;  determined by a balance p r i m a r i l y  between re- 
s i s t i v e  hea t ing  and cool ing  due t o  ion iza t ion .  Although we 
cannot t rea t  t h e  plasma exac t ly ,  we may u t i l i z e  both gasdy- 
namic and par t ic le  k i n e t i c  approaches t o  r e v e a l  var ious as- 
p e c t s  of t h e  problem, (This w a s  a n t i c i p a t e d  by t h e  f r e e  par- 
t i c l e  mme continuum models f o r  t h e  MPD arcjet , )  W e  no te  t h a t  
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s l i g h t l y  h igher  charged-particle d e n s i t i e s  ( than  ind ica t ed  
by our measurements) do not  r a d i c a l l y  change t h i s  s i t u a t i o n ,  
s i n c e  we remain i n  t h e  t r a n s i t i o n  f l o w  regime, The except ion 
i s  aga in  i o n i z a t i o n  which would progress  f a s t e r  t o  h igher  
l e v e l s ,  It is  important t o  keep i n  mind t h a t  t h e  dimensions 
of  t h e  cathode reg ion  are not f ixed ,  Rather, they  are de- 
termined i n  t h e  s a m e  manner by which t h e  cathode f a l l  e x t e n t  
of  a glow discharge  depends on c o l l i s i o n a l  MFP's o r  viscous 
boundary l a y e r  th ickness  depends on Reynolds number, 

The  magnetic f i e l d  complicates matters f u r t h e r .  W e  

f i n d  t h a t  i t s  effect  on charged-par t ic le  motions i s  q u i t e  s ig -  
n i f i c a n t ,  I n  p a r t i c u l a r ,  t h e  e l e c t r o n  H a l l  parameter i s  much 
g r e a t e r  than u n i t y  upstream of  t h e  cathode t i p ,  suggest ing 
t enso r  and/or ion  cu r ren t  conduction there. The s c a l a r  elec- 
t r i c a l  conduct iv i ty  of t h e  plasma i s  r a t h e r  uniform throughout 
the cathode region a t  C = 8 (+ 5) kmho/m. This reflects t h e  
d i f f u s e  conduction p a t t e r n  in-  the cathode region a t  high-cur- 
r e n t  l e v e l s ,  s i m i l a r  t o  the  d i f f u s e  mode cu r ren t  attachment 
a t  t h e  cathode i n  s t a t i c ,  high-current  arcs. The high con- 
d u c t i v i t y  and est imated e l e c t r o n  f l o w  speed toge the r  i n d i c a t e  
s u b s t a n t i a l  coupling of t he  magnetic f i e l d  d i s t r i b u t i o n  (and 
thus  t h e  conduction p a t t e r n )  t o  t h e  plasma flow. A t  h igher  
charged-par t ic le  d e n s i t i e s ,  t h i s  coupling diminishes some- 
what. On a microscopic l e v e l ,  c o l l i s i o n a l  MFP's become more 
important compared t o  gyro r a d i i ,  While i n  continuum t e r m s ,  
t he  e l e c t r o n  flow speed f o r  a given cu r ren t  l e v e l  decreases 
so the  e l e c t r o n  magnetic Reynolds number i s  smaller, Magnetic 
i n t e r a c t i o n  s t i l l  occurs but a t  l oca t ions  c l o s e r  t o  t h e  cath-  
ode sur face .  Thus, as w i t h  c o l l i s i o n a l  phenomena, our  physi-  
c a l  p i c t u r e  remains t h e  same, 

I n  a few long words, then ,  the cathode i s  enveloped 
by a magnetoplasmadynamic t r a n s i t i o n  flow of i on iz ing  gas ,  
W e  now proceed t o  examine t h e  e lectromagnet ic  s t r u c t u r e  of 
t h i s  f l o w ,  
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CHAF'TER 4 

DISCHARGE STRUCTUm 

The electromagnet ic  s t r u c t u r e  of  an  MPD discharge  re- 
s u l t s  from t h e  conduction o f  high cu r ren t  through low d e n s i t y  
gas.  The high-current l e v e l  creates a s u b s t a n t i a l  magnetic 
body fo rce  i n  t h e  plasma, leading t o  high f l o w  speeds. The 
plasma flow i n  t u r n  a f f e c t s  t h e  c u r r e n t  conduction p a t t e r n  and, 
thus ,  t he  magnetic body fo rce  d i s t r i b u t i o n .  A t  t hese  s t rong  
magnetic f i e lds  and low p a r t i c l e  d e n s i t i e s ,  e l e c t r o n  H a l l  pa- 
rameters o f t e n  exceed un i ty ,  so t e n s o r  and/or ion  cu r ren t  con- 
duc t ion  may p r e v a i l .  W e  s h a l l  now analyze t h e  experimental ly  
determined e lectr ic  and magnetic f i e l d  d i s t r i b u t i o n s  wi th in  
t h e  cathode region t o  r e v e a l  cu r ren t  conduction and plasma ac- 
c e l e r a t i o n  processes .  

Voltaqe D i s t r i b u t i o n  

The vol tage d i s t r i b u t i o n  through a d ischarge  may be 
used t o  d e l i n e a t e  reg ions  of  i n t e r e s t .  Typical ly ,  we have high 
f i e l d  l a y e r s  ( r ap id  vol tage  changes with p o s i t i o n )  a s soc ia t ed  
with both e l e c t r o d e s ,  separa ted  by a moderate f i e l d  region or 
column, I n  Fig,  4-1 t h e  plasma p o t e n t i a l  i s  p l o t t e d  versus  ra- 
d i a l  p o s i t i o n  wi th in  t h e  arc chamber f o r  t h r e e  r e p r e s e n t a t i v e  
s t a t i o n s  along t h e  cathode. Plasma p o t e n t i a l  w a s  obtained from 
f l o a t i n g  probe data by t h e  s u b t r a c t i o n  of 

/me)' from t h e  values shown i n  Fig,  2-11, (As mentioned (margon 
t h e r e ,  t h i s  i s  only approximately c o r r e c t  s i n c e  we do not  know 
t h e  exact  r a t i o  of ion-to-electron s a t u r a t i o n  c u r r e n t s , )  

Av = (kT,/e)& 

W e  see t h a t  t h e  f i e l d  zone of  t h e  cathode extends one 
o r  two (base) r a d i i  from t h e  cathode su r face  and involves  over 
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80% of  t h e  t o t a l  arc vol tage ,  Within t h e  cathode f i e l d  zone, 
a sharp vol tage  change occurs  ad jacent  t o  t h e  cathode su r face ,  
W e  s h a l l  r e f e r  t o  t h i s  increment (of 3 8  V) as t h e  cathode f a l l o  
A vo l tage  drop of 80 V t o  90 V occurs  across t h e  rest o f  t h e  
cathode region,  where, a s  we  have seen, a t r a n s i t i o n  flow o f  
i on iz ing  gas  ex is t s ,  

The cathode reg ion  may thus  be separa ted  i n t o  a cath-  
ode su r face  l a y e r  o r  sheath,  and a more moderate f i e ld ,  quasi-  
n e u t r a l  envelope, The f irst  reg ion  i s  s imilar  t o  t h a t  i n  more 
common arcsp while t h e  second resembles t h e  cathode region i n  
a glow discharge,  i n  t h a t  it is  many MFP's i n  ex ten t  and sup- 
p o r t s  a r a t h e r  large vol tage  d i f f e r e n c e ,  I n  t h i s  l a t t e r  re- 
gion, ions  (and p o t e n t i a l  ions)  are brought t o  t h e  v i c i n i t y  
of t h e  cathode su r face ,  where bombardment and e l e c t r o n  emission 
occurs.  W e  have previous ly  r e f e r r e d  t o  t h i s  region as t h e  
convective zoneo Our primary concern i n  t h i s  chapter  w i l l  be 

with t h e  ope ra t ion  of  t h i s  p o r t i o n  of t h e  cathode region,  

W e  note ,  i n  passing,  t h a t  the  remainder o f  t h e  arc 
vol tage (about 20 V) may be a s soc ia t ed  with conduction across  
t h e  i n j e c t e d  flow of argon atoms, s i n c e  t he i r  i o n i z a t i o n  po- 
t e n t i a l  i s  numerically s i m i l a r  (15.7 V). The r e s i s t i v e  f i e l d  
across  t h i s  f l o w  inc reases  u n t i l  s u f f i c i e n t  i o n i z a t i o n  reac- 
t i o n s  occur t o  provide a d d i t i o n a l  charge carriers. (Hence, 
we expect t h e  vol tage  drop t o  resemble t h e  ion iza t ion  poten- 
t i a l )  e I n  our  case, t h e  anode is  r a t h e r  removed from regions  
of high p a r t i c l e  d e n s i t y  so  we  a s s o c i a t e  t h e  vol tage drop be- 

yond t h e  cathode region w i t h  t h e  i n j e c t e d  gas ,  r a t h e r  than 
w i t h  a n e u t r a l  gas  l a y e r  a t  the anode su r face ,  The anode then  
behaves merely as a probe, whose sheath vol tage i s  determined 
from e l e c t r o s t a t i c  probe theory,  

Overal l  Discharqe S t r u c t u r e  

I n  Fig,  4-2 we present  a combined p l o t  of enclosed 
cu r ren t  contours  and e q u i p o t e n t i a l  l i n e s .  The cu r ren t  l i n e s  
have been smoothed wi th in  t h e  e r r o r  bars of  the da t a ,  while 
t h e  values  of  t h e  p o t e n t i a l  contours  have been ad jus t ed  t o  
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represent  plasma p o t e n t i a l  more accura te ly .  
are immediately revealed by t h i s  p l o t .  

Severa l  t h i n g s  

F i r s t  of all, we see t h a t  t h e  c u  
everywhere p a r a l l e l  t o  t h e  e lectr ic  f i e l d  
t h i s  suggests  t e n s o r  cu r ren t  conduction i n  much of t h e  cath-  
ode region.. The exact mechanism of conduction, however, de- 
pends i n  p a r t  on t h e  plasma flow (back e m f )  and w i l l  be con- 
s ide red  i n  d e t a i l  la ter .  

W e  a l s o  see t h e  d i s t r i b u t i o n  of  electrical  power wi th in  
t h e  arc. A t  each area, t h i s  is j u s t  t h e  product of t h e  cu r ren t  
enclosed between ad jacent  contours  and t h e  vo l t age ’d i f f e sence  
between e q u i p o t e n t i a l s .  The t o t a l  e lectr ical  power input  t o  
the arc (2.45 MW) may be apportioned approximately t o  var ious 
regions of t h e  discharge as follows: (Note t h a t  a t  t h e  junc t ion  
of t h e  cathode base and i n s u l a t o r  backwall, t h e  enclosed cur-  
r e n t  i s  14 kA; thus  3.5 kA t r a v e l  very close t o  t h e  i n s u l a t o r  
t he re .  Since t h i s  i n s u l a t o r  i s  s e r i o u s l y  eroded, w e  label t h i s  
area t h e  a b l a t i o n  iet.) 

Cathode fa l l .  e - e e (I ., 

Ablation jet . .  e 

Cathode plasma ,,,... 
Elsewhere i n  

a r c  chamber. ....... 

38 V 
90 v 
80 V 

Jen 

17.5 k A  

3.5 kA 
14,O kA 

% 
T o t a l  Power 

27.0 
13.0 
45.7 

14.3 

85,7% I 
A d i r e c t  r e s u l t  i s  t h a t  85% of t h e  t o t a l  arc power i s  

deposi ted i n  t h e  cathode region,  
q u a r t e r  of t h e  t o t a l  power i s  involved i n  t h e  cathode f a l l ,  
This  i n d i c a t e s  t h a t  t h e  cathode su r face  l aye r  may have an i m -  
p o r t a n t  r o l e  i n  plasma acce le ra t ion ,  Since we e pec t  pressure  
g rad ien t s  t o  be s i g n i f i c a n t  near  t h e  cathode su r faceo  a con- 
tinuum o r  e l ec t ro the rma l  a spec t  of MPD arcjet ope ra t ion  is 
suggested there, 

W e  also  see t h a t  more than  a 
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The d i s t r i b u t i o n  of  e lectr ical  power c o r r e l a t e s  with 
t h e  luminosity p a t t e r n  shown i n  Fig. 2-3eo Regions of  more 
in t ense  power depos i t i on  are most prominent. 
t h e  b r i g h t  green reg ions ,  l a b e l l e d  a s  a b l a t i o n  jets, involve 

For e 

over 12% of  t h e  t o t a l  arc power, Downstream of t h e  cathode 
t i p ,  a smaller amount of power is  deposi ted i n  a somewhat 
smaller volume, bu t  i n  the  presence of  h igher  p a r t i c l e  densi-  
t i es ,  so t h a t  t h i s  region i s  q u i t e  b r i g h t ,  Beyond t h e  cath- 
ode region,  however, t h e  s m a l l  f r a c t i o n  of arc power remain- 
ing i s  d i s t r i b u t e d  over a l a r g e  volume and l i t t l e  luminosity 
i s  evident .  The o v e r a l l  p i c t u r e  obtained from t h e  f i e l d  pa t -  
t e r n s  confirms the  impression provided by t h e  l i g h t  i n t e n s i t y  
d i s t r i b u t i o n :  The cathode region i s  o f  primary importance i n  
MPD arc j e t  performance. 

Current Conduction 

Elec t r ic  cu r ren t  i s  t h e  r e l a t i v e  motion o f  oppos i te  
charges,  I n  an MPD discharge,  t h e  cu r ren t  conduction p a t t e r n  
and t h e  e lec t r ic  and magnetic f i e l d  d i s t r i b u t i o n s  form a dy- 
namical system, coupled through t h e  equat ions o f  motion of t h e  
oppos i t e ly  charged spec ies .  As we have seen, t h e  e l e c t r o n  en- 
e rgy  equat ion e s t a b l i s h e s  t h e  na tu re  of t h e  plasma, i n  terms 
of  a balance between r e s i s t i v e  hea t ing  and ion iza t ion .  W e  
s h a l l  now show t h a t  t h e  e l e c t r o n  momentum equat ion provides  a 
l i n k  between t h e  f i e l d  s t r u c t u r e  and t h e  conduction p a t t e r n .  

Previously,  we  obtained t h a t  t h e  c o l l i s i o n a l  MFP s f o r  
an e l e c t r o n  are much smaller  than  t h e  dimensions o f  t h e  cath- 
ode region. The v e l o c i t y  o f  t h e  e l e c t r o n  f l u i d  should, there-  
f o r e ,  be well-defined and we may w r i t e  i t s  momentum equat ion as: 

The las t  t e r m  approximates t h e  drag fo rce  of t h e  ions  
on t h e  e l e c t r o n s  by means of  t h e  c o l l i s i o n  frequency f o r ,  
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momentum t r a n s f e r  (we choose t h i s  form f o r  i t s  s i m p l i c i t y  and 
because it leads  t o  a r e s u l t  t h a t  i s  c o n s i s t e n t  w i th  Ohm’s l a w  
f o r  less involved s i t u a t i o n s ) ,  W e  have ignored c o l l i s i o n s  be- 

tween e l e c t r o n s  and n e u t r a l s  s i n c e  t h e  i o n i z a t i o n  l e v e l  i s  
above a few percent., Included i n  t h i s  neg lec t  i s  t h e  force 
a s soc ia t ed  wi th  a c c e l e r a t i n g  new e l e c t r o n s  c rea t ed  by ion i -  
za t ion ,  This  t e r m  is  much smaller than  the ion-electron drag 
force  s i n c e  the  e l e c t r o n  c o l l i s i o n  frequency f o r  i o n i z a t i o n  i s  
much lower than  t h a t  f o r  e l a s t i c  momentum t r a n s f e r  with ions ,  
A s  i nd ica t ed  above, e l ec t ron -neu t r a l  c o l l i s i o n s  inf luence  t h e  
s i t u a t i o n  through t h e  e l e c t r o n  energy equation. W e  no te  t h a t ,  
if our approach i s  v a l i d ,  t he  ion  f l u i d  v e l o c i t y  should a l s o  
be well-defined. Again, our  previous c a l c u l a t i o n s  show t h a t  
i o n  c o l l i s i o n a l  MFP’s are smaller than  f i e l d  dimensions, so 

t h a t  the ions  can e s t a b l i s h  a meaningful average ve loc i ty .  

Both the  c o l l i s i o n a l  mean f r e e  pa th  and gyro r ad ius  
of  the  e l e c t r o n  are much s m a l l e r - t h a n  t h e  dimensions of  our 
region,  so t h e  scale of  the e l e c t r o n  a c c e l e r a t i o n  process  i s  
much smal le r  than  t h a t  of i n t e r e s t ,  For t h i s  reason, we  neg- 
l ec t  the i n e r t i a l  t e r m  on t h e  l e f t  i n  our  equat ion.  I n  t h i s  
approximation, e l e c t r o n s  respond immediately t o  t h e  fo rce  
s t r u c t u r e  c r ea t ed  by t h e  f i e l d s  and plasma f l o w .  W e  now re- 
arrange our  
tromagnetic 

The 

t e r m s  t o  ob ta in  t h e  r e l a t i o n s h i p  between t h e  elec- 
f i e l d s  and t h e  c u r r e n t  flow, 

c o l l i s i o n a l  t e r m  may be w r i t t e n  as: 

so 

Then 
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where we w r i t e  t h e  p r o p o r t i o n a l i t y  cons tan t  as t h e  scalar 
conduct iv i ty ,  discussed earlier,  (Our purpose here  i s  t o  
d i s p l a y  t h e  inf luence  of  t he  magnetic f i e l d  and p res su re  gra-  
d i e n t s  on cu r ren t  conduction, not  t o  repeat t h e  s o p h i s t i c a t e d  
ana lyses  of  e l e c t r o n  c o l l i s i o n  phenomena.) W e  have used WC.? 
i n  a symbolic way t o  re la te  t h e  cu r ren t  d e n s i t y  and t h e  co l -  
l i s i o n a l  drag fo rce ,  both of which involve t h e  r e l a t i v e  motion 
of  oppos i te  charges,  For a moderately ionized gas  i n  which 
t h e  i o n i c  charge number i s  u n i t y ,  our  equat ion may be deduced 
from o t h e r  forms of  Ohm's l a w  f o r  a plasma flow. 

The Elec t r ic  F i e l d  

It i s  common t o  express  the c u r r e n t  d e n s i t y  as a func- 
t i o n  of  t h e  e lec t r ic  f i e l d ,  a s  we  have done. It is a l s o  m i s -  
leading,  The independent v a r i a b l e  i n  our opera t ion  i s  t h e  
cu r ren t  l e v e l ,  The vol tage d i s t r i b u t i o n  i s  determined by t h e  
conduct iv i ty ,  magnetic f i e l d  and plasma flow t h a t  r e s u l t  a t  
t h i s  cu r ren t  l e v e l ,  f o r  a given p a r t i c l e  (and m a s s )  d e n s i t y -  
I n  analogy wi th  f l u i d  flow i n  a nozzle,  we p r e s c r i b e  a c e r t a i n  
m a s s  f l o w  and the p res su re  d i s t r i b u t i o n  i s  then  determined, 
I f  t h e  p re s su re  a t  some s t a t i o n  is  i n c o n s i s t e n t  with o t h e r  re- 
quirements, t hen  e i t h e r  a p re s su re  jump occurs  o r  t h e  input  
m a s s  flow must  change, S imi l a r ly ,  if t h e  vol tage requi red  f o r  
cu r ren t  conduction i s  i n c o n s i s t e n t  wi th  o t h e r  phys i ca l  processes ,  
e i t h e r  shea ths  w i l l  form o r  t h e  t o t a l  cu r ren t  w i l l  a d j u s t ,  

Thus, t h e  e lectr ic  f i e l d  i n  a plasma arises from t h e  
need t o  conduct cu r ren t  i n  t h e  presence o f  c o l l i s i o n s ,  mag- 
n e t i c  f ie lds ,  and p res su re  grad ien ts .  So, we  should a c t u a l l y  
w r i t e :  
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Elec t ron  Motion 

From our genera l ized  Ohm's l a w ,  we may de r ive  fo r -  
mulas  f o r  t h e  e l e c t r o n  motion p a r a l l e l  and perpendicular  t o  
t h e  c u r r e n t  flow, W e  have: 

Then the  e l e c t r o n  v e l o c i t y  p a r a l l e l  t o  t h e  cu r ren t  f l o w  is 
obtained from t h e  vec tor  product of  t h e  above equat ion wi th  j :  

so 

3 a 
where Met) i s  t h e  component of  Me p a r a l l e l  t o  j .  Defining 
E l  by t h e  scalar product above, we  have: 

ZRLIb = - 

For t h e  component o f  
t h e  s c a l a r  product of  j w i th  

-4r 

(4-9) 

d A 

k, perpendicular  t o  j, we use 
Ohm's law: 

(4- 10) 
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so 

B (4-11) 

W e  note  t h a t  U ~ L  = LC;, s i n c e  - r J l r O  e The o t h e r  component 
of ion  v e l o c i t y  i s  r e l a t e d  t o  through t h e  cu r ren t  dens i ty :  

.A 

(4-12) 

Expressions of  such simple form are normally found only 
i n  c e r t a i n  s p e c i a l  s i t u a t i o n s ,  (For ins tance ,  U ~ I I  = --EJ-/B 

i s  u s u a l l y  r e l a t e d  t o  t h e  c r o s s  f i e l d  d r i f t  of  a c o l l i s i o n l e s s ,  
gy ra t ing  e l ec t ron . )  Our r e s u l t s  ob ta in ,  however, because of  
t h e  special way we  have chosen components. The cu r ren t  den- 
s i t y ,  magnetic f i e l d ,  and j x B fo rce  i n  t h i s  sense provide a 
n a t u r a l  coord ina te  system f o r  a magnetoplasmadynamic discharge.  

- L A  

The usefu lness  of  t h e s e  formulas d e r i v e s  from our know- 
ledge of  t h e  electromagnet ic  s t r u c t u r e  of t h e  discharge,  W e  

a r e  i n  r e a l i t y  so lv ing  the problem i n  reverse ,  The c u r r e n t  den- 
s i t y ,  i on  ve loc i ty ,  and particle d e n s i t y  de f ine  t h e  e l e c t r o n  
motion. The magnetic f i e l d  and pressure  d i s t r i b u t i o n s  are a l s o  
coupled t o  t h e  geometry of cu r ren t  conduction and t h e  mechanics 
of  t h e  ion  flow. The e lectr ic  f i e l d  d i s t r i b u t i o n  i s  a r e s u l t  
of  t h i s  dynamical system. 

Ion Motion 

This  viewpoint i s  p a r t i c u l a r l y  important i n  understand- 
ing  ion  a c c e l e r a t i o n  and cu r ren t  conduction, W e  may w r i t e  t h e  
ion  momentum equat ion as: 

where t h e  l a s t  two t e r m s  represent  t h e  force due t o  c o l l i s i o n s  
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with e l e c t r o n s  and atoms, r e spec t ive ly ,  S u b s t i t u t i n g  f o r  t h e  
e lectr ic  f i e l d ,  we have: 

- .d 
jx.B c 

-+ I?i& 

I t  i s  important t o  note  t h a t  i n  t h i s  equat ion t h e  n e t  
d .  

electr ical  fo rce  a c t i n g  on an ion  i n  a plasma i s  t h e  5 x B 

force.  Ion a c c e l e r a t i o n  occurs only  i n  t h i s  d i r e c t i o n ,  which 
i s  not n e c e s s a r i l y  p a r a l l e l  t o  t h e  electric f i e l d  measured i n  
t h e  laboratory.  The measured e lectr ic  f i e l d  includes a re- 
s i s t i v e  component which a r i s e s  t o  balance e x a c t l y  t h e  c o l l i s i o n  
drag fo rce  between ions  and e l e c t r o n s ,  

Neglecting p res su re  g rad ien t s ,  ions  w i l l  p a r t i c i p a t e  i n  
- ? -  

cur ren t  conduction only  i n s o f a r  as t h e  J x B fo rce  i n  one p a r t  
of t h e  d ischarge  accelerates them p a r a l l e l  to t h e  cu r ren t  den- 
s i t y  f u r t h e r  downstream, Examining our  cu r ren t  pattern, we 
see t h a t  t h e  j x B vec tor  does not  change d i r e c t i o n  much i n  
t h e  cathode region,  This i n d i c a t e s  t h a t  ion  motion may always 
be normal t o  t h e  c u r r e n t  flow and, t h e r e f o r e ,  e l e c t r o n  cu r ren t  
w i l l  predominate, W e  may i n v e s t i g a t e  t h i s  f u r t h e r  by con- 
s i d e r i n g  t h e  ion  k i n e t i c  energy, 

A d  

Returning t o  t h e  ion  momentum equat ion,  we include t h e  
effects  o f  ion-atom c o l l i s i o n s  by t h e  a d d i t i o n  of t h e  atom 
momentum equation: 

(4-15) 

Assuming good coupling between ions  and atoms, based 
A 6- 

on our previous computations, so tha t  uA = U; , w e  have: 

(4-16) 
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where 
n = n  

$'? 

+ n e I n  t e r m s  of  t h e  i o n i z a t i o n  l e v e l ,  then: 

i s  t h e  t o t a l  plasma p res su re  (Pi + Pe + PA) , and 

The k i n e t i c  energy of a heavy particle due t o  accel- 
4 a  

e r a t i o n  by t h e  j x B fo rce  i s  then  ( i n  v o l t s )  : 

(4-18) 

The m a x i m u m  energy acquired by an ion  occurs  when o( = 1, 

If t h e  e l e c t r o n s  c a r r y  a l l  t h e  c u r r e n t ,  we have: 

-p= EL 

so t h e  maximum k i n e t i c  energy of  an ion  is: 

(4- 19) 

h 

w h e r e  we  no te  t h a t  t he  ion  motion i s  p a r a l l e l  t o  XS under 
these  condi t ions ,  Thus, the  maximum ion  k i n e t i c  energy i s  
j u s t  t h e  vol tage  d i f f e r e n c e  along i t s  pa th ,  For t h i s  maximum 
condi t ion ,  we  assumed M =  1, wi th  a l l  ions  c rea t ed  a t  the 

beginning of t he  a c c e l e r a t i o n  pa th ,  Therefore,  s i n c e  Vo i s  
about t h e  same f o r  a l l  t ra jector ies  i n  t h e  cathode region, 
t h e  m a x i m u m  ion  k i n e t i c  energy a t  any l o c a t i o n  j u s t  depends 
on t h e  l o c a l  vo l tage ,  

On t h e  o t h e r  hand, we  have t h e  case of  s t r i c t l y  ion  
c u r r e n t ,  The m a x i m u m  k i n e t i c  energy of an ion  is  obtained when 
i t s  motion i s  c o l l i s i o n l e s s ,  s i n c e  energy i s  otherwise l o s t  t o  
e l e c t r o n s  and atoms, T h i s  maximum energy is  given by t h e  
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vol tage  d i f f e r e n c e  along t h e  i o n ' s  p a t h  from i t s  o r i g i n .  I 

w e  again assume t h a t  ions  are a l l  c rea t ed  a t  t h e  same poten- 
t i a l ,  VOt i n  t h e  low f i e l d  reg ion  near  t h e  i n j e c t o r s  ( s ince  
t h i s  provides  t h e  maximum vol tage  d i f f e r e n c e ) ,  then  t h e  ion  
k i n e t i c  energy is  aga in  determined a t  any po in t  by t h e  l o c a l  
vol tage,  

From t h e  measured d i s t r i b u t i o n s  of  e lectr ic  and mag- 
n e t i c  f i e l d  and cu r ren t  dens i ty ,  we may compute t h e  e l e c t r o n  
speed normal t o  t h e  cu r ren t  flow. Since t h i s  i s  a l so  t h e  ion  
speed i n  t h a t  d i r e c t i o n ,  we  may t h e r e f o r e  c a l c u l a t e  t h e  k i -  
n e t i c  energy a s soc ia t ed  wi th  ion  motion normal t o  t h e  cu r ren t  
flow. W e  also know t h e  vol tage  a t  t h e  same loca t ion ,  so w e  
may compare t h i s  k i n e t i c  energy wi th  t h e  maximum p o s s i b l e  ion  
k i n e t i c  energy, I n  t h i s  way, we  may assess t h e  d i s t r i b u t i o n  
of ion  energy t o  motion paral le l  and perpendicular  t o  t h e  
cu r ren t  flow, 

W e  perform t h i s  comparison by c a l c u l a t i n g  t h e  conduc- 
t i v i t y  of  t h e  plasma from t h e  f i e l d  d a t a ,  based on t h e  m a x i m u m  
p o s s i b l e  ion speed normal t o  t h e  cu r ren t  f l o w .  W e  have: 

so, the  s c a l a r  conduct iv i ty  is: 

If we  ignore t h e  e l e c t r o n  p res su re  grad ien t  e f f e c t s ,  
w e  f i n d  t h a t  B-, i s  less than  o r  equal  t o  t h e  value previous ly  
computed from t h e  e l e c t r o n  temperature,  ever  ere i n  t h e  cath- 
ode region, except near  t h e  cathode su r face  and near  t h e  gas  
i n j e c t i o n  region,  where it i s  much h igher  (see Fig, 4-3) 
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These l a t t e r  cases i n d i c a t e  t h a t  s t rong  e l e c t r o n  d e n s i t y  gra- 
d i e n t s  ( a s soc ia t ed  wi th  t h e  cathode su r face  plasma and gas 
ion iza t ion ,  r e spec t ive ly )  , supplement t h e  electric f i e l d  m e a -  
sured i n  t h e  d i r e c t i o n  of c u r r e n t  flow, (That is, El:>E,t t 

i n  t h e s e  regions.)  Thus, ion  motion normal t o  t h e  cu r ren t  
flow accounts  for e s s e n t i a l l y  a l l  t h e  ion  k i n e t i c  energy, and 
we may conclude t h a t  l i t t l e  energy i s  a s soc ia t ed  wi th  ion  
motion paral le l  t o  t h e  cu r ren t  f l o w .  

Our p re sen t  r e s u l t s  are based on t h e  na tu re  of t h e  
plasma and t h e  vol tage  d i s t r i b u t i o n  w i t h i n  t h e  cathode reg ionp  
while  our  previous estimates of ion  motion d e r i v e  f r o m  t h e  
geometry o f  the c u r r e n t  p a t t e r n .  The cons is tency  obtained 
a s su res  u s  t h a t  t h e  convective zone is  cha rac t e r i zed  by elec- 
t ron ,  r a t h e r  than ion,  cu r ren t  conduction, Ion flow p a t h s  
are shown i n  Fig, 4-4, a long wi th  t h e  ion  speed a t  var ious 
s t a t i o n s ,  It w a s  assumed here  t h a t  t h e  i o n i z a t i o n  l e v e l  w a s  
un i ty ,  so t h a t  wi th  j = je t h e  ion  k i n e t i c  energy i s  j u s t :  

(4-23) 

It i s  important t o  note  t h a t  our  i n t e g r a t i o n  t e r m i -  
n a t e s  near  t h e  c e n t e r l i n e  ( o r  cathode sur face)  of  our device,  
s i n c e  p re s su re  g rad ien t s  must be included the re .  Above a l l ,  
observe tha t  t h e  r e l a t i o n  between ion  k i n e t i c  energy and vo l t -  
age o b t a i n s  only along an ion  t r a j e c t o r y  p a r a l l e l  t o  t h e  j x B 

force ,  Again: The n e t  electrical  fo rce  on an ion  i n  a plasma 
discharge i s  t h e  j x B force ,  no t  t h e  g rad ien t  i n  electric po- 
t e n t i a l ,  The ion  does not lose i t s  k i n e t i c  energy i n  leav ing  
t h e  v i c i n i t y  of  t he  cathode as would be implied by a c o l l i s i o n -  
lesso e l e c t r o s t a t i c  a c c e l e r a t i o n  model, The fo rce  exer ted  on 
t h e  ion  by t h e  e lectr ic  f i e l d  i n  t h e  cathode j e t  i s  e x a c t l y  
balanced by t h e  c o l l i s i o n  fo rce  of e l e c t r o n s ,  

- P A  

The Cathode Plasma Revis i ted  

Given t h a t  a l l  t h e  c u r r e n t  i n  t h e  convective zone i s  
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carried by e l e c t r o n s I  we  
from t h e  f ie1 

may compute t h e  e l e c t r o n  
have: j = je = neeE /Be 

d e n s i t y  
so 

W e  observe t h a t  t h i s  equat ion e resses t h e  balance 
of  electric 2nd magnetic forces on the  e l e c t r o n s  i n  t h e  d i -  

r e c t i o n  norm 1 t o  t h e  c u r r e n t  f l o w ,  I f  t h i s  balance d id  not 
occurl  e l e c t r o n s  would accelerate away f r o m  the ions  i n  t h i s  
d i r e c t i o n ,  v i o l a t i n g  the cond i t ion  that  jL== 0. 

Using t h i s  formula, we  compute e l e c t r o n  d e n s i t i e s  t h a t  
are about an o rde r  of magnitude h igher  than  our  estimates based 
on t h e  e l e c t r o s t a t i c  probe data. As i nd ica t ed  earlier, elec- 
t r i c  probe r e s u l t s  w i l l  t end  t o  underestimate par t ic le  d e n s i t i e s  
because of c o l l i s i o n a l  and magnetic f i e l d  effects,  Such m e a -  
surements are important as l o w e r  bounds on t h e  p a r t i c l e  den- 
s i t ies  s i n c e  we needed t o  j u s t i f y  t h e  use  of a magnetogasdy- 
namic formulation before we  could proceed, W e  no te  t h a t  t h e  
e l e c t r o n  v e l o c i t i e s  paral le l  t o  t h e  c u r r e n t  are everywhere 
greater than  t h e  maximum ion  v e l o c i t i e s ,  so t h a t  ion contr ibu-  
t i o n  t o  t h e  cu r ren t  conduction w i l l  not  g r e a t l y  affect t h e  
plasma d e n s i t i e s  compu ed by t h e  above formula. Such d e n s i t i e s  
are displayed i n  F igo  -3 a t  var ious  p o s i t i o n s  i n  t h e  cathode 
region. 

As a l r eady  ind ica t ed  i n  t h e  previous chapter ,  h igher  
charged-par t ic le  d e n s i t i e s  imply h igher  i o n i z a t i o n  l e v e l s  and 
more nea r ly  cont inuu lowo These changes improve t h e  app l i -  
c a b i l i t y  o t i o n .  The dominance of t h e  elec- 
t r o n  c u r r e n t  conduction proces  is f u r t h e r  assured  by t h e  
h igher  values  o r o m  t h e  e l e c t r o n  t 
t h igher  i o n i z  

ode region,  
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except near  t h e  boundaries.  Since t h e  e l e c t r o n  temperature 
i s  also r a t h e r  uniform, t h e  e l e c t r o n  p res su re  g rad ien t  does 
not  c o n t r i b u t e  s i g n i f i c a n t l y  t o  c u r r e n t  conduction i n  t h e  
convect ive zone e 

A t  t h e  edges of  t h i s  region,  however, we do expect 
sharp changes i n  e l e c t r o n  p res su re ,  For example, t h e  e l e c t r o n  
d e n s i t y  should decrease r a p i d l y  as we approach t h e  i n j e c t o r  
o r i f i c e s .  This l eads  t o  p re s su re  g rad ien t s  both p a r a l l e l  and 
perpendicular  t o  t h e  cu r ren t  f l o w ,  The a d d i t i o n  of  t h e  l a t te r  
t o  EL i n  t h i s  reg ion  would reduce t h e  computed e l e c t r o n  den- 
s i t y  and thus  remove t h e  apparent bu t  ques t ionable  inc rease  
i n  d e n s i t y  the re .  Fur ther  i n t o  t h e  i n j e c t o r  f l o w ,  t h e  down- 
stream progress  of  i o n i z a t i o n  in t roduces  an a x i a l  p re s su re  
g rad ien t  that  may expla in  t h e  i n f l e c t i o n  of  the c u r r e n t  l i n e s  
there, s i n c e  no s t rong  f i e l d  e f f e c t  i s  evident .  

The inc rease  i n  e l e c t r o n  d e n s i t y  a t  t h e  cathode su r face  
reflects t h e  plasma pressure  g rad ien t  t h a t  must e x i s t  t h e r e  t o  
t u r n  t h e  r a d i a l l y  d i r e c t e d  ion  f l o w  i n t o  an a x i a l  exhaust.  W e  

s h a l l  d i s c u s s  the region f u r t h e r  i n  t h e  next chapter .  

Summary 

W e  have been concerned w i t h  the flow of c u r r e n t  and 
plasma i n  t h e  convective zone of  t h e  cathode region. The over- 
a l l  d i scharge  s t r u c t u r e  i n d i c a t e s  t h a t  a l m o s t  60% of t h e  t o t a l  
arc power i s  involved i n  t h i s  zone, while  more than  a q u a r t e r  
of  t he  arc power i s  a s soc ia t ed  w i t h  the  cathode su r face  layer .  

The motions of i ons  and e l e c t r o n s  are considered using 
a magnetogasdynamic formulation, It is  seen t h a t  the electric 
f i e l d  i n  the plasma r e s u l t s  f r o m  t h e  need t o  conduct cu r ren t  
i n  t h e  presence of  c o l l i s i o n s ,  magnetic f ie lds ,  and p res su re  
grad ien ts .  The g rad ien t  of electric p o t e n t i a l  thus  reflects 
the conduction process:  it does not determine t h e  ion  motion. 
The ne t  e lectr ical  fo rce  a c t i n g  on t h e  ion  f l u i d  i s  t h e  7 
fo rce  

amination of t h e  cu r ren t  p a t t e r n  then i n d i c a t e s  t h a t  
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t h e  ion  flow should gene ra l ly  be normal t o  t h e  cu r ren t  flow, 
While a minor amount of  ion  cu r ren t  may occur i n  some por t ions  
of t h e  discharge,  cons ide ra t ions  of t h e  energy a v a i l a b l e  t o  
t h e  ion i n d i c a t e  t h a t  cu r ren t  conduction i s  p r imar i ly  accom- 
p l i shed  by e l e c t r o n s  i n  a t enso r  manner, 

The ion  flow i s  d i r e c t e d  inward by t h e  7 x force  
toward t h e  cathode and t h e  arcjet  c e n t e r l i n e ,  Radial  flow 
speeds of  about 1.8 x lo4  m / s e c  are a t t a i n e d  near  t h e  cathode 
sur face ,  comparable t o  exhaust v e l o c i t i e s  measured i n  t h e  arc- 
je t  plume ( ,W 2 x 10 m / s e c ) .  P ressure  g rad ien t s  a t  t h e  ca th-  
ode su r face  are requi red  t o  t u r n  t h e  r a d i a l  ion flow a x i a l l y  
downstream. Computations of plasma conduc t iv i ty  and e l e c t r o n  
number d e n s i t y  ind ica t e  t h a t  such g rad ien t s  indeed occur.  
This recalls t h e  "pumping mode" of MPD arcjet  ope ra t ione4  I n  
our case, t h i s  process  i s  not  confined t o  t h e  cathode je t  bu t  
extends upstream over  t h e  l a te ra l  surface of  t h e  cathode. 

4 



75 

CHaPTER 5 

THE CATHODE SURFACE LAYER 

I n  t h e  preceding chapter ,  we  analyzed t h e  discharge 
s t r u c t u r e  i n  t h e  convective zone and found t h a t  a high speed 
plasma f l o w  i s  de l ive red  t o  t h e  immediate v i c i n i t y  o f  t h e  
cathode sur face .  W e  also ind ica t ed  t h a t  p re s su re  g rad ien t s  
should be s i g n i f i c a n t  near  t h e  sur face .  W e  now cont inue t h e  
a n a l y s i s  of our  experimental  s i t u a t i o n  i n t o  t h i s  p o r t i o n  of 
t h e  cathode region,  which we label t h e  cathode su r face  layer 
(see Fig. 5-1)* 

Three processes  of  c r i t i ca l  importance t o  MPD arcjet  
performance are involved here:  Def lec t ion  o f  t h e  r a d i a l  plasma 
flow i n t o  an axial ,  thrust-producing d i r e c t i o n :  p r o t e c t i o n  of 
t h e  cathode su r face  from e ros ion  by t h i s  high-energy f l o w :  and 
conduction of  c u r r e n t  across t h e  cathode-plasma i n t e r f a c e .  
A l l  t h i s  occurs  wi th in  a f e w  m i l l i m e t e r s  of t h e  cathode sur- 
face. Since t h i s  i s  beyond t h e  r e s o l u t i o n  of our  experiment, 
we  must concern ourse lves  wi th  t h e  o v e r a l l  c h a r a c t e r i s t i c s  of 
t h e  plasma flow, and conduction and emission processes ,  Our 
primary i n t e r e s t  w i l l  be wi th  t h e  l a y e r  ad jacent  t o  t h e  la teral  
su r face  o f  t h e  cathodes The cathode t i p  involves  some s p e c i a l  
phenomena t h a t  depend t o  a l a r g e  e x t e n t  on t h e  f l o w  along t h e  
s lope,  and w i l l  t h e r e f o r e  be considered later.  

Nature o f  t h e  Flow Problem 

W e  may understand t h e  na tu re  of t h e  flow near t h e  cath-  
ode su r face  by supposing t h a t  no d e f l e c t i o n  occurs,  so t h a t  t h e  
cu r ren t  d e n s i t y  a t  t h e  cathode su r face  i s  j u s t  t h e  unobstructed 
ion  flow, Assuming recombination of  t h e s e  ions  a t  t h e  cathode, 
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t h e  d i s t a n c e  t r a v e l l e d  by t h e  r e s u l t i n g  n e u t r a l  atoms is: 

* 3.5 x m 

-19 m2 M 4 X 1 0  r and VthA 7 2 where j i  = j 1.5 x 10 A/m QAi 

i s  t h e  mean thermal speed o f  t h e  r e t u r n i n g  atoms, based on a 
su r face  temperature TW = 3000° K, (an upper estimate used t o  
ob ta in  t h e  maximum value o f  X A C  ) -  This  d i s t a n c e  i s  much smaller 
than  t h e  dimensions o f  t h e  cathode su r face  l a y e r  ( N, 2.5 nun) I 

so t h e  incoming ions  w i l l  experience many c o l l i s i o n s  i n  t h i s  re- 
gion, Thus, it appears t h a t  a continuum flow s i t u a t i o n  e x i s t s  
near  t h e  cathode sur face .  Since t h e  d i r e c t e d  speed of  t h e  heavy 
particles from t h e  convect ive zone g r e a t l y  exceeds t h e i r  random 
(thermal) speed, our  problem reselrbles t h e  i n t e r a c t i o n  of  a hy- 
personic  flow wi th  a b lun t  body, Such a flow i s  too  complex 
t o  t reat  i n  d e t a i l  here, a long with t h e  a d d i t i o n a l  complications 
of  e lectromagnet ic  body fo rces  and cu r ren t  conduction, W e  s h a l l  
t h e r e f o r e  r e t u r n  t o  our  magnetogasdynamic formulation t o  de te r -  
mine t h e  plasma flow from t h e  electromagnet ic  s t r u c t u r e  o f  t h e  
su r face  l aye r ,  

MGD Analysis Inc lud ins  Pressure  Gradients  

I n  t h e  previous chapter ,  we s a w  t h a t  t h e  e f f e c t  of  an 
e l e c t r o n  p res su re  g rad ien t  must be included i n  our genera l ized  
Ohm's l a w  c a l c u l a t i o n s  near t h e  cathode sur face .  That is, t h e  
e lectr ic  f i e l d  t h e r e  is: 

or 
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where i s  t h e  v e l o c i t y  of  o u r  h igh ly  ionized plasma f l o w .  

W e  s h a l l  show i n  t h e  next chapter  t h a t  cu r ren t  flow 
becomes normal t o  t h e  cathode su r face  i n  a reg ion  ad jacen t  t o  
t h e  cathode, The c r i t e r i o n  i s  t h a t  t h e  magnetic Reynolds num- 
ber based on t h e  e l e c t r o n  f l o w  speed is  s m a l l  i n  t h i s  region,  
I n  our  case, we have: 

3 4 mho/m, ue C? le8 x 10 wi th  i3-g 5 x 10 
2.5 x m, Thus, a t  t h e  edge of t h e  cathode su r face  l aye r ,  
our c u r r e n t  f l o w  l i n e s  should t u r n  t o  e n t e r  t h e  cathode nor- 
mally, Within t h e  cathode su r face  l aye r ,  we s h a l l  t h e r e f o r e  
s impl i fy  o u r  problem by assuming t h a t  7 and E are both perpen- 
d i c u l a r  t o  t h e  su r face  (and are thereby p a r a l l e l ) ,  W e  have 
then  t h a t :  

m/s ,  and L (= h) 

d 

where u is  t h e  plasma f l o w  speed along t h e  cathode surface., 

Approximate Equations f o r  t h e  Surface Layer Flow 

Rearranging t h e  las t  equat ion above, we have: 

Now 
E =  

a X'li (5-7) 

(Since a l l  our  vol tages  are negat ive,  t h e r e  i s  no minus s ign  
involved, ) Then, assuming t h a t  t h e  e l e c t r o n  temperature re- 
mains about cons tan t  a t  i t s  value i n  t h e  convective zone, 
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we have : 

where n 
face  l a y e r  and convective zone, r e spec t ive ly ,  

and nc are t h e  values  of  e l e c t r o n  d e n s i t y  i n  t h e  sur-  e 

Noting t h a t  t h e  su r face  l a y e r  i s  t h i n  compared t o  t h e  
r ad ius  of t h e  cathode, we  have t h a t  B is  about cons tan t  w i th  
r e spec t  t o  P i t c  and may be removed f r o m  t h e  i n t e g r a l  on t h e  
l e f t ,  A l s o ,  I= and j are cons tan t  through t h e  su r face  
layer .  Thus, i f  we w r i t e  h as t h e  th i ckness  of  t h e  su r face  
l aye r ,  w e  may ob ta in  t h e  average speed along t h e  su r face  u: 

I n  t h i s  way, we are us ing  our  measurements of e lectr ic  
and magnetic f i e l d s  and c u r r e n t  d e n s i t y  near t h e  cathode sur-  
face  as a type of MHD channel flow meter, W e  measure t h e  vo l t -  
age ac ross  t h e  flow, c o r r e c t  f o r  t h e  r e s i s t i v e  vol tage drop 
and p res su re  g rad ien t s ,  t o  o b t a i n  t h e  back emf and then  com- 
pu te  < f r o m  t h e  known (measured) magnetic f i e l d  s t r eng th .  

The d e n s i t y  wi th in  t h e  su r face  l a y e r  r e f l e c t s  t h e  i n f l u x  
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of  plasma from t h e  convective zone. Neglecting mass a d d i t i o n  
a t  t h e  shoulder  o f  t h e  cathode, we have: 

where x i s  measured from t h e  cathode shoulder along t h e  s lope,  
and f c L z c  i s  the m a s s  i n f l u x  from t h e  convective zone. W e  

are i n t e r e s t e d  merely i n  t h e  characterist ic d e n s i t i e s  i n  t h e  
su r face  l aye r ,  so w e  s h a l l  neglec t  t h e  v a r i a t i o n  of f , M e  

and R w i th  x. W e  then  w r i t e :  

(5-11) 

The p a r t i c l e  d e n s i t y  i n  t h e  cathode su r face  l aye r  i s  
t y p i c a l l y  then,  

wi th  n =” n 
may be quick ly  solved by success ive  s u b s t i t u t i o n ,  s i n c e  t he  

logari thmic dependence involved i s  rather g e n t l e ,  

we  t hus  have an i m p l i c i t  equat ion f o r  ne, which e? 

The c h a r a c t e r i s t i c  temperature o f  t h e  heavy p a r t i c l e s  
i n  the cathode sur face  l a y e r  may be der ived  i n  a s i m i l a r l y  ap- 
proximate manner, Again neglec t ing  v a r i a t i o n s  along the cath- 
ode slope of p a r t i c l e  and energy f luxeso  and ignoring t h e  com- 
p l i c a t i o n s  o f  con ica l  geometry, we have: 

where a ( T )  i s  the  enthalpy of t h e  flow; i A J  i s  t h e  electric 
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power depos i ted ;  q i s  t h e  energy t r a n s f e r  from t h e  cathode 
f a l l  zone o r  emission l a y e r ;  and rcucu0 */2 i s  t h e  energy 
f l u x  from t h e  convect ive zone, 

P 

The heavy-part ic le  temperature may be found f r o m  t h e  
enthalpy, i f  equi l ibr ium condi t ions  are assumed, W e  have 

(not ing  t h a t  r u h  -w 

(5-14) 

The procedure used t o  so lve  t h e s e  approximate equat ions  
for t h e  cathode su r face  l a y e r  i s  t o  f i n d  ne, compute t h e  pres-  
su re  g rad ien t  c o r r e c t i o n  t o  t h e  f i e l d  s t r u c t u r e  t o  o b t a i n  ;, 
and then  s u b s t i t u t e  t h i s  i n  t h e  above equat ion f o r  T. 

So lu t ions  of t h e  preceding equat ions  are shown i n  
Fig. 5-2, a t  t h r e e  s t a t i o n s  along t h e  cathode sur face .  These 
curves merely provide us wi th  i n d i c a t i o n s  of t h e  flow p r o p e r t i e s  
a t  t h e  cathode, The experimental  and t h e o r e t i c a l  s i t u a t i o n  does 
not permit much more. From our  simple formulation, we o b t a i n  
t h e  average d e n s i t i e s ,  v e l o c i t i e s  and temperatures i n  t h e  sur -  
face layer ,  app ropr i a t e  t o  t h e  o v e r a l l  e lectr ical  and f l u i d  
mechanical condi t ions  near  t h e  cathode. Thus, we see t h a t  t h e  
d e n s i t y  and heavy-part ic le  temperature both increase  from t h e i r  
values  i n  t h e  convective zone. P a r t i c u l a r l y  i n t e r e s t i n g  i s  t h e  
observa t ion  t h a t  t h e  ion  flow v e l o c i t y  r e t a i n s  much of  i t s  mag- 
n i tude  a f te r  d e f l e c t i o n  near  t h e  cathode sur face .  I n  add i t ion ,  
t h e  v a r i a t i o n  o f  flow p r o p e r t i e s  along t h e  cathode i s  ind ica t ed ,  
W e  see t h a t  t h e  p a r t i c l e  d e n s i t y  inc reases  as more plasma is 
c o l l e c t e d  from t h e  convective zone, This r i se  i s  o f f s e t  some- 
what by t h e  inc rease  i n  plasma v e l o c i t y  due t o  a c c e l e r a t i o n  by 
t h e  j x force along t h e  sur face ,  

a 

The heavy-part ic le  temperature w a s  obtained from equi- 
l ib r ium computations of argon en tha lpy  a t  high temperatures by 
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Cann and Ducati, l8 

i n  our  s i t u a t i o n ,  we  no te  t h a t  t h e  e q u i l i b r a t i o n  t i m e  between 
ions  and e l e c t r o n ,  t , (as i n  Chape 3 ) ,  is  about sec a t  
t h e  high d e n s i t i e s  found i n  t h e  su r face  l aye r ,  This  i n d i c a t e s  
good coupling between ions  and e l e c t r o n s  over a d i s t a n c e  
u t  w 1 nun, so t h a t  energy may be t r a n s f e r r e d  f r o m  high t e m -  
p e r a t u r e  ions  t o  e l e c t r o n s  and thence t o  i o n i z a t i o n  and exc i -  
t a t i o n  of  t h e  plasma, The e s s e n t i a l  p o i n t  is  t h a t  t h e  plasma 
flow e f f e c t i v e l y  has  a very l a r g e  s p e c i f i c  hea t  because of  
i o n i z a t i o n  and e x c i t a t i o n ,  The plasma flow is  acce le ra t ed  t o  
high speed by t h e  j x B force along t h e  su r face ,  thereby  con- 
vec t ing  away t h e  h e a t  absorbed i n  t h e  d e f l e c t i o n  process .  It 
appears t hen  t h a t  t h e  cathode i s  p ro tec t ed ,  i n  p a r t  a t  least, 
by s t r o n g  blowing of a high specific hea t  gas along t h e  sur face .  
( I n  t h e s e  c a l c u l a t i o n s ,  t h e  energy t r a n s f e r  from t h e  cathode 

, i s  computed from a model of  t h e  cathode f a l l  f a l l  zone, 
developed la te r  i n  t h i s  chapter ,  This model i n d i c a t e s  t h a t  
about h a l f  t h e  e lectr ical  power deposi ted i n  t h e  cathode f a l l  
i s  a v a i l a b l e  t o  hea t  t h e  plasma flow i n  t h e  su r face  layer . )  

While equi l ibr ium may not  a c t u a l l y  exist  

eq 

- 
eq 

& - P  

qP 

Prel iminary r e s u l t s  from spec t roscopic  observa t ions  of  
t h e  d ischarge  i n  t h e  cathode region (with a longer  du ra t ion ,  
nonreversing cu r ren t  p u l s e )  indicate'' t h a t  t h e  particle den- 
s i t y  indeed inc reases  from a value of  about 3 x 102'/m3 i n  t h e  
convective zone t o  about 2 x 1022/m3 i n  a t h i n  l a y e r  ( - 2 mm 
t h i c k )  ad jacent  t o  t h e  cathode sur face .  Ear ly  estimates o f  
heavy-part ic le  temperature near  t h e  cathode t i p  (with a h igher  
input  mass flow, however) indicate'' values  of 2 t o  4 eV,  Ex- 

t r a p o l a t i n g  our  v e l o c i t y  c a l c u l a t i o n s  t o  t h e  v i c i n i t y  of t h e  
cathode t i p ,  we  f i n d  t h a t  t h e  flow along t h e  su r face  has  been 
accelerated t o  a speed about equal  t o  t h a t  measured by t i m e -  
o f - f l i g h t  v e l o c i t y  probes14 a t  t h e  anode exhaust p o r t  
(u  + 1-8 x l o 4  m / s e c ) o  
r e s u l t s  t h a t  are c o n s i s t e n t  with t h e  a v a i l a b l e  evidence f r o m  
o t h e r  experimental  techniques,  

Thus, our  approximate a n a l y s i s  y i e l d s  
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Having obtained i n  t h i s  approximate fashion t h e  average 
flow condi t ions  along t h e  cathode, we  now cons ider  t h e  viscous 
i n t e r a c t i o n  o f  t h i s  flow with t h e  su r face ,  F i r s t ,  we  must com- 
pu te  t h e  kinematic v i s c o s i t y  of a quiescent  plasma a t  t h e  s a m e  
temperature as our  f l o w .  
t h i s  is: 

1 

From k i n e t i c  theory ,”  we  have t h a t  

(5-15) 

3 where Vth i s  t h e  mean thermal speed of  t h e  ions  ( rn 4.6 x 10 

m/s  a t  s t a t i o n  B) and XL; i s  t h e  ion-ion mean f r e e  pa th  der ived  
from t h e  ion  thermal speed and t h e  s e l f - e q u i l i b r a t i o n  t i m e  d i s -  

cussed i n  Chap. 3 ,  A t  s t a t i o n  B, A;:= V t = 1.47 x loe5 m. th c 
With t h i s ,  we  have 

(5-16) 

The Reynolds number of our flow i s  then: 

- 
Rey = ‘LL .~ L = 4 . 3  x 10 3 I (5-17) 

P 

Again evaluated a t  s t a t i o n  B where L = x = 1.3 cm,  The 
boundary l a y e r  t h i ckness  of  an incompressible flow under t h e s e  
condi t ions  i s  approximately given by: 

- 
8 = 2 x m q (5-18) 

i n  t h e  p re sen t  case. For a compressible boundary l aye r ,  how- 
ever ,  we must mu l t ip ly  t h i s  by t h e  square of  t h e  Mach number. 
The speed o f  sound based on t h e  ion  temperature is: 

(5-19) 

f o r  Y = 1 - 3  (obtained from equi l ibr ium computations s i m i l a r  
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t o  those  used t o  eva lua te  T ) ,  So t h e  Mach number of  our  
f l o w  is: 

(5-20) U M = - -  - 3. a 

The compressible boundary l a y e r  t h i ckness  i s  then  approximately 
2 -  6 =  M s = 2 - 3  x m, 

W e  see t h a t  szk\ e Thus, t h e  v e l o c i t i e s  and temper- 
a t u r e s  obtained by o u r  a n a l y s i s  are averaged over t h e  viscous 
boundary l aye r  ( i n  a d d i t i o n  t o  t h e  early stages of f l o w  de f l ec -  
t i o n ) ,  so t h a t  t h e  values  used i n  computing Rey and M should be 
amended for h igher  v e l o c i t i e s  and lower temperatures,  However, 
s i n c e  t h e  change i n  speed and t empera tu re  from t h e  convective 
zone (u 18 km/sec, T, 1 ,5  e V )  t o  t h e  su r face  l a y e r  

A - 
(< s+ 11 km/sec, Ti stk 3,5 e V )  i s  r a t h e r  moderate, t h e  o v e r a l l  
c h a r a c t e r  of t h e  s i t u a t i o n  should be maintained, 

I f  we extend our  c a l c u l a t i o n s  toward t h e  cathode t ip ,  
we f i n d  t h a t  t h e  f l o w  Mach number exceeds f i v e .  W e  may, there-  
fo re ,  cons ider  t h e  cathode i n  t h i s  reg ion  t o  be enveloped by a 
hypersonic flow., The s i t u a t i o n  a t  t h e  cathode t i p  t h u s  re- 
sembles t h e  base and wake flow behind a hypersonic b lun t  body. 

This  impression i s  r e a d i l y  obtained by comparing our  
c o l o r  photographs (Fig-  3-3e o f  Chap, 2) t o  s c h l i e r e n  photos 
o r  shadowgraphs of  hypersonic f l o w  i n t e r a c t i o n  wi th  c i r c u l a r  
cy l inde r s ,  20'21 
schematical ly ,  N o t e  t h a t  t h e  cathode t i p  flow (Fige  5-3a) is  
cha rac t e r i zed  by a s t r a i g h t  s e c t i o n  extending p a r a l l e l  t o  t h e  
c e n t e r l i n e  f o r  a f e w  t i p  diameters ,  followed by a b r i g h t  coni- 
c a l  region,  Within t h e  s e c t i o n  a t  t h e  cathode t i p ,  t h e  lumi- 

I n  Fig,  5-3a,b we dep ic t  t h e s e  s i t u a t i o n s  

nos i t y  i s  p a r t i c u l a r l y  b r i g h t ,  

The hypersonic flow p a t t e r n  shown (Fig,  5-3b) is f r o m  
t h e  experimental  work of  McCarthy and Kubota2O for  a cy l inde r  
i n  M = 5,7 wind tunne l  flow, It is  typical of  hypersonic f l  
around a smoothly curved, convex b lun t  body, The boundary l a y e r  
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sepa ra t e s  along t h e  t r a i l i n g  su r face  so the  la te ra l  flow tends  
t o  overshoot t h e  end of  t he  body and s t agna te  a f e w  diameters 

downstream ins tead .  The high p res su re  region thus  c rea t ed  in- 
duces a reverse  f l o w  toward the  base of the  body which s tag-  
na t e s  there and recirculates  between t h e  separated boundary 
layer ,  t he  flow c e n t e r l i n e ,  and t h e  body sur face .  This  i s  seen 
i n  Fig. 5-3c w h i c h  a l s o  i n d i c a t e s  the compression of the o u t e r  
f l o w  as  it i s  turned a t  t he  c e n t e r l i n e .  N o t e  t h a t  these com- 
p res s ion  waves w i l l  coalesce i n t o  t h e  t r a i l i n g  shock wave 
shown i n  Fig.  5-3b. W e  a s s o c i a t e  t h e  sharp ly  def ined cone of 

luminosity w i t h  t h i s  shock, while  t h e  base f l o w  and s t agna t ion  
region occur i n  t h e  s t r a i g h t  s e c t i o n  downstream of  the cathode 
t i p .  

Our s i t u a t i o n  i s  complicated by t h e  add i t ion  of m a s s ,  
momentum, and energy f r o m  t h e  convective zone, and by conduc- 
t i o n  and emission processes  a t  t h e  cathode t i p .  W e  may expect 
t h a t  t h e  i n f l u x  of plasma from t h e  convective zone is  not i m -  
p o r t a n t  compared t o  t h e  flow from t h e  cathode su r face  l aye r  
s ince  t h e  c o l l e c t i o n  a rea  i s  much smaller than t h e  l a t e ra l  sur-  
face  of  t h e  cathode. On t h e  o the r  hand, hea t  a d d i t i o n  a t  t h e  
cathode sur face  should be s i g n i f i c a n t  s i n c e  t h e  cu r ren t  d e n s i t y  
i s  about a f a c t o r  of t h r e e  h igher  a t  t h e  cathode t i p  than along 
t h e  s lope.  
base flow volume, o f f s e t t i n g  any compression of  t h i s  region by 
t h e  momentum f l u x  from t h e  convective zone. 

Such hea t ing  should have t h e  e f f e c t  of  expanding t h e  

Within t h e  confines  of  our model f o r  t h e  emission l aye r  
presented i n  t h e  next s ec t ion ,  t h e  h igher  t o t a l  c u r r e n t  d e n s i t y  
a t  t h e  t i p  increases  t h e  l e v e l  of both qc and q 
t r a n s f e r r e d  t o  t h e  cathode) .  Thus, a f a c t o r  of t h r e e  o r  four  
increase i n  cu r ren t  dens i ty ,  coupled with the  more c o n s t r i c t e d  
geometry of t h e  cathode t i p ,  can account €or t h e  f a c t  t h a t  
melting i s  evident  only i n  t h i s  area. W e  note t h a t  t h e  flow of  
t h e  molten sur face  appears t o  be opposi te  t o  t h e  motion of t h e  
freestream plasma, i nd ica t ing  t h a t  a reverse  flow indeed ex is t s  
i n  t h e  base region a t  t h e  cathode t i p  (see Fig.  2-5, Chap. 2 ) .  

(qc i s  t h e  hea t  
P 

While w e  aga in  cannot t r ea t  t h e  problem i n  d e t a i l ,  some 



88 

q u a l i t a t i v e  understanding may' be obtained by recogni t ion  of 
t h e  o v e r a l l  flow s i t u a t i o n .  I n  p a r t i c u l a r ,  w e  note t h a t  t h e  
high p res su re  and temperature presumed t o  e x i s t  a t  an MPD arc- 
j e t  cathode may be d isp laced  downstream by t h e  hypersonic flow 
o f f  t h e  l a t e r a l  su r f ace  of t h e  cathode. Base flow measurements 
with hypersonic b lun t  bodies2' suggest t h a t  a r e l a t i v e l y  low 
p res su re  should e x i s t  a t  t h e  cathode t i p .  This  i s  a s soc ia t ed  
with another  i n t e r e s t i n g  f e a t u r e  of  such flows. W e  see i n  
Fig. 5-3c t h a t  t h e  i n v i s c i d  flow i s  turned  p a r a l l e l  t o  t h e  
c e n t e r l i n e  with l i t t l e  loss i n  magnitude (note  t h a t  c l o s e  t o  
t h e  c e n t e r l i n e  t h e  compression waves have not ye t  formed a 
shock).  Only a p o r t i o n  of t h e  su r face  l aye r  flow w i l l  be s tag-  
nated and c o n t r i b u t e  t o  t h e  r e c i r c u l a t i o n  a t  t h e  cathode t i p .  
I n  t h i s  way t h e  conversion of t h e  r a d i a l  ion flow from t h e  con- 
vec t ive  zone i n t o  a use fu l ,  a x i a l  exhaust i s  completed without 
s t agna t ing  and re-expanding t h e  e n t i r e  plasma flow. A s  men- 
t ioned  e a r l i e r ,  i f  we e x t r a p o l a t e  our c a l c u l a t i o n  of  flow ve- 
l o c i t y  i n  t h e  cathode su r face  l aye r  t o  t h e  v i c i n i t y  of t h e  cath- 
ode t i p ,  we  f i n d  an average speed of t h e  ou te r  flow approxi- 
mately equal  t o  t h e  flow speed i n  t h e  convective zone, 
u = 1.8 x l o 4  m / s e c .  
plasma speed measured i n  t h e  a r c j e t  exhaust a t  t h e  anode ori- 
f i c e  using t ime-of-f l ight  v e l o c i t y  probes. l4 

mentioned t h a t  t h e s e  probes measure l a r g e  s c a l e ,  tiigh-fre- 
quency pe r tu rba t ions  i n  plasma d e n s i t y  and temperature, a fea-  
t u r e  c o n s i s t e n t  wi th  t h e  tu rbu len t  wake behind a hypersonic 
b lun t  body.) 

This  value agrees  q u i t e  w e l l  wi th  t h e  

(It should be 

Model f o r  t h e  Emission Layer 

I n  t h e  preceding work, w e  saw t h a t  t h e  r a t e  of energy 
t r a n s f e r  t o  t h e  su r face  flow from t h e  cathode f a l l  o r  emission 
layer i s  requi red  t o  c a l c u l a t e  t h e  heavy-part ic le  temperature 
i n  t h e  flow. W e ,  t he re fo re ,  depar t  now from t h e  a n a l y s i s  of 
t h e  cathode su r face  flow i n  our  experiment t o  formulate a simple 
model f o r  t h e  cu r ren t  conduction and energy t r a n s f e r  processes  
i n  t h e  immediate v i c i n i t y  of t h e  cathode sur face .  W e  a r e  par -  
t i c u l a r l y  i n t e r e s t e d  i n  t h e  d i v i s i o n  of cathode f a l l  power 
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(27% of t h e  t o t a l  a r c  power) between e l e c t r o n i c  hea t ing  of t h e  
plasma, and i o n i c  hea t ing  of  t h e  cathode, The former i s  an 
e l ec t ro the rma l  component of arcjet  opera t ion ,  while  t h e  l a t te r  
r e f l e c t s  both t h e  c o s t  of f r e e i n g  e l e c t r o n s  from t h e  cathode 
and t h e  loss of energy from t h e  system by h e a t  conduction t o  
t h e  cathode i n t e r i o r  

The e x t e n t  o f  t h e  cathode f a l l  i n  an arc i s  t y p i c a l l y  
W e ,  t h e r e f o r e ,  expect t h a t  t h e  emission l a y e r  a few MFP8ss, 22 

should have a th i ckness  on t h e  o r d e r  o f  an ion-neut ra l  mean 
free pa th ,  Since we  also expect ion  c u r r e n t  conduction t o  be 

s i g n i f i c a n t  i n  t h i s  p o r t i o n  of  t h e  discharge,  we  may compute 
as before  t o  f ind  tha t :  

(5-21) 

Thus, t h e  emission l a y e r  should be very much t h i n n e r  
than t h e  viscous boundary l aye r ,  Our concept of  t h e  s i t u a t i o n  
then  i s  t h a t  a t h i n  l aye r  of  high dens i ty ,  low heavy-part ic le  
temperature ( -LL 1 e V ) ,  low v e l o c i t y  plasma e x i s t s  immediately 
ad jacent  t o  t he  cathode sur face .  Current conduction i s  accom- 
p l i s h e d  by ion  bombardment of the cathode, i n  a d d i t i o n  t o  elec- 
t r o n  emission. The amount of  emission depends on t h e  d i f f e r e n c e  
between t h e  hea t  t r a n s f e r r e d  t o  the  cathode su r face  by ion  bom- 
bardment and the  heat conducted away i n  t h e  m e t a l .  E lec t ron  
emission r e l i e v e s  t h e  ne t  heat load a t  t h e  su r face ,  ( I n  a l l  
t h i s ,  w e  neglec t  t he  e f f e c t s  o f  r a d i a t i o n ,  From t h e  c o l o r  
photographic work, we  have ind ica t ed  t h a t  t h e  l a te ra l  su r face  
i s  not incandescent,  W e  neg lec t  t r a n s f e r  o f  energy t o  t h e  ca th-  
ode by r a d i a t i o n ,  compared with t h e  e lectr ical  power deposi ted 
i n  t h e  cathode f a l l ,  s i n c e  otherwise t h e  r a d i a t i v e  loss of energy 
from the  arc chamber would g r e a t l y  exceed t h e  t o t a l  e lectr ical  
power supp l i ed , )  

The e l e c t r o n s  emi t ted  a t  t h e  cathode surface are then  
acce le ra t ed  by t h e  cathode f a l l  vol tage t o  an energy s u f f i c i e n t  
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t o  i o n i z e  t h e  n e u t r a l  atoms t h a t  r e s u l t  from ion  recombination 
a t  t h e  cathode, This  process  may be repeated wi th  a s i n g l e  ion  
(heavy par t ic le)  r e tu rn inq  t o  t h e  cathode su r face  many t i m e s .  
Each t i m e  it causes  some e l e c t r o n s  t o  be emit ted,  It also cor- 
lects  another  e l e c t r o n  from t h e  su r face  by recombination and 
then  d e p o s i t s  it i n  t h e  l o c a l  plasma upon r e i o n i z a t i o n ,  W e  may 
refer t o  t h i s  r e p e t i t i v e  ope ra t ion  as t h e  ion  t r u c k  process .  
I n  Fig. 5-4 we  show schemat ica l ly  t h e  opera t ion  of t h e  emission 
l a y e r  by our model. 

I n  t h e  fol lowing t rea tment ,  we  s h a l l  avoid any depend- 
ence on a p a r t i c u l a r  emission mechanism s i n c e  t h e  p r o p e r t i e s  
,of t h e  cathode su r face  and t h e  microscopic d e t a i l s  of cu r ren t  
attachment and energy t r a n s f e r  are poor ly  known. W e  s h a l l  in- 
s t e a d  formulate and so lve  t h e  o v e r a l l  energy balances requi red  
a t  t h e  cathode su r face  and i n  t h e  l o c a l  plasma. 

Enerqy Balance a t  t h e  Cathode Surface 

The cathode surface i s  heated by p a r t i c l e  bombardment 
and cooled by hea t  conduction i n  t h e  m e t a l  and e l e c t r o n  emission. 
Ions accelerate through t h e  cathode f a l l  and depos i t  an amount 
of energy ( \I,= + tkT;  t mt&>'e) a t  t h e  su r face ,  I f  an ion  re- 
combines t h e r e ,  it a l s o  provides  an a d d i t i o n a l  energy ( & i  - +w ) ,  

where we have sub t r ac t ed  t h e  c o s t  of  c o l l e c t i n g  an e l e c t r o n  from 
t h e  su r face ,  W e  expect t h e  r e s u l t i n g  flow of  n e u t r a l  atoms t o  
r e t u r n  t o  t h e  l o c a l  plasma wi th  t h e  su r face  temperature,  Tw, and 
n e t  v e l o c i t y  p a r a l l e l  t o  t h e  su r face ,  uw = 0. 

plasma t h e s e  atoms w i l l  c o l l i d e  wi th  o t h e r  heavy p a r t i c l e s  es- 
t a b l i s h i n g  some ( k i n e t i c )  temperature not  g r e a t l y  d i f f e r e n t  from 

TW, 

k i n e t i c  energy t r a n s f e r  i n  comparison t o  t h e  e lectr ical  and 
chemical energy f luxes  t o  t h e  su r face  ( . & . 2 k i  V F  + CG - 6 4  ) e 

Thus, our  energy balance a t  t h e  cathode su r face  is: 

I n  t h e  l o c a l  

and slowing t h e  l o c a l  plasma flow along t h e  su r face  so t h a t  
u'iu e With t h e s e  approximations, we s h a l l  neglec t  simple 

z 
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where qc is  t h e  hea t  conducted away i n  t h e  metal, 
assumed here  t h a t  a l l  t h e  ions  s t r i k i n g  t h e  su r face  recombine 
t h e r e ,  This  i s  appropr i a t e  for  a s i t u a t i o n  of  n e a r l y  complete 
thermal accommodation between t h e  heavy p a r t i c l e s  and t h e  s u r '  
face ,, ) 

( W e  have 

I n  our  experiment hea t  conduction t o  t h e  cathode in- 
t e r i o r  i s  a n  unsteady process .  The t i m e  f o r  t h e  temperature, 
a d i s t a n c e  x w i t h i n  t h e  cathode, t o  a t t a i n  h a l f  t h e  su r face  
temperature value i s  given by: 23 

= 4 7 7  (5-23) 
x 

L I j x t - -  
2 For tungs ten ,  3c X 0.5 c m  /sec; so wi th  x = 0 - 6  c m  (cathode 

r ad ius  a t  t h e  middle of  t h e  l a te ra l  s u r f a c e ) ,  t = 0,735 sec, 
This i s  much longer  than  t h e  t i m e  scale o f  t h e  experiment, W e  

s h a l l ,  t h e r e f o r e ,  use t h e  hea t  conduction formula for unsteady 
flow i n  a s emi - in f in i t e  slab., For constant  hea t  f l u x  a t  t h e  
su r face ,  t h i s  is: 23 

(5-24) 

where K 
p e r a t u r e ,  Note t h a t  a t  any p a r t i c u l a r  t i m e  higher  su r face  t e m -  
p e r a t u r e s  are a s soc ia t ed  wi th  g r e a t e r  hea t  f l uxes  a t  t h e  sur -  
face. 

i s  t h e  hea t  conduct iv i ty  and To i s  t h e  i n i t i a l  t e m -  

Now, t h e  hea t  f l u x  t o  t h e  su r face  i s  r e l a t e d  t o  t h e  
ion  cu r ren t  which depends on t h e  su r face  temperature,  s i n c e  
t h i s  determines t h e  heavy-par t ic le  temperature i n  t h e  l o c a l  
plasma, That is: 
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Our energy balance a t  t h e  cathode su r face  thus  becomes:: 

T o  proceed, we must formulate t h e  o t h e r  requirements 
of  our model. 

Enerqv Balance i n  t h e  Local P l a s m a  

The vol tage  drop a t  t h e  cathode exis ts ,  on one hand, t o  
provide e l e c t r i c a l  hea t ing  of t h e  cathode by ion  bombardment, 
and on t h e  o t h e r ,  t o  maintain t h e  necessary opera t ing  environ- 
ment by e l e c t r o n i c  hea t ing  of  t h e  l o c a l  plasma, By t h e  l a t t e r  
requirement, we  have t h a t  t h e  product of cathode f a l l  vo l tage  
and emi t ted  e l e c t r o n  cu r ren t  must  a t  least equal  t h e  power 
needed t o  re - ion ize  t h e  heavy p a r t i c l e s  r e tu rn ing  from t h e  
cathode, I n  genera l  then: 

where q r ep resen t s  t h e  a d d i t i o n a l  power t r a n s f e r r e d  t o  t h e  
plasma by e l e c t r o n i c  hea t ing .  Since t h i s  is beyond t h e  needs 
of t h e  emission process ,  w e  may c l a s s i f y  q as an e lec t ro thermal  
con t r ibu t ion  t o  a r c j e t  performance. 

P 

P 

The t o t a l  cu r ren t  i s  j = j i  + je,  so w e  have: 

I n  t e r m s  of t h e  l o c a l  heavy-part ic le  temperature then: 

(5-28) 

(5-29) 
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W e  note  t h a t  TW i s  p ropor t iona l  t o  t h e  hea t  conduction 
a t  t h e  cathode su r face ,  Thus, f o r  given p a r t i c l e  and cu r ren t  
d e n s i t i e s ,  t h e  power depos i ted  i n  t h e  plasma i s  r e l a t e d  t o  t h e  
hea t  l o s t  by conduction a t  t h e  cathode, 

P lasma Density i n  t h e  Emission Layer 

The p res su re  i n  t h e  local plasma j u s t  beyond t h e  cath- 
ode f a l l  i s  equal  t o  t h e  component of momentum f l u x  normal t o  
t h e  su r face  from t h e  convective zone, This i s  because, with 
t h e  j x B fo rce  p a r a l l e l  t o  t h e  cathode sur face ,  on ly  t h e  nor- 
m a l  p r e s su re  g rad ien t  exists t o  balance t h e  dynamic p res su re  
of  t h e  plasma flow t o  t h e  cathode su r face  l aye r ,  Thus, t h e  
plasma d e n s i t y  j u s t  beyond t h e  s t rong  f i e l d  of t h e  cathode f a l l  
i s  r e l a t e d  t o  t h e  heavy-par t ic le  and e l e c t r o n  temperatures by: 

A &  

where n m . u  i s  t h e  normal momentum flux from t h e  convective c 1 c  
zone. The ion  number d e n s i t y  i s  then: 

( 5 - 3  1) 

W e  expect t h a t  o( k.Pe>> kTd , so t h a t  a simpler r e s u l t  
ob ta ins :  

The phys ica l  p i c t u r e  here  i s  t h a t  near t h e  cathode sur face ,  t h e  
plasma p res su re  i s  j u s t  t h e  e l e c t r o n  p res su re  s i n c e  t h e  heavy 
p a r t i c l e s  a r e  cooled by i n t e r a c t i o n  with t h e  cathode, while  
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e l e c t r o n s  r ece ive  energy from t h e  emi t ted  e l e c t r o n s  acce le ra t ed  
through t h e  cathode f a l l  (and have a temperature l imi t ed  again 
by i n e l a s t i c  processes) e 
ode su r face  l a y e r  i s  thus  balanced by t h e  e l e c t r o n  p res su re ,  
The e l e c t r o n s  are, i n  t u r n , r e p e l l e d  from t h e  su r face  by t h e  in- 
t ense  f i e l d  of  t h e  cathode f a l l ,  The fo rce  involved i n  tu rn ing  
t h e  flow i n  t h e  su r face  l aye r  i s  t r ansmi t t ed  t o  t h e  cathode 
l a r g e l y  through t h i s  f i e l d ,  W e  no te  t h a t  t h e  predominance of  
t h e  e l e c t r o n  p res su re  allows lower heavy-part ic le  d e n s i t i e s  near 
the  r e l a t i v e l y  co ld  cathode and l o w e r  bombardment rates than  
would otherwise ob ta in ,  

The normal momentum f l u x  t o  t h e  cath-  

Equations of  t he  Emission Laver 

Before s u b s t i t u t i n g  and rear ranging  t e r m s ,  we  c o l l e c t  
our equat ions f o r  ready reference.  

Conduct ion: 

j =  j ; +  j, 

Energy Balance a t  t h e  Surface: 

-j&L + Fc. = j: ( V i =  + ( e c  .-$d)) 

Energy Balance i n  t h e  Local Plasma: 

H e a t  Conduction: 

+- -- - ( T w -  
L 

Ion Current Flow: 

(5-33) 

(5-34) 

(5-35) 

(5-36) 

(5-37) 
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Momentum Balance: 

(5-38) 

T h i s  set of s ix  equat ions involves  s ix  unknowns (Ii,  
le, qcr qpl TW, and ni) and one parameter (kTe) -  

so lve  t h i s  system f o r . v a r i o u s  values  of kTe, d i scuss  t h e  l i m i t a -  
t i o n s  on t h i s  parameter, and cons ider  t h e  impl ica t ions  of  t h e  

r e s u l t s ,  

W e  sha l l  now 

Surface Temperature 

S u b s t i t u t i n g  i n  the  equat ion f o r  t h e  energy balance a t  
the su r face ,  we have: 

This  i s  a quadra t i c  equat ion f o r  TW e 

( 5 -40) 

Solu t ions  of t h i s  equat ion f o r  s e v e r a l  values  of kTe and t are 
shown i n  Fig, 5-5, 2 

Other p r o p e r t i e s  are: 
Conditions are: j = 1 , 5  x l o7  A/m , 

Gd = 4,5 V ( tungs ten) .  
MC M ,  k c L  = b.3 &ii)'*/m2. and VF = 38 V, 

€: = 15,7 V (argon) and 

W e  no te  t h a t  t h e  su r face  temperature decreases wi th  in- 
c r eas ing  e l e c t r o n  temperature so t h a t  t he  maximum value of kTe 



FIGURE 5-5 
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a t  any t i m e  i s  def ined  by TW = 300° K. 

t h e  ope ra t ing  temperature of  our  system decreases a t  later 
t i m e s  if the  e l e c t r o n  temperature i s  h igher  than  about 1 , 5  eV,  

Since we expect t h a t  TW should increase  or a t  least  remain corn- 
s t a n t ,  t h i s  impl ies  t ha t  kTe i s  less than  t h e  ind ica t ed  m a x i m u m  
values ,  For constant  e l e c t r o n  and heavy-part ic le  temperatures 
during yuasi-s teady opera t ion ,  we  have kTe 1. 1,5  e V ,  

W e  a l s o  observe t h a t  

A minimum e l e c t r o n  temperature of 1- e V  w a s  assumed 
because lower values  would i n d i c a t e  hea t  t r a n s f e r  from t h e  
e l e c t r o n s  i n  t h e  plasma t o  those  i n  t h e  emission l a y e r ,  This 
i s  u n l i k e l y  i n  view of the l a r g e  f r a c t i o n  (27%) of t h e  t o t a l  arc 
power deposi ted t h e r e ,  

For t h i s  range o f  e l e c t r o n  temperatures,  then,  t h e  sur -  
face  temperature i s  about 400° K, 
la teral  su r face  of t h e  cathode should not  be incandescent,  con- 
s i s t e n t  wi th  t h e  negat ive r e s u l t  of t he  photographic work. It 
a l s o  underscores the inadequacy of thermionic emissiofi p rocesses  
(as usua l ly  formulated) t o  provide the  high-current d e n s i t i e s  
observed, (Even a t  temperatures approaching t h e  melt ing po in t  
of  tungsten,  however, thermionic emission computed from ei ther  
the Richardson o r  Dushman equat ions i s  i n s u f f i c i e n t , )  

This  i n d i c a t e s  t ha t  t h e  

Current Conduction i n  t h e  Emission Laver 

The ion  cu r ren t  t o  t h e  su r face  i s  determined by TW and 

e Tern I n  Fig. 5-6a we p l o t  j i  and j versus  e l e c t r o n  temperature 
f o r  t = 100 psec. The ion  con t r ibu t ion  t o  cu r ren t  conduction 
diminishes a t  h igher  e l e c t r o n  temperatures because t h e  d e n s i t i e s  
needed t o  o b t a i n  t h e  requi red  e l e c t r o n  p res su re  are lower. En- 
hancing t h i s  i s  the  lower heavy-part ic le  and su r face  temperature 
t h a t  r e s u l t s  from t h e  decrease i n  ion  bombardment hea t ing  of  t h e  
cathode, T h i s  l a t t e r  process  implies  a lower r a t e  of  cathode 
e ros ion  a t  h igher  e l e c t r o n  temperatures,  E s s e n t i a l l y ,  t h e  mo- 
mentum f l u x  t o  t h e  su r face  from the  convective zone i s  balanced 
t o  a g r e a t e r  e x t e n t  by t h e  r epu l s ion  of  t h e  e l e c t r o n  f l u i d  from 
t h e  cathode, Thus, we  have " e l e c t r o s t a t i c "  r a t h e r  than "mag- 
ne t ic ' '  p r o t e c t i o n  of t h e  cathode i n  a high-current discharge-  
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(The l a t t e r  effect  w i l l  be involved i n  the  momentum l a y e r , )  

With kTe f 1 - 5  eV,  we  see t h a t  the ion  and e l e c t r o n  
con t r ibu t ions  t o  cu r ren t  conduction are comparable, For ex- 
ample, a t  kTe = 1 , 5  e V ,  je  = 2ji, i n d i c a t i n g  t h a t  two e l e c t r o n s  
are emit ted for each ion  inc iden t  a t  t h e  cathode surface, 

O r i s i n  of t h o  Cathode F a l l  

A s  i n  the  convective zone, we  have a c t u a l l y  been so lv ing  
t h e  problem i n  reverse ,  Experimentally, we  know VF and the re -  
f o r e  we  have used it as an independent va r i ab le .  Phys ica l ly ,  
however, t h e  cathode f a l l  arises from the opera t ing  condi t ions  
a t  t h e  cathode, These are determined by t h e  cu r ren t  and par- 
t i c l e  d e n s i t i e s  i n  the  v i c i n i t y  of  t h e  cathode, t h e  hea t  con- 
duc t ion  and convection processes  t h e r e ,  and t h e  mechanical bal- 

ance requi red  by t h e  s t a t i c  p res su re  i n  t h e  arc column, or i n  
our case, t he  dynamic p res su re  of the plasma flow. This may 
be seen most r e a d i l y  i n  t e r m s  of  the  o v e r a l l  energy balance a t  
t h e  cathode: 

j Vp = -j #PUJ 4- 

so 

(5-41) 

(5-42) 

The cathode f a l l  mus t  a t  least account f o r  the  c o s t  of  
removing e l e c t r o n s  from t h e  metal ,  I n  add i t ion ,  it must provide 
enough energy t o  balance t h e  heat l o s s e s  t o  t h e  cathode and t h e  

plasma, T h e  cathode f a l l  t hus  arises from a balance of energy 
t r a n s f e r  processes  

The cathode f a l l  performs work by g iv ing  charged par- 
t i c l e s  ordered motions, The heat l o s s e s  r e f l e c t  a randomization 
of  these motions, a s soc ia t ed  wi th  i n e f f i c i e n c i e s  i n  e l e c t r o n  
emission and plasma i o n i z a t i o n  processes ,  Conduction of cu r ren t  
i n  the presence of  c o l l i s i o n s  thus  leads  t o  entropy production, 
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If we assert t h a t  t h e  cathode f a l l  ope ra t e s  so t h a t  t h e  entropy 
product ion ra te  i s  minimized, we  may o b t a i n  t h e  requi red  f a l l  
vol tage,  

The entropy product ion rate is: 

(where we have divided t h e  hea t  and entropy product ion rates by 
t h e  l a te ra l  su r face  area of  t h e  cathode) .  

Assuming t h a t  Te i s  l a r g e l y  determined by processes  
j u s t  beyond t h e  emission l aye r ,  we have: 

(5-44) 

Now, i n  our  case ,  we  expect t h a t  T e >  TW >, To, so 
t h a t  t h e  expression i n  parentheses  above i s  p o s i t i v e ,  From our  
quadra t i c  equat ion f o r  Tw'. we  see t h a t  C d T . J / d \ I ~ )  
p o s i t i v e ,  Then, 

is a l s o  

f J s  - 7 0  
d VI= (5-45) 

Thus, t h e  ra te  of entropy product ion inc reases  with f a l l  vol tage.  
The minimum rate i s  t h e r e f o r e  a s soc ia t ed  wi th  t h e  minimum vol tage 
allowed by o t h e r  requirements of  t h e  system, 

Previously,  we  determined t h e  maximum e l e c t r o n  temperature 
p o s s i b l e  f o r  a given f a l l  vo l tage ,  Assuming t h a t  temperatures 
i n  o u r  system do not  decrease w i t h  t i m e ,  t h e  e l e c t r o n  t e m p e r a t u r e  
i s  l i m i t e d  t o  kTe C 1,5 eV,  Reversing our  p o i n t  of view, we  
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may s p e c i f y  t h e  e l e c t r o n  temperature and compute t h e  minimum 
p o s s i b l e  f a l l  vo l tage ,  Using t h e  value of  e l e c t r o n  tempera- 
t u r e  measured near  t h e  cathode surface, kT = 1,5 (+ 0 ,5 )  eV, 

we  immediately see t h a t  t h e  minimum vol tage i s  j u s t  the pre- 
v ious ly  used experimental  value,  \/,= = 38 V, That i s ,  t h e  
cathode f a l l  appears t o  be ope ra t ing  i n  our case so as t o  
produce entropy a t  t h e  minimum rate., 

e 

From Fig,  5-7a,b we  see t h a t  under t h e s e  condi t ions  
the cathode f a l l  involves  comparable l e v e l s  of  ion  and e l e c t r o n  
cu r ren t  ( j  2 j i )  and d e l i v e r s  comparable amounts of power t o  
t h e  cathode su r face  and t h e  l o c a l  plasma. Thus, s o m e  60% of t h e  
cathode f a l l  power i s  a v a i l a b l e  t o  arcjet  processes  beyond t h e  
su r face .  

* e 
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EXPERIP/IEWAL CONCLWSXONS 

I n  t h e  preceding chapters ,  we  have sought t o  develop a 
cogent, phenomenological p i c t u r e  of t h e  c thode region i n  our  
MPD arcjet .  The approach has  been q u a l i t a t i v e  i n  t h a t  we have 
been i n t e r e s t e d  i n  e s t a b l i s h i n g  t h e  phys ica l  na tu re  o f  t h e  s i t -  
ua t ion ,  i n  l i e u  of  d e t a i l e d  excursions i n t o  a problem fraught  
with a n a l y t i c a l  and experimental  d i f f i c u l t i e s ,  Thus, our  com- 
p u t a t i o n s  have employed q u a n t i t i e s  t h a t  are c h a r a c t e r i s t i c  o f  
the regimes of  i n t e r e s t  t o  y i e l d  r e s u l t s  t h a t ,  though approxi- 
m a t e ,  a l l o w  some phys ica l  i n s i g h t  i n t o  t h e  var ious processes  
involved, 

W e  have seen t h a t  a t r a n s i t i o n  flow of i on iz ing  gas 
e x i s t s  i n  t h e  cathode region,  The i o n i z a t i o n  l e v e l  progresses  
from a f e w  percent  near  t h e  gas  i n j e c t o r s ,  t o  some t e n s  of per- 
cent  c l o s e r  t o  t h e  cathode, and f u r t h e r  downstream, E l e c t r i -  
c a l l y ,  then ,  t h e  plasma behaves l i k e  a f u l l y  ionized gas, having 
a conduct iv i ty  of  8 (2 5) kmho/m. Since t h e  e l e c t r o n  H a l l  pa- 
rameter and t h e  ( e l ec t ron )  magnetic Reynolds number both exceed 
u n i t y  i n  most o f  t h e  cathode region,  we  expect s i g n i f i c a n t  in-  
t e r a c t i o n  between t h e  plasma flow and t h e  cu r ren t  conduction 
p a t t e r n ,  

Such i n t e r a c t i o n  i s  confirmed by a n a l y s i s  of  t h e  e l e c t r o -  
magnetic s t r u c t u r e  o f  t h e  discharge,  Noting t h a t ,  i n  t h e  absence 
of p re s su re  g rad ien t s ,  i on  a c c e l e r a t i o n  r e f l e c t s  t h e  j x B fo rce  
d i s t r i b u t i o n  i n  t h e  plasma, we  see from t h e  geometry of t h e  cur- 
r e n t  and plasma flow p a t t e r n s  t h a t  c u r r e n t  conduction i s  achieved 
p r i m a r i l y  by e l e c t r o n s  i n  a t e n s o r  manner, This  geometric i m -  

A &  

pres s ion  i s  s u b s t a n t i a t e d  by cons ide ra t ions  of t h e  work performed 
on t h e  ions  by electromagnet ic  fo rces ,  W e  f i n d  t h a t  i n  our high 
conduct iv i ty  s i t u a t i o n ,  e s s e n t i a l l y  a l l  of  t h e  ion  energy is  
a s soc ia t ed  wi th  motion normal t o  t h e  c u r r e n t  flow d i r e c t i o n ,  
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Ion v e l o c i t i e s  and plasma f l u x  rates are then  computed 
f r o m  t h e  electric and magnetic f i e l d  d i s t r i b u t i o n s ,  It is 

found t h a t  approximately h a l f  t h e  input  mass flow i s  convected 
t o  t h e  v i c i n i t y  o f  t h e  cathode su r face ,  a r r i v i n g  t h e r e  w i t h  a 
v e l o c i t y  of  1-8 x l o 4  m / s e c ,  l a r g e l y  i n  t h e  r a d i a l  d i r e c t i o n ,  
A p o r t i o n  of  t h e  remaining inpu t  m a s s  apparent ly  i s  not ion ized  
u n t i l  it has  d r i f t e d  f u r t h e r  downstream from t h e  i n j e c t o r s .  It 

is  then  a l s o  acce le ra t ed  toward t h e  arcjet  c e n t e r l i n e ,  bu t  does 
not a t t a i n  t h e  s a m e  high speed as t h e  m a s s  f l o w  t o  t h e  cathode, 

N e a r  t h e  cathode su r face  we f i n d  t h a t  t h e  e f f e c t s  of  
p re s su re  g r a d i e n t s  should be included i n  our  a n a l y s i s  of  t h e  
d ischarge  s t r u c t u r e .  E s t i m a t e s  of  heavy-part ic le  mean free p a t h s  
a l s o  suggest  t h a t  a continuum flow e x i s t s  i n  a t h i n  l a y e r  adja-  
cen t  t o  t h e  cathode. The s i t u a t i o n  a t  the cathode thus  resembles 
a hypersonic-blunt body i n t e r a c t i o n  i n  t h a t  t h e  h igh  speed, low- 
temperature ion  f l o w  t o  t h e  cathode undergoes a l a r g e  d e f l e c t i o n  
i n  t h e  v i c i n i t y  of  t h e  sur face .  
t h e  normal momentum f l u x  t o  t he  su r face  l a y e r  i s  reflected by 
a p res su re  g rad ien t  i n  t h i s  region,  I n  our case, the  plasma 
a l s o  experiences a c c e l e r a t i o n  by t h e  j x B force along t h e  cath-  
ode sur face .  I n  add i t ion ,  hea t  i s  depos i ted  by cu r ren t  conduc- 
t i o n  through t h e  s u r f a c e  l a y e r  and by heat conduction from t h e  
cathode f a l l ,  

A s  i n  a b lun t  body problem, 

2 s  

To account f o r  t h i s  l a s t  process ,  w e  formulated a simple 
model f o r  an emission l a y e r  a t  t he  cathode su r face ,  based on a 
balance of p a r t i c l e  and energy f luxes  t o  t h e  cathode and t o  t h e  
l o c a l  plasma, This  model i n d i c a t e s  t h a t  ion  and e l e c t r o n  cur- 
r e n t s  are comparable near  t h e  cathode sur face ,  and tha t  com- 
pa rab le  hea t  ene rg ie s  are depos i ted  i n  t h e  cathode and i n  the 

l o c a l  plasma, It i s  also suggested by our model tha t  the  e m i s -  
s i o n  l a y e r  ope ra t e s  t o  produce entropy a t  t h e  minimum rate,, pre-  
f e r r i n g  t o  d e l i v e r  hea t  t o  t h e  high temperature plasma, r a t h e r  
than  the r e l a t i v e l y  co ld  cathode, T h e  su r f ace  temperature 
a long t h e  cathode slope i s  seen t o  remain a t  a l e v e l  w e l l  below 
t h e  mel t ing  po in t  of  tungsten,  r e f l e c t i n g  t h e  p r o t e c t i o n  of  t h e  
cathode by a t h i n  l aye r  of  high p res su re  plasma c o n s i s t i n g  of 

co ld  ions  and ho t  e l e c t r o n s ,  
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I n  a d d i t i o n  t o  unsteady hea t  t r a n s f e r  t o  t h e  i n t e r i o r ,  
t h e  cathode su r face  i s  cooled by e l e c t r o n  emission. Again by 
our  model about two e l e c t r o n s  are emi t ted  f o r  each ion  inc iden t  
a t  t h e  cathode, This r e s u l t  i n d i c a t e s  t h a t  some form o f  in- 
d i v i d u a l  f i e l d  (I/F) i on  bombardment emission process  
ope ra t ing  a t  t h e  cathode surface, 
i s  completely inadequate a t  t h e  c u r r e n t  d e n s i t i e s  with which 
we are involved, 26 
T/F emission26 can make a s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  elec- 
t r o n  cu r ren t .  But even a t  t h i s  l i m i t i n g  temperature,  T/F pro- 
cesses cannot account f o r  a l l  t h e  emission, s i n c e  t h e  c u r r e n t  
d e n s i t i e s  a t  t h e  t i p  are a l s o  h igher  than  on t h e  la teral  s u r -  
face.  It should be noted t h a t  our  a n a l y s i s  averages phenomena 
over t h e  cathode su r face  t o  o b t a i n  an average e l e c t r o n  y i e l d  
a s soc ia t ed  with an average su r face  temperature,  Since emission 
processes  are very s e n s i t i v e  t o  su r face  condi t ions ,  such aver- 
aging may obscure t h e  a c t u a l  emission mechanism, This approach, 
however, i s  q u i t e  s e rv i ceab le  i n  providing an o v e r a l l  power bal- 
ance a t  the cathode sur face .  I n  p a r t i c u l a r ,  we f i n d  t h a t  some 
50% of t h e  e lectr ical  power depos i ted  i n  t h e  emission l a y e r  i s  
de l ive red  t o  t h e  plasma f l o w  along t h e  sur face .  (The remaining 
power goes t o  cathode and anode hea t ing . )  

24,25 is 

Simple thermionic emission 

A t  t h e  cathode t i p  where melt ing i s  ev ident ,  

Using conserva t ion  p r i n c i p l e s  and s impl i fy ing  t h e  geom- 
e t r y  somewhat, we  computed t h e  p r o p e r t i e s  of t h e  plasma flow i n  
t h e  cathode sur face  layer .  A s  expected, both t h e  p a r t i c l e  den- 
s i t y  and heavy-par t ic le  temperature inc rease  above t h e i r  values  
i n  t h e  convect ive zone, confirming t h e  ex i s t ence  o f  a p re s su re  
g rad ien t  near  t h e  sur face ,  More important ly ,  t h e  v e l o c i t y  o f  
t h e  plasma flow along t h e  su r face  i s  comparable t o  t h e  ion speed 
p r i o r  t o  d e f l e c t i o n .  W e  t hus  f i n d  t h a t  a h igh ly  supersonic  t o  
hypersonic f l o w  exists p a r a l l e l  t o  t h e  l a te ra l  su r face  o f  t h e  
cathode, ( E s t i m a t e s  of  viscous e f f e c t s  i n d i c a t e  t h a t  t h e  c 
ode su r face  l a y e r  co inc ides  wi th  t h e  compressible viscous boundary 
l aye r ,  W e  have, t h e r e f o r e ,  averaged over  t h e  lower speeds and 
h igher  d e n s i t i e s  and temperatures o f  t h i s  boundary l a y e r  i n  ob- 
t a i n i n g  ou r  flow p r o p e r t i e s , )  
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N e a r  t h e  cathode t i p ,  t h i s  f l  s epa ra t e s  from t h e  
su r face ,  c o l l a p s i n g  onto t h e  arcjet  c e n t e r l i n e  a f e w  diameters  
f u r t h e r  downstream, A p o r t i o n  of  t h e  flow s t a g n a t e s  t h e r e  and 
a r eve r se  f l o w  i s  c rea t ed  t h a t  c i r c u l a t e s  back t o  t h e  cathode. 
The rest of t h e  flow from t h e  cathode su r face  l aye r  i s  turned  
p a r a l l e l  t o  t h e  c e n t e r l i n e ,  maintaining a speed of  about 
1.8 x 10 m/sec, comparable t o  v e l o c i t i e s  measured a t  t h e  anode 
exhaust p o r t .  (Other f e a t u r e s  of  t h i s  hypersonic base flow and 
near  wake are t h e  formation of a t r a i l i n g  shock by t h e  com- 
p res s ion  waves a s soc ia t ed  wi th  flow t u r n i n g  a t  t h e  c e n t e r l i n e ,  
and t h e  ex i s t ence  of  a t u r b u l e n t  wake.) I n  conclusion, we  note  
t h a t  t h e  high p res su re  "pumped" plasma core prev ious ly  thought 
t o  exis t  a t  t h e  cathode t i p 4  i s  rep laced  by a high p res su re ,  
high v e l o c i t y  l a y e r  a long t h e  l a t e r a l  s u r f a c e ' o f  t h e  cathode. 
Boundary l a y e r  s epa ra t ion  and flow r e c i r c u l a t i o n  near  t h e  cath-  
ode t i p  then  a l l o w s  m o s t  of the  flow from t h e  su r face  t o  e x i t  
t h e  cathode region as a t h i n ,  con ica l  annuluso escaping both 
s t agna t ion  p o i n t  and shock wave i n t e r a c t i o n s ,  I n  t h i s  way, t h e  
d e f l e c t i o n  of  t h e  high v e l o c i t y  plasma flow t o  t h e  cathode i s  
completed without  a d d i t i o n a l  l o s s e s  t o  s t agna t ion  and re-expan- 
s i o n  of a hypersonic flow, 

4 
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CHAPTER 6 

FUNDAMENTALS OF MPD DISCHARGE STRUCTURE 

W e  s h a l l  now cons ider  t h e  fundamental phys i ca l  basis 
f o r  t h e  s t r u c t u r e  of a magnetoplasmadynamic discharge,  I n  
p a r t i c u l a r ,  we  are concerned wi th  t h e  c u r r e n t  d i s t r i b u t i o n  
and i t s  r e l a t i o n  t o  t h e  plasma f l o w .  

A s  we have emphasized, t h e  cu r ren t  d i s t r i b u t i o n  through 
a plasma p r e s c r i b e s  t h e  electric f i e l d  t h e r e ,  W e  thus  compute 
t h e  e lec t r ic  f i e l d  i n  a plasma f r o m  a genera l ized  form of Ohm's 
l a w ,  w i th  c u r r e n t  d e n s i t y  as t h e  independent var iab le .  W e  can- 
not  a r b i t r a r i l y  s p e c i f y  t h e  e lectr ic  f i e l d  p a t t e r n  and then c o m -  
pu te  t h e  c u r r e n t  d e n s i t y  d i s t r i b u t i o n  i n  an a c t u a l  MPD arc, A s  

i n  the experimental  s i t u a t i o n ,  we can only  p r e s c r i b e  t h e  t o t a l  
c u r r e n t  l e v e l  and t h e  e l e c t r o d e  geometry (and i n  some cases, t h e  
p a r t i c l e  d e n s i t y  o r  m a s s  f l o w ) .  To o b t a i n  t h e  cu r ren t  d i s t r i b u -  
t i o n ,  we  must combine our  c o n s t i t u t i v e  equat ion (Ohm's l a w )  w i th  
t h e  basic p r i n c i p l e s  o f  electromagnetism ( M a x w e l l u  s equat ions)  

The b a s i c  process  governing c u r r e n t  conduction i n  an MPD 

discharge t h a t  d i f f e r e n t i a t e s  it from simple cu r ren t  conduction 
i s  t h e  genera t ion  of  a back e m f  by plasma f l o w  i n  t h e  magnetic 
f i e l d ,  That is, as a p a r c e l  of conducting f l u i d  t r a v e l s  through 
t h e  c u r r e n t  d i s t r i b u t i o n ,  t h e  magnetic f l u x  it i n t e r c e p t s  changes. 
Such v a r i a t i o n  r e s u l t s  i n  a c i r c u l a t i o n  of cu r ren t  w i th in  t h e  
f l u i d  element, which d i s t o r t s  t h e  l o c a l  cu r ren t  conduction p a t t e r n  
so as t o  diminish t h e  change i n  magnetic f l u x  through t h e  f l u i d ,  
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This  i s  simply Lenz8s  o r  Faraday’s l a w ,  I n  d i f f e r e n t i a l  form, 
we  state t h i s  l a w  as: 

2 

where i n  t h e  preceding d iscuss ion ,  E and are both 
measured i n  a frame of  r e fe rence  t r a v e l l i n g  with t h e  f l u i d  par- 
cel. 
changing magnetic f i e l d  s t r e n g t h  seen by t h e  f l u i d  element .as 
it passes  through t h e  reg ion  of  nonuniform magnetic f i e l d  as- 
s o c i a t e d  wi th  t h e  cu r ren t  conduction p a t t e r n .  

I n  t h i s  case, t h e  t i m e  rate of change o f  .B” reflects t h e  

To proceed formally,  we  s h a l l  base our  coord ina te  system 
i n  t h e  labora tory ,  so ag t = 0 is  a s t eady  s i t u a t i o n .  
(For g e n e r a l i t y ,  we  s h a l l  allow aI%/&t 3 b i n  t h e  
following d e r i v a t i o n , )  

Now, our  c o n s t i t u t i v e  equat ion is: 

where we have assumed t h a t  t h e  e l e c t r o n  temperature i s  cons tan t  
so: V A  (‘MeC V P e )  = 0 x ( V  ?%&-.me) = o e 

then  (with ou‘b =o ) I we have: 
By vec tor  i d e n t i t y  

Typica l ly ,  i n  s e l f - f i e l d  a c c e l e r a t o r s ,  flow condi t ions  do not 
change i n  t h e  d i r e c t i o n  of ’E , so we may drop t h e  l a s t  t e r m  
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on t h e  r i g h t ,  i n  t h e  prev ious  equat ion,  Thus, 

W e  may use par t ic le  c o n t i n u i t y  t o  account for t h e  v a r i a t i o n  i n  
e l e c t r o n  f l o w  speed through t h e  discharge:: 

where he is t h e  local change i n  e l e c t r o n  d e n s i t y  due t o  i o n i z a t i o n  
and pY. / ~ t  = 8 b . t  + Ce - V  i s  t h e  convect ive d e r i v a t i v e  based on 
t h e  e l e c t r o n  f l u i d  ve loc i ty .  W e  t hen  combine t e r m s  i n  our  equa- 
t i o n  as follows: 

so our  equat ion  becomes: 

MOW, neg lec t ing  t h e  displacement t e r m ,  

(6-10) 
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so 

(6-11) 

I n  add i t ion ,  we  may s impl i fy  t h e  t e r m  involving v a r i a b l e  con- 
d u c t i v i t y .  W e  have: 

Our equat ion  becomes upon s u b s t i t u t i o n  o f  t h e s e  r e s u l t s :  

(6-12) 

(6-13) 

This  equat ion,  along with appropr i a t e  boundary and 
i n i t i a l  condi t ions ,  determines t h e  magnetic f i e ld  d i s t r i b u t i o n  
i n  t h e  arc chamber, and thus  t h e  c u r r e n t  flow p a t t e r n ,  

I n  a s teady  s ta te ,  we  have: 

If t h e  e l e c t r o n  d e n s i t y  is  cons tan t  (and i o n i z a t i o n  i s  
neglec ted) ,  t h i s  becomes: 

(6-15) 
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Taking j u s t  t h e  f irst  t w o  t e r m s ,  we  see t h a t  t h e  mag- 
n e t i c  f ie ld  d i s t r i b u t i o n  i s  determined by a balance between 
convection ( i n  t h e  d i r e c t i o n  of ue) and d i f fus ion ,  i n  much t h e  
same manner as t h e  temperature d i s t r i b u t i o n  i n  a flowing, h e a t  
conducting gas,  I n  t h e  absence of s i g n i f i c a n t  e l e c t r o n  flow 
(low c u r r e n t  or high d e n s i t y  s i t u a t i o n ) ,  we see t h a t  t h e  f irst  
and t h i r d  t e r m s  above merely provide t h e  d i s t r i b u t i o n  of c u r -  
r e n t  i n  a nonuniform conductor. These t w o  cases account f o r  
t h e  two basic types of arcjet  discharge.  I n  a low cu r ren t  
and/or h igh  p a r t i c l e  d e n s i t y  a r c ,  we  have t h e  scalar s i t u a t i o n  
i n  which t h e  cu r ren t  p a t t e r n  fol lows t h e  d i s t r i b u t i o n  of elec- 
t r i c a l  conduct iv i ty  i n  t h e  gas ,  W e  no te  t h a t  t h e  conduct iv i ty  
g rad ien t  resembles t h e  e l e c t r o n  flow ve loc i ty ,  so t h a t  we may 
de f ine  an e f f e c t i v e  v e l o c i t y  due t o  conduct iv i ty  v a r i a t i o n  as: 

-er 

(6-16) 

Much i n  t h e  same way t h a t  the e l e c t r o n  f l o w  w i l l  tend 
A 

t o  convect t h e  cu r ren t  p a t t e r n  i n  t h e  d i r e c t i o n  o f  ue, t h e  sharp  
conduc t iv i ty  v a r i a t i o n  a t  t h e  edge o f  an arc discharge w i l l  cause 
t h e  c u r r e n t  t o  c o l l e c t  i n  t h e  arc column. (This merely says  
t h a t  most of t h e  c u r r e n t  w i l l  flow where t h e  conduct iv i ty  i s  

h ighes t ,  so t h e  c u r r e n t  p a t t e r n  i n  t h e  arc chamber depends on 
t h e  thermal  t r a n s p o r t  processes  t h a t  determine t h e  conduct iv i ty  
d i s t r i b u t i o n .  I n  a thermal arcjet  i n  which heat from t h e  arc 
i s  c a r r i e d  away by convection, s t rong  thermal g r a d i e n t s  can be 

maintained, and t h e r e  w i l l  be a tendency t o  spoke,) 

For a high-current and/or low-density a rc ,  conduct iv i ty  
v a r i a t i o n s  are less important ( t ends  t o  be uniformly h i g h ) *  
The high e l e c t r o n  f l o w  speed a s soc ia t ed  wi th  t h e  need t o  conduct 
high c u r r e n t  w i t h  f ew charge carriers convects t h e  cu r ren t  d i s -  
t r i b u t i o n  so t h a t  it tends  t o  r ep resen t  t h e  e l e c t r o n  flow t ra-  
j ec to ry ,  This t r a j e c t o r y  is  determined by t h e  magnetic f i e l d  of 
t h e  c u r r e n t  d i s t r i b u t i o n  and t h e  e lectrostat ic  coupling of  t h e  
e l e c t r o n s  t o  t h e  ions  i n  a quas i -neut ra l  plasma, Thus, t h e  ion 
momentum equat ion must be combined wi th  Faraday's l a w  and Ohm's 
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law (the electron momentum equation) to compute the current 
flow pattern, Since the ion motion depends primarily on the 
j x B force distribution in a high-current discharge, we see 
the fundamental nonlinearity of the problem. We shall return 
to this discussion later. We first wish to delineate more 
formally between thermal and magnetoplasmadynamic arcjets, 

A &  

Magnetic Reynolds Number Based on ua 

To explore the relative importance of the terms in our 
equation, we nondimensionalize the simplified expression above 
as follows: 
Let 

Kc = ce* Li, (6-17) 

and L = L*Lo; where L and L* represent any spatial dimension, 
and Bor ueot 
of the discharge and flow situation, We have then: 

c o r  and Lo are constant quantities characteristic 

(6-18) 

- where e r n e  - ~ r , , i ~ - , k r -  LG is the magnetic Reynolds number 
based on the electron flow speed. From this expression, we see 
that scalar conduction (thermal arcjet) will obtain for %+~e<<l, 

While convective effects (MPD arcjet) will prevail for @w~>>A. e 

In the former limit, with constant (5" I the current pattern is 
a solution of Laplace's equation (at least in rectangular sit- 
uations, where the direction of is constant), The latter 
case, on the other hand, resembles boundary layer flow in that 
the current pattern distends downstream following the plasma flow, 

.A 
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and decouples from t h e  flow i n  a t h i n  reg ion  of  cu r ren t  conduc- 
t i o n  ( for  which ( . h e  is l o c a l l y  s m a l l ) ,  From Chap, 3 ,  we see 
t h a t ,  i n  our experimental  s i t u a t i o n ,  & w e %  5 I where Lo i s  
based on t h e  cathode length.  Thus, as we i nd ica t ed  previous ly ,  
we should expect s i g n i f i c a n t  bu t  not overwhelming i n t e r a c t i o n  
between the c u r r e n t  and plasma flow p a t t e r n s .  N e a r  t h e  cathode 
su r face ,  Lo i s  much smal le r  so t h a t ,  wi th  cons tan t  conduct iv i ty ,  
t h e  c u r r e n t  f law l i n e s  should resemble e l e c t r o s t a t i c  f i e l d  l i n e s ,  
and e n t e r  the su r face  normally, 

Solu t ion  of t h e  Current P a t t e r n  

Because of t h e  moderate value of  &,we i n  our  s i t u a t i o n ,  
we  cannot s impl i fy  t h e  d i f f e r e n t i a l  equat ion governing t h e  cur- 
r e n t  p a t t e r n .  Even wi th  such approximations as n e g l i g i b l e  elec- 
t r o n  flow speed and uniform conduct iv i ty ,  t h i s  equat ion i s  s t i l l  
d i f f i c u l t  t o  so lve  i n  our  coax ia l  s i t u a t i o n  because t h e  d i r e c t i o n  
of 6 v a r i e s  along a magnetic f i e l d  l i n e .  I n  r ec t angu la r  geom- 
e t r y ,  where 13 i s  u n i d i r e c t i o n a l ,  t h e  equat ion f o r  t h e  scalar 
conduction case is: 

.A 

.A 

(6-19) 

which i s  j u s t  t h e  Laplace equation. For a p a r t i c u l a r  e l e c t r o d e  
geometry ( spec i fy ing  t h e  boundary condi t ions  on B), we may re- 
f e r  t o  known s o l u t i o n ~ ~ ~  o f  t h e  s teady  h e a t  conduction equat ion 
( V 7 T = u  ) t o  o b t a i n  t h e  appropr i a t e  isotherms, o r  i n  t h i s  
case, cons tan t  enclosed c u r r e n t  contours,  

.-d I n  our coax ia l  s i t u a t i o n ,  where g=F58 and 3 i s  i n  
t h e  p l ane  normal t o  , we have: 

or 
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Solu t ion  of  t h i s  equat ion r e q u i r e s  an expansion i n  t e r m s  
of  b e s s e l  and hyperbol ic  t r igonometr ic  func t ions ,  W e  s h a l l  not  
pursue t h i s  here ,  s i n c e  we  are i n t e r e s t e d  i n  t h e  contours  of 
cons tan t  enclosed c u r r e n t ,  no t  of  cons tan t  B. (These are not  
equiva len t  i n  a c o a x i a l  s i t u a t i o n . )  

The c u r r e n t  d i s t r i b u t i o n  i n  t h e  c o a x i a l  case i s  obta ined  
by not ing  t h a t  i n  t h e  scalar s i t u a t i o n  3 is  paral le l  t o  G' so 
t h e  c u r r e n t  flow l i n e s  fol low the  e l e c t r o s t a t i c  f i e l d  p a t t e r n ,  
Equivalent ly ,  we  see tha t  i f  cr and D- = cons tan t ,  
then  i n  s teady  state:  

- a 

(6-22) 

so we may w r i t e  
.-. 
-j = o y  

(6-23) 

- 
Then, s i n c e  V'- 3 '0 , we have: 

oLy = 0 (6-24) 

Again, we may u t i l i z e  s o l u t i o n s  from heat conduction theory.  
W e  now spec i fy  the  f l u x  a t  t h e  boundaries,  s i n c e  t h e  c u r r e n t  
p a t t e r n  i s  equiva len t  t o  t h e  heat flow d i s t r i b u t i o n .  W e  note  
t h a t  such s o l u t i o n s  are not r e a d i l y  a v a i l a b l e  because o f  t h e  
r a t h e r  spec ia l i zed  geometry o f  MPD arcjets.  

I n  t h e  l i m i t  of high magnetic Reynolds number ( (%we ) ,  

our equat ion has  t h e  form of a hea t  conduction problem i n  high 
f l u i d  mechanical Reynolds number (Rey) f l o w .  This i s  not  q u i t e  
t r u e  i n  our  s i t u a t i o n  because u e 
magnetic f i e l d  d i s t r i b u t i o n .  That is: 

9. 

depends on 3 and thus  on t h e  

(6-25) 
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2 

where ui and ne( = n 
chanics  and arer the re fo re ,  a l s o  r e l a t e d  t o  t h e  magnetic f i e l d  
p a t t e r n  through t h e  j x force d i s t r i b u t i o n ,  

) are determined by t h e  ion f l u i d  me- i 

I f  t he  r e l a t i v e  motion of ions  and e l e c t r o n s  i s  negl i -  
g i b l e  compared t o  t h e  plasma flow, as would be t h e  case i n  a 
low cu r ren t ,  high d e n s i t y  s i t u a t i o n ,  t h e  magnetic f i e l d  p a t t e r n  
w i l l  be determiaed by t h e  plasma flow, s i n c e  

( 6 -  26) 

Another s p e c i a l  s i t u a t i o n  i n  which t h e  t r u e  boundary 
l aye r  equat ion ob ta ins  i s  r ec t angu la r  geometry, I n  t h i s  case,  

l a rge ,  under these  condi t ions,  w i t h  t he  a d d i t i o n a l  approximation 
of po in t  e l ec t rodes ,  By analogy wi th  hea t  conduction, t he  cur- 
r e n t  p a t t e r n  near  e l ec t rodes  of f i n i t e  ex ten t  resembles t h e  
heat  flow p a t t e r n  near  a body i n  high speed flow. 

( 5 - P ) Z  i s  zero,  Lam27 has  obtained so lu t ions ,  f o r  

A s  we have ind ica ted ,  t h e  problem i s  more complicated 
i n  coax ia l  geometry ( Be/n\,r i s  now constant  along a stream- 
l i n e ,  r a t h e r  than  Be//n. ) e  The main f e a t u r e  of i n t e r e s t  is, 
however, t h a t  t h e  cur ren t  flow w i l l  be d is tended  i n  t h e  d i rec-  
t i o n  of t h e  e l e c t r o n  flow, but  w i l l  e n t e r  and leave t h e  elec- 
t rodes  as i n  t h e  scalar s i t u a t i o n .  The th ickness  of t hese  e lec-  
t rode  boundary l aye r s  may be est imated,  as before ,  by analogy 
w i t h  viscous boundary l aye r  flow. I f  ce * ki and the  plasma 
flow i s  p a r a l l e l  t o  t h e  e l ec t rode ,  then t h e  conduction boundary 
l aye r  th ickness  is: 

.d 

(6-27) 

where x i s  measured along t h e  e l ec t rode ,  
then we must measure x along t h e  c u r r e n t  flow l i n e s ,  I n  t h i s  
case & E C I ( ) X A  so t h e  ex ten t  of t h e  conduction boundary 

I f ,  however, \ce\n\'ci\ 
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l a y e r  i s  given by R w e C n  1 = 1 o r  

(6-28) 

This r e s u l t  was used i n  Chap, 3 t o  assess t h e  i n t e r -  
a c t i o n  of t h e  cu r ren t . and  plasma flows, and i n  Chap, 5 t o  show 
t h a t  i n  the  cathode su r face  l a y e r  t h e  cu r ren t  flows normal t o  
t h e  su r face ,  

Meaning of @-me 

W e  may manipulate t h e  dimensionless group t o  ob- 
t a i n  some i n s i g h t  i n t o  i t s  p h y s i c a l  impl ica t ions .  W e  have: 

(6-29) 

w h e r e  2 = y r m  and 9, 2 - L  . From t h i s  we see t h a t  the 

e l e c t r o n  magnetic Reynolds number reflects t h e  r e l a t i v e  i m -  
p r t ance  of  t h e  induced e lec t r ic  f i e l d ,  due t o  e l e c t r o n  motion 
i n  the magnetic f i e l d ,  t o  t h e  r e s i s t i v e  e lectr ic  f i e l d  com- 
ponent, This  i s  not  s u r p r i s i n g  i n  t h a t  &e i s  a measure of  
t he  t enso r  versus  scalar na tu re  of c u r r e n t  conduction. W e  may 
i l l umina te  t h i s  f u r t h e r  with a few more manipulations.  I f  we 
w r i t e  -jb -,met. kea , then  

/Lb 

( 6 - 3 0 )  

That is ,  i n s o f a r  as t h e  cu r ren t  d e n s i t y  i s  represented by the  

e l e c t r o n  f l o w ,  the  e l e c t r o n  magnetic Reynolds number equals  t h e  
e l e c t r o n  H a l l  parameter. Thus, t h e  microscopic and macroscopic 
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approaches t o  magnetic f i e l d  i n t e r a c t i o n  wi th  t h e  c u r r e n t  flow 
p a t t e r n  are d i r e c t l y  connected, 

The value of @me (and Re ) , which we have seen is  
an important parameter i n  determining t h e  cu r ren t  p a t t e r n ,  may 
be r e l a t e d  t o  t h e  o v e r a l l  parameters of  t h e  discharge,  
from t h e  f i r s t  express ion  above: 

W e  have 

(6-31) 

he0  
= (lc,> 

where %v i s  t h e  magnetic Reynolds number based on t h e  plasma 
flow speed. Now, t h e  e l e c t r o n  flow speed inc ludes  both t h e  
e l e c t r o n  motion wi th  t h e  plasma flow and motion ac ross  t h e  flow 
i n  ca r ry ing  current., That is ,  we may w r i t e  approximately: 

where 

But I 

. -  
f l e e  

(6-3 3) 

Then, t h e  e l e c t r o n  magnetic Reynolds number is: 

(6-34) 

(6-3 5) 
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From t h e  o v e r a l l  momentum equat ion,  i n  the high-current l i m i t ,  

(6-36) J”/,A 

so 

(6-37) 

Thus, as we asserted previous ly ,  t h e  high @me. l i m i t  i s  asso- 
ciated wi th  high-current ,  low-density opera t ion ,  N o t e  t h a t  we  
have used t h e  f i n a l  speed of  t h e  plasma flow t o  o b t a i n  G?M e 

I n  a self-magnetic f i e l d  plasma a c c e l e r a t o r ,  t h e  plasma 
flow speed i s  expected t o  i n c r e a s e  g r e a t l y  through t h e  c u r r e n t  
d i s t r i b u t i o n .  Therefore,  t h e  magnetic Reynolds number a t  any 
p o i n t  w i th in  t h e  d ischarge  w i l l  be less than  t h e  value computed 
from t h e  f i n a l  maximum plasma speed, The d i s t o r t i o n  of t h e  
cu r ren t  p a t t e r n  from the scalar s i t u a t i o n  by plasma convection 
w i l l  t hus  occur t o  a lesser e x t e n t  than  would be ind ica t ed  by 
the  high t e rmina l  value of L/IF e 

W e  may see t h i s  most r e a d i l y  i n  a discharge flow be- 
tween p a r a l l e l - p l a t e  e l e c t r o d e s ,  separa ted  by a d i s t a n c e  D e 

The conduction boundary l a y e r  th ickness  a s soc ia t ed  wi th  the 
t r a i l i n g  edge of  t h e  cu r ren t  d i s t r i b u t i o n  i s  

(6-38) 

where @m ( Z ~ F ,  X )  i s  the magnetic Reynolds number computed 
from t h e  flow speed of  t h e  plasma a f t e r  it has been accelerated 
through the e n t i r e  discharge.  The cu r ren t  p a t t e r n  w i l l  be com- 
p l e t e d  when t h e  conduction boundary 
t r o d e  gap; t h a t  is ,  when 2 S = b  
which t h i s  occurs  is  given by 

l a y e r s  f i l l  t h e  i n t e r e l e c -  
The s t r e a m w i s e  d i s t a n c e  a t  

(6-39) 
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W e  may use  t h i s  d i s t ance ,  L, s t h e  l eng th  o 
r e n t  d i s t r i b u t i o n ,  and thus  as t h e  d i s t a n c e  over which t h e  
plasma f l o w  i s  acce le ra t ed  by t h e  j x B fo rce  i n  t h e  discharge,  

& s a  

I f  we  assume t h a t  t h e  plasma accelerates from a n e g l i g i b l e  in-  
le t  speed t o  i t s  f i n a l  v e l o c i t y  i n  a l i n e a r  fashion: 

we may compute a magnetic Reynolds number c h a r a c t e r i s t i c  of t h e  
o v e r a l l  d i scharge ,  i n  t e r m s  of  t h e  i n t e r e l e c t r o d e  sepa ra t ion ,  
W e  have : 

but ,  

(6-41) 

(6-4 2) 

f r o m  t h e  d e f i n i t i o n  of  L. So: 

EtV-4 = 4  (6-43) 

B y  t h i s  o rde r  of magnitude approach, we see t h a t  t h e  
magnetic Reynolds number c h a r a c t e r i s t i c  of s e l f - f i e l d  plasma 
accelerators should be r a t h e r  moderate i n  value,  The e s s e n t i a l  
p o i n t  he re  i s  t h a t  an overwhelmins d i s t o r t i o n  of  t h e  c u r r e n t  
p a t t e r n  by f l o w  convection cannot occur i n  a s e l f - f i e l d  plasma 
accelerator because t h e  f l o w  i s  c r e a t e d  by t h e  cu r ren t  p a t t e r n ,  

I n t e r a c t i o n  of t h e  P l a s m a  Flow wi th  t h e  Current P a t t e r n  

W e  have previous ly  considered t h e  plasma motion t o  be 

one-dimensional, Actual ly ,  t h e  two-dimensional c u r r e n t  d i s t r i -  
bu t ion  w i l l ,  i n  genera l ,  provide a two-dimensional plasma f l o w  
s i n c e  ions  w i l l  be acce le ra t ed  i n  t h e  j x B d i r e c t i o n ,  A s  we  

d &  
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i nd ica t ed  i n  Chap. 4, an ion  w i l l  c o n t r i b u t e  t o  cu r ren t  conduc- 
t i o n  only  i n s o f a r  as t h e  d i r e c t i o n  of  c u r r e n t  flow i s  p a r a l l e l  
t o  t h e  motion achieved by t h e  ion  ear l ier  i n  i t s  dynamic h i s t o r y ,  
W e  see from our  one-dimensional approach, however, t h a t  h igher  
flow speeds deflect t h e  enclosed cu r ren t  contours  f u r t h e r  down- 
stream. That is ,  f u r t h e r  i n t o  t h e  cu r ren t  d i s t r i b u t i o n ,  t h e  
angle  between t h e  ion . f low and t h e  c u r r e n t  flow ( i n i t i a l l y  90°) 

w i l l  t end  t o  become smaller, Thus, i n  the  cathode region,  any 
component of  ion  v e l o c i t y  a lonq  a c u r r e n t  l i n e  w i l l  be asso- 
c i a t e d  with motion away  from t h e  cathode, r a t h e r  t han  i n  t h e  
d i r e c t i o n  of  cu r ren t  flow, O f f s e t t i n g  t h i s ,  i s  t h e  a c c e l e r a t i o n  
of t h e  ion  normal t o  i t s  i n i t i a l  pa th  by t h e  x fo rce  of t h e  
d e f l e c t e d  cu r ren t  flow, Ion motion should t h e r e f o r e  tend t o  
be normal t o  t h e  cu r ren t  flow l i n e s ,  a t  l e a s t ' i n  t h e  e a r l y  s t a g e s  
o f  ion  a c c e l e r a t i o n ,  W e  no te  t h a t  t h i s  s i t u a t i o n  p r e v a i l s  even 
i n  t h e  scalar case  s i n c e  t h e  cathode i s  convex and c u r r e n t  l i n e s  
w i l l  d iverge.  

Thus, t h e  absence o f  s i g n i f i c a n t  ion  cu r ren t  i n  our  ex- 
periment does not  s e e m  unusual, Rather, t h e s e  q u a l i t a t i v e  argu- 
ments suggest  t h a t  it i s  characterist ic of  t h e  cathode region of 
an MPD d ischarge ,  Asser t ing  t h i s ,  we may ob ta in  the ion  flow 
t r a j e c t o r y  i n  t h e  cathode region from t h e  cu r ren t  p a t t e r n .  W e  

a l s o  may d i r e c t l y  connect t h e  ion  k i n e t i c  energy t o  t h e  vol tage  
d i f f e r e n c e  along i t s  pa th ,  as i n  Chap, 4, 

W e  s h a l l  now unravel  t h e  in te rconnec t ions  of an MPD d i s -  
charge by e s t a b l i s h i n g  a h i e ra rchy  o f  phys i ca l  processes  t h a t  
govern arcjet  operat ion.  A s  i n  the  experiment, we s p e c i f y  t h e  
t o t a l  arc cu r ren t ,  t h e  input  m a s s  flow, and t h e  a c c e l e r a t o r  ge- 
ometry, The d i s t r i b u t i o n  of cu r ren t  w i t h i n  t h e  a r c  chamber w i l l  
be determined through Faradayss  l a w  f o r  an MPD arcjet  and w i l l  
depend, as we  have seen, on t h e  conduct iv i ty  and v e l o c i t y  of 
t h e  plasma, and t h e  e l e c t r o d e  and i n s u l a t o r  boundary condi t ions ,  

A t  high-current l e v e l s ,  our experience i n d i c a t e s  t ha t  

t h e  i o n i z a t i o n  l e v e l  w i l l  be above a f e w  percent ,  so tha t  t h e  
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conduc t iv i ty  w i l l  depend l a r g e l y  on t h e  e l e c t r o n  t e m -  
pe ra tu re ,  W e  have also seen t h a t  t h e  e l e c t r o n  temperature 
w i l l  be l imi t ed  by t h e  r ap id  a c t i v a t i o n  of i n e l a s t i c  cool ing  
processes  a t  h igher  e l e c t r o n  temperatures.  ( I n  Chap, 3 we 
noted t h i s  i n  terms of an energy balance between ohmic heat-  
ing  and i o n i z a t i o n  cool ing  of t h e  e l e c t r o n s  wi th in  t h e  d i s -  
charge,)  Thus, we expect t h e  conduc t iv i ty  t o  be r a t h e r  uni- 
formly high throughout an MPD discharge ,  s i n c e  t h e  e l e c t r o n  
temperature w i l l  everywhere tend t o  i t s  upper l i m i t .  

The c u r r e n t  p a t t e r n  would t h e r e f o r e  resemble simple 
hea t  conduction w e r e  it not for t h e  d i s t o r t i o n  r e s u l t i n g  from 
plasma convection. The e x t e n t  of such i n t e r a c t i o n  depends on 
the  magnetic Reynolds number. For a self-field plasma accel- 
e r a t o r ,  we  have seen t h a t  %m- 4. The cu r ren t  p a t t e r n  d i s -  

placement by convection w i l l ,  t h e r e f o r e ,  be r a t h e r  moderate, 
The maximum d i s t e n s i o n  of  the enclosed cu r ren t  contours  may be 
computed from t h e  plasma exhaust ve loc i ty ,  es t imated us ing  t h e  
electromagnet ic  t h r u s t  equat ion wi th  the  s p e c i f i e d  cu r ren t ,  
mass flow, and geometry, I n  t h i s  way, t h e  a c t u a l  cu r ren t  d i s -  

t r i b u t i o n  i s  bracketed by t h e  scalar, low RWI I s o l u t i o n  (ob- 
t a i n e d  approximately by e r e c t i n g  normals t o  e q u i p o t e n t i a l  con- 
t o u r s  sketched around t h e  electrodes) and t h e  convective,  
high , s i t u a t i o n ,  

The ion  motion wi th in  t h i s  cu r ren t  p a t t e r n  i s  obtained 

d e n s i t y  and temperature g r a d i e n t s  and c o l l i s i o n a l  
from t h e  a s soc ia t ed  force d i s t r i b u t i o n .  With t h e  in-  

processes ,  t h e  mechanics of t h e  ion  f l o w  may be determined 
( t h a t  i s8  t h e  t h r e e  equat ions o f  t h e  ion  l u i d ,  con t inu i ty ,  mo- 
mentump and energy may be solved given t h e  body fo rce  d i s t r i b u -  
t i o n ) .  The i n i t i a l  estimate o l o w  v e l o c i t y  can then  

c t e d  and t h e  d e n s i t y  d i s t r i b u t i o n  can be ca l cu la t ed ,  
t i o n  through t h e  receding s t e p s  t o  ob ta in  t h e  new cu r ren t  

low,  and f i n a l l y  a se l f - cons i s t en t  so lu t ion ,  
t u r e .  W e  have merely ind ica t ed  the 

phys ica l  p rocesses  involved, 

Once t h e  ion  and d e n s i t y  are determined, comparison 
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with  t h e  cu r ren t  flow p a t t e r n  provides  t h e  e l e c t r o n  
l o c i t y .  Ion motion normal t o  t h e  c u r r e n t  p r e s c r i b e s  t h e  elec- 
t r o n  speed i n  t h a t  d i r e c t i o n ,  while  t h e  e l e c t r o n  con t r ibu t ion  
t o  c u r r e n t  flow must complement t h a t  of t h e  ions.  The electric 
f i e l d  wi th in  t h e  plasma i s  then  obtained from t h e  genera l ized  
Ohm's l a w ,  That i s ,  t h e  ze x Ti t e r m  may now be evaluated so 
t h a t  t h e  electric f i e l d  requi red  t o  conduct cu r ren t  ac ross  a 
magnetic f i e l d  i n  t h e  presence of  c o l l i s i o n s  ( 7 3  ) and pres-  
su re  g rad ien t s  ( ' Qpe ==A ,m, e v ( M~ wr-) ) i s  determined. 
I n t e g r a t i o n  of t h i s  e lectr ic  f i e l d ,  w i th  t h e  a d d i t i o n  of t h e  
e l e c t r o d e  f a l l s ,  provides  t h e  t o t a l  arc vol tage.  

-? 

W e  no te  t h a t  t h e  arc vol tage  and t h e  ion  k i n e t i c  energy 
both d e r i v e  from t h e  cu r ren t  d e n s i t y  d i s t r i b u t i o n .  Thus, t h e r e  
should be a c o r r e l a t i o n  between them, b u t  t h i s  need not  be 
causa l .  W e  have seen, however, t h a t  i n  t h e  cathode region of 
an MPD d ischarge  s i g n i f i c a n t  ion  cu r ren t  should not be expected 
and, t h e r e f o r e ,  t h e  ion  k i n e t i c  energy i s  d i r e c t l y  r e l a t e d  t o  
t h e  vol tage  d i f f e r e n c e  along i t s  path.  This  arises from t h e  
electromagnet ic  s t r u c t u r e  of t h e  d ischarge  which, i n  t u r n ,  de- 
r i v e s  from t h e  e l e c t r o n  momentum equation. The need t o  conduct 
c u r r e n t  with e l e c t r o n s  r e q u i r e s  an electric f i e l d  t h a t  e x a c t l y  
balances t h e  j x B fo rce  a t tempt ing  t o  d e f l e c t  t h e  e l e c t r o n s  
from t h e  cu r ren t  flow path.  This  electric f i e l d  then  e x e r t s  a 
fo rce  on t h e  ions  equal  t o  t h e  j x B fo rce  i n  t h e  discharge.  
This  is  t h e  n e t  fo rce  a c t i n g  on t h e  ions ,  neglec t ing  p res su re  
g r a d i e n t s  and c o l l i s i o n s  wi th  n e u t r a l s ,  s i n c e  t h e r e  i s  no cur-  

d d  

& - . a  

r e n t  conduction i n  t h i s  d i r e c t i o n .  ( I n  a scalar s i t u a t i o n ,  t h e  
electric f i e l d  arises t o  move e l e c t r o n s  a g a i n s t  t h e  c o l l i s i o n a l  
drag of  t h e  ions ;  thus ,  t h e  n e t  fo rce  on t h e  ions  is  zero) e W e  

no te  t h a t  if t h e r e  i s  some ion  motion along t h e  c u r r e n t  p a t h  
away f r o m  t h e  cathode, ue must increase.  
f i e l d  normal t o  t h e  cu r ren t  flow then  provides  t h e  ions  wi th  a 
greater d e f l e c t i o n  i n  t h a t  d i r e c t i o n ,  reducing t h e  presumed ion  
motion, 

The increased e lectr ic  

I n  t e r m s  o f  t h e  o r i g i n  of t h e  e lectr ic  f i e l d  wi th in  t h e  
plasmac we  may consider  t h a t  t h e  convective zone of t h e  cathode 
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reg ion  behaves l i k e  a H a l l  f i e l d  accelerator, I n  t h e  cathode 
su r face  l a y e r  t h e  t e n s o r  c h a r a c t e r  o f  c u r r e n t  conduction is  
diminished ( s i n c e  ne is g r e a t l y  increased)  so t h e  electric 
f i e l d  t h e r e  r e f l e c t s  t h e  back emf i n  an MGD channel accel- 
e r a t o r ,  While, i n  t h e  cathode je t  and plume, we  merely have 
t h e  r e s i s t i v e  f i e l d  as i n  an e l ec t ro the rma l  device.  Thus, our  
MPD arcjet  incorpora tes  t h r e e  basic types of  electric t h r u s t e r  
i n  d i f f e r e n t  p o r t i o n s  of  t h e  discharge.  
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CHAPTER 7 

GENERAL CONSIDERAT I O N S  

W e  s h a l l  now apply our  understanding of discharge and 
flow processes  t o  the  o v e r a l l  ope ra t ion  and performance of an 
MPD arcjet ,  I n  p a r t i c u l a r ,  t h e  r e l a t i o n s h i p s  between var ious 
arcjet  characteristics and t h e i r  connection with t h e  electro- 
magnetic and mechanical s t r u c t u r e  of  t h e  discharge w i l l  be es- 
t ab l i shed .  

With t h e  a d d i t i o n  of  t h e  e l e c t r o d e  f a l l  vo l tages ,  t h e  
t o t a l  arc vol tage  i s  obtained from t h e  l i n e  i n t e g r a l  of t h e  
e lectr ic  f i e ld  i n  t h e  plasma, along some contour between t h e  
anode and t h e  cathode, The e lectr ic  f i e l d  wi th in  a plasma is ,  

neglec t ing  p res su re  g rad ien t s ,  

- -  

I n t e g r a t i n g  t h i s  along a c u r r e n t  flow l i n e  between t h e  elec- 
t r o d e s ,  we have: 

Vror - V F )  .- 

where VF i s  t h e  combined vol tages  of t h e  e l e c t r o d e  f a l l s ,  
t h e  previous chapter ,  we have t h a t  t h e  ion  motion w i l l  be essen- 

From 
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t i a l l y  normal t o  t h e  c u r r e n t  flow i n  m o s t  of  t h e  discharge,  so 
u x B *  - -  - uBd.R e W e  then  have approximately, 

where L is t h e  c h a r a c t e r i s t i c  length  of  t h e  c u r r e n t  p a t h  and 
7 I j, u, and B are a l l  q u a n t i t i e s  typical o f  t h e  s i t u a t i o n  

wi th in  t h e  d ischarge  and plasma flow, 

Now, from t h e  preceding chapter  again,  we have: 

7 -1 

i n  t h e  same manner as the e l e c t r o n  magnetic Reynolds number. 
But we a lso found t h e r e  t h a t  t h e  magnetic Reynolds number char- 
a c t e r i z i n g  a s e l f - f i e l d  plasma a c c e l e r a t o r  is  a cons tan t  f i xed  
by e l e c t r o d e  geometry and plasma conduct iv i ty ,  Thus, we w r i t e  

c 

(52, = (Tzm * so 

Then t h e  vol tage  a c r o s s  t h e  plasma flow is: 

Now, we may express  j i n  t e r m s  of t h e  t o t a l  arc cu r ren t  
and geometry approximately as: 

where R is a r a d i a l  d i s t a n c e  about midway between t h e  cathode 
and anode r a d i i ,  W e  then  have: 
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So we see t h a t ,  i f  t h e  e l e c t r o d e  f a l l  vo l tages  remain r e l a t i v e l y  
cons tan t  and/or s m a l l ,  t h e  arc vol tage  inc reases  l i n e a r l y  wi th  
cu r ren t .  W e  also note  t h a t  t h e  above r e l a t i o n  de f ines  t h e  char- 
acterist ic impedance o f  a s e l f - f i e l d  MPD arcjet, We have: 

with = l/r 2 x A-m, &,% 4, and R = 2-5 x m, 
we  may compute Z for our  experimental  s i t u a t i o n :  

2 * 6 - 3  milliohms (7-10) 

This  number compares q u i t e  w e l l  wi th  the  value computed 
from t h e  experimental ly  known vol tage  and c u r r e n t  (Vtot = 140 V, 

5 V, so Vtot - VF 'NN 97 V, and J = 17.5 kA): = 38 V, Vm 

% 5.5 milliohms =( vtotJ- experiment (7-11) 

Such impedances are typical of MPD discharge  opera t ion  a t  high 
cu r ren t s ,  

Again, using t h e  cond i t ion  t h a t  i ons  t r a v e l  normal t o  
t h e  c u r r e n t  flow l i n e s ,  so t h a t  j % je,  we  compute t h e  t o t a l  
work done on t h e  heavy par t ic les  i n  t h e  plasma by t h e  j x B 
force:  

& 3  

where n = ni + nA so n = tx n, and L, is  t h e  c h a r a c t e r i s t i c  
length  of t h e  a c c e l e r a t i o n  pa th ,  

e 
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From t h e  previous expression f o r  t h e  arc vol tage,  we  
have t h a t  t h e  back e m f  is: 

9 - p . &  

where we  again note  t h a t  u i s  parallel  t o  j x Be Then, con- 
t i n u i n g  our  approximate a n a l y s i s ,  we w r i t e :  

(7-14) 

53 k B L  
, 

from t h e  previous f o r m  of t h e  back emf i n t e g r a l .  

i n  a s s o c i a t i o n  w i t h  L.& Thus, we  have: 

(L--+ Ltr 

(7-15) 

Now, j/e ’NN [ ( J / ~ ) / ( ~ W R L L  ) ]  and A/m * nu(2*RLI t ) ,  where 
we  use t h e  l a t e r a l  su r f ace  area of  a t runca ted  cone of  mean 
r ad ius  R, and s lope  length L, and L , r e spec t ive ly ,  So 

(7-16) 

( V T o r  - d p )  But we  have a l r eady  seen t h a t  hi3 L EM p L % 
1 *‘E, 

W e ,  t h e r e f o r e ,  o b t a i n  a r e l a t i o n s h i p  between t h e  f i n a l  heavy- 
p a r t i c l e  energy and t h e  vol tage  drop ac ross  t h e  plasma: 
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W e  see t h a t ,  w i t  (J/e) /(lfh/m) 1 - 1, heavy-par t ic le  
ene rg ie s  i n  t h e  arcjet e u s t  should be comp rable t o  t h e  arc 
vol tage,  W e  no te  t h a t  e l ec t ro the rma l  c o n t r i b u t i o n s  t o  t h e  
plasma k i n e t i c  nergy have not en included, 

t h i s  input  occurs  ne 
i t h  t h e  cathode 

f r a c t i o n  of t h i s  vo l tage  t a k i n e t i c  energyo br inging  

b i l i t y  i n  a later sec t ion .  
E3 closer t o  t h e  t o t a l  arc vol tage.  W e  cons ider  t h i s  poss i -  

W e  may relate t h e  f i n a l  k i n e t i c  energy o f  t h e  heavy 
par t ic les  t o  t h e  exhaust v e l o c i t y  of the arcjet  as: 

(7-18) 

From the electromagnet ic  t h r u s t  equat ion  we  have i n  t h e  high- 
cu r ren t  l i m i t  (where we neglec t  gasdynamic c o n t r i b u t i o n s ) :  

But 

(7-21) 
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2 Thus, we  see t h a t  i n  a s e l f - f i e l d  plasma t h r u s t e r  J /& i s  a 
cons tan t  depending only  on geometry and plasma conduct ivi ty:  

This  i n d i c a t e s  t h a t  t h e  exhaust v e l o c i t y  of  an MPD arc- 
je t  should become cons tan t  as the cu r ren t  l e v e l  i s  increased 
and/or the m a s s  flow rate is  decreased, i n s o f a r  as t h e  gasdy- 
namic and e l ec t ro the rma l  con t r ibu t ions  t o  performance may be 

neglected i n  t h i s  l i m i t  e Experimental observat ions i n  s e v e r a l  
MPD arcjets confirm t h i s  r e s u l t ,  ( W e  no te  t h a t  uf i s  propor- 
t i o n a l  t o  2, t h e  c h a r a c t e r i s t i c  impedance of t he  arcjet  which 
i s  a l s o  r a t h e r  cons tan t  f o r  d i f f e r e n t  experiments,)  

I n  our  own case,  
2 x 10c4, and 

r A / r ~ s  5 - 6 ,  R = 2,5 x lo-* m, 
='4, so 

(7-24) 

Also, i n  t h i s  p a r t i c u l a r  case J = 17-5 kA and 
-3 2 k = 5,5 x 10 kg/s, f o r  which J /h = 5 - 6  x 1O1Oe These r k u l t s  

are i n  f a i r  q u a n t i t a t i v e  agreement, cons ider ing  t h e  approximate 
na tu re  of  t h e  a n a l y s i s  and our  rather rough estimate of  E- 

W e  may d e f i n e  t h e  t h r u s t  e f f i c i e n c y  of  t h e  electromag- 
n e t i c  a c c e l e r a t i o n  process  i n  a s e l f - f i e l d  MPD arcjet  as: 
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where uf i s  computed from t h e  electromagnet ic  t h r u s t  equat ion,  
But 

so 

(7-27) 

W e  see t h a t  t h i s  e f f i c i e n c y  i s  a l s o  a cons tan t  determined by 
t h e  geometry of  t h e  a c c e l e r a t o r ,  The r e l a t i o n s h i p  t o  g,,,., i s  
r a t h e r  n a t u r a l ,  s i n c e  (R, is t h e  r a t i o  of  energy a s soc ia t ed  
wi th  motion i n  t h e  magnetic f i e l d  t o  energy d i s s i p a t e d  by con- 
duc t ion  i n  a r e s i s t i v e  plasma. 

- 

- 
em Revis i ted  

Having seen t h a t  arcjet  performance depends p r i m a r i l y  
on a, we r e t u r n  t o  t h e  d i scuss ion  of t h e  previous chapter  t o  
examine m o r e  c l o s e l y  t h e  inf luence  of a c c e l e r a t o r  geometry on 
t h i s  factor. W e  again work wi th  t h e  s impler  r ec t angu la r  s i t-  
ua t ion ,  The e s s e n t i a l  cons t ruc t ion  i s  t h a t  t h e  c u r r e n t  conduc- 
t i o n  p a t t e r n  is completed when t h e  conduction boundary l a y e r s  
of t h e  e l e c t r o d e s  overlap.  I n  p a r t i c u l a r ,  t h e  l as t  element o f  
t h e  cu r ren t  flow, connecting t h e  t r a i l i n g  edges of t h e  elec- 
t rodes ,  must d i f f u s e  ac ross  t h e  f u l l y  acce le ra t ed  plasma f l o w .  
By analogy wi th  viscous boundary l a y e r  f l o w ,  t h e  p e n e t r a t i o n  of 
t h i s  c u r r e n t  i n t o  t h e  plasma flow i s  given by: 

(7-28) 

where xo is  t h e  streamwise p o s i t i o n  of t h e  t r a i l i n g  edge o f  
t h e  e l e c t r o d e o  Thus, if B i s  t h e  i n t e r e l e c t r o d e  separa t ion ,  
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t h e  cu r ren t  p a t t e r n  i s  completed when 

i- s* ( L -  K R )  (7-29) 

where L d e f i n e s  t h e  streamwise d i s t e n s i o n  of t h e  cu r ren t  pat- 
t e r n ,  and t h e  s u b s c r i p t s  refer t o  t h e  cathode and anode, re- 
spec t i ve l y  o 

I f  t h e  i n t e r s e c t i o n  occurs  a d i s t a n c e  f D  i n t o  t h e  flow 
from one e l ec t rode ,  t hen  t h e  magnetic Reynolds number may be 
obtained as previous ly  and equals :  

(7-30) I c Rnn? r= .- 
5" 

where we have aga in  assumed a l i n e a r  v e l o c i t y  p r o f i l e ,  
u (x)  = uf x/L,  through t h e  d ischarge  (appropr ia te  t o  a d i f f u s e  
c u r r e n t  d i s t r i b u t i o n )  e 

The l i m i t a t i o n s  on f are determined schemat ica l ly  i n  
Fig. 7-1. If we  assume a one-dimensional plasma flow, p a r a l l e l  
t o  t h e  boundaries as shown, then  we may use t h e  analogy wi th  
viscous flow over a f l a t  p l a t e  t o  ske tch  the  growth of t h e  con- 
duc t ion  boundary l aye r s .  
a r y  l a y e r s  i n t e r s e c t  i n  t h e  middle of  t h e  flow; whi le  a t  some 
po in t  (xA - xc) > 0,  Fig.  7-lb, one l aye r  completes t h e  cur- 
r e n t  p a t t e r n  before  t h e  o t h e r  develops, Thus, we f i n d  4 L f  51, 
W e  observe, however, t h a t  s i n c e  t h e  plasma flow and cu r ren t  f l o w  
should tend t o  be orthogonal,  t h e  assumption of  a one-dimen- 
s i o n a l  flow f a i l s  badly f o r  xA - x > 0, I n  Fig. 7 - 1 ~ ~  we 
note  t ha t  t h e  n e t  r e s u l t  of  t h i s  coupling i s  t o  r o t a t e  our  as- 
sumed streamwise d i r e c t i o n  so as t o  reduce the e f f e c t i v e  value 
of  (xA - xc) .  
f r o m  t h e  cu r ren t  p a t t e r n  of  t h e  scalar s i t u a t i o n ,  s i n c e  ions  
w i l l  be accelerated normal t o  t h e  c u r r e n t  s t reaml ines ,  Simple 
ske tches ,  such as Fig,  7-ld, suggest t h a t  t h e  e f f e c t i v e  value 
of (xA - x ) i s  never  l a r g e  compared t o  t h e  electrode sepa ra t ion  
(normal t o  t h e  f l o w ) ,  Thus, t h e  inf luence  o f  geometry on t h e  
value of  (k7, i s  rather weak, and 

For xA - xc = 0, Fig,  7-la, t h e  bound- 

C 

The a c t u a l  d i r e c t i o n  of t h e  flow may be es t imated  

C 

%=s 4 should be t y p i c a l  o f  
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steady,  se l f - f ie ld  plasma t h r u s t e r s .  (The s i t u a t i o n  is  essen- 
t i a l l y  t h i s :  I n  an lvLPD arcjet  a high speed flow normal t o  t h e  
cu r ren t  p a t t e r n  is  c rea t ed  by t h e  j x B force ,  Since t h e  flow 
i s  i n i t i a l l y  low speed, t h e  d i r e c t i o n  o f  t h i s  flow, def ined by 
t h e  d i r e c t i o n  of  cu r ren t  flow, i s  determined approximately from 
t h e  scalar ( &jC 0 ) l i m i t .  I n  a s c a l a r  s i t u a t i o n ,  t h e  average 
d i r e c t i o n  of  c u r r e n t  .flow i s  about p a r a l l e l  t o  t h e  l i n e  of  min- 
imum d i s t a n c e  between the e l ec t rodes .  I f  t h e  plasma flow i s  
normal t o  t h i s  l i n e ,  t h e  s t r e a m w i s e  e l e c t r o d e  sepa ra t ion  w i l l  
be s m a l l  compared t o  the  minimum e l e c t r o d e  gap.) 

a d .  

The primary complication i n  eva lua t ing  t h e  e l ec t ro the rma l  
processes  i n  an MPD a r c j e t  i s  due t o  t he  nonequilibrium na ture  o f  
t h e  plasma flow. I n  Chap. 3 we ind ica t ed  t h a t  t h e  plasma flow 
cont inues t o  ion ize  through the arc chamber so t h a t  even a two- 
temperature formulation of the s ta te  o f  t h e  plasma i s  inade- 
qua te  (except ,  perhaps, i n  t h e  high d e n s i t y  l aye r  a t  the  cath-  
ode s u r f a c e ) ,  It was a l s o  noted t h a t  t h e  e l e c t r o n  temperature 
remains r a t h e r  uniform throughout the a r c j e t  and exhaust plume 
because of  cool ing due t o  i n e l a s t i c  c o l l i s i o n s  w i t h  ions  and 
atoms, That is ,  t h e  energy received by the e l e c t r o n s  from t h e  
e lec t r ic  f i e l d  (ohmic hea t ing)  o r  from c o l l i s i o n s  with h igher  
temperature ions  i n  the  cathode su r face  l aye r ,  j e t ,  and plume 
i s  l o s t  t o  t h e  a c t i v a t i o n  and populat ion of exc i t ed  states of 
the atoms and ions ,  Since such ine l a s t i c  processes  are much 
more e f f i c i e n t  i n  t r a n s f e r r i n g  energy from t h e  e l e c t r o n s  t o  
heavy p a r t i c l e s  than  e las t ic  encounters,  t h e  major e f f e c t  of 
ohmic hea t ing  i n  an MPD arcjet  i s  t h e  c r e a t i o n  of  a n  ionized 
gas  of  high e l e c t r i c a l  conduct iv i ty  and l a r g e  s p e c i f i c  heat. 

The first p rope r ty  l i m i t s  t h e  energy d i s s i p a t e d  by conduction 
through the  plasma. The  second r e s u l t  al lows the  heat generated 
wi th in  t h e  d ischarge  t o  be absorbed i n t o  the working f l u i d ,  
thereby  pe rmi t t i ng  opera t ion  a t  r a t h e r  moderate temperatures,  

I n  t h e  cathode su r face  l aye r ,  t h e  s i t u a t i o n  resembles 
t h a t  behind a s t rong  shock wave i n  an ionized gas.  The  heavy- 
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par t ic le  temperature inc reases  g r e a t l y  f r o m  i t s  i n i t i a l  value 
as does t h e  p a r t i c l e  dens i ty ,  Heavy par t ic les  then  h e a t  t h e  
e l e c t r o n s  which, i n  t u r n ,  i o n i z e  and excite t h e  gas, Only a 
s m a l l  i nc rease  i n  e l e c t r o n  temperature is  needed t o  inc rease  
v a s t l y  t h e  ra t s  o i n e l a s t i c  cool ing,  The e l e c t r o n  f l u i d  acts 
as a hea t  conductor between t h e  h igh  (k ine t ic )  temperature 
heavy p a r t i c l e s  and t h e  low-temperature r e s e r v o i r  formed by 
t h e i r  e x c i t e d  states, ( N o t e  t h a t  "temperature" is  i l l - d e f i n e d  
i n  t h i s  s i t u a t i o n  and i s  used here  i n  analogy wi th  more f a m i l i a r  
equi l ibr ium concepts , )  Thus, t h e  hea t  generated i n  t h e  cathode 
su r face  l aye r ,  by t h e  heavy-part ic le  c o l l i s i o n s  a s soc ia t ed  wi th  
f l o w  d e f l e c t i o n  and by e l e c t r o n i c  a c c e l e r a t i o n  and c o l l i s i o n  
processes i n  t h e  cathode f a l l ,  is l o s t  t o  i o n i z a t i o n  and ex- 
c i t a t i o n  of t h e  plasma flow, Measurements of  ion  and e l e c t r o n  
temperature i n  t h e  exhaust plume (Chap., 2) i n d i c a t e  t h a t  t h e  
nonequilibrium c h a r a c t e r  o f  t h e  flow p e r s i s t s  f a r  downstream 
of t h e  arc chamber sugges t ing  t h a t  t h i s  hea t  energy i s  never 
recovered. It appears,  t h e r e f o r e ,  t h a t  t h e  same i n e l a s t i c  pro- 
cesses, pe rmi t t i ng  t h e  cathode reg ion  t o  operate a t  moderate 
heavy-par t ic le  temperatures,  are a s soc ia t ed  wi th  t h e  frozen 
f l o w  loss of  e l ec t ro the rma l  con t r ibu t ions  t o  t h r u s t e r  perform- 
ance * 

Losses a t  t h e  Cathode 

The cathode f a l l  vo l tage  r ep resen t s  t h e  c o s t  of con- 
duc t ing  cu r ren t  a c r o s s  t h e  cathode-plasma i n t e r f a c e .  From 
Chap. 5 we  have t h a t  t h e  hea t  generated near  t h e  cathode sur -  
face is: 

(7-31) 

A s  i nd ica t ed  i n  t h e  previous s e c t i o n ,  t h i s  hea t  does 
not c o n t r i b u t e  t o  t h e  a c c e l e r a t i o n  processes  of t h e  arc, Further-  
more, t h e  energy involved i n  removing e lect  ons f r o m  t h e  cath-  
ode, j#@ I i s  la te r  deposi ted i n  t h e  anode as heat ,  so t h a t  
t h i s  t e r m  a l s o  r ep resen t s  a l o s s  of energy from t h e  system, 
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as a measure of  arc- cFlv to t  Thus, we may cons ider  t h e  r a t i o  V 

jet  i n e f f i c i e n c y  a s soc ia t ed  wi th  the cathode conduction pro- 
cess * 

Again, from Chap. 5, we o b t a i n  t h a t  t h e  cathode f a l l  
vo l tage  is: 

(7-32) 

= % t h e  p a r t i c l e  d e n s i t y  a t  t h e  edge of  where ncmiuc2/kT e 
t h e  emission layer .  

Regardless of the  heat t r a n s f e r  t o  t h e  cathode (on the  

su r face  temperature) ,  we see t h a t  VcF i s  inve r se ly  p ropor t iona l  
t o  %e 
su r face  by ion  bombardment may be obtained wi th  a lower vo l t -  
age, i f  more p a r t i c l e s  are involved; t h e  conduction process  
becomes more e f f i c i e n t .  

This  i s  because t h e  requi red  energy t r a n s f e r  t o  t h e  

Thus, t o  achieve be t te r  a r c j e t  performance, we should 
opera te  with high p a r t i c l e  d e n s i t i e s  a t  t h e  cathode sur face .  
Since t h e  value of  the  e l e c t r o n  temperature i s  determined by a 
balance between a c c e l e r a t i o n  i n  the  cathode f a l l  and ine las t ic  
cool ing,  t h i s  r e q u i r e s  high p res su res  a t  t h e  cathode. Such a 
condi t ion  may be obtained by inc reas ing  the a r c  cu r ren t  s i n c e  
n m.u i s  p ropor t iona l  t o  t h e  electromagnet ic  t h r u s t  of t h e  
arc j e t  ( 

cathode su r face  ( t h i s  may be accomplished by a l t e r i n g  t h e  ac- 
c e l e r a t o r  geometry so t h a t  t h e  cu r ren t  p a t t e r n  provides  ion  ac- 
c e l e r a t i o n  pa ths  t h a t  i n t e r c e p t  a l a r g e r  p o r t i o n  of  the  input  
m a s s  f low) ,  I n  t h e  first approach, a r c j e t  performance improves 
because t h e  t o t a l  arc vol tage  inc reases  while  t he  cathode f a l l  
vo l tage  i s  diminished. Applicat ion of t h e  second approach re- 
q u i r e s  a design t rade-of f  between energy l o s s e s  a s soc ia t ed  with 
t h e  cathode f a l l  and those  involved i n  flow d e f l e c t i o n ,  

c 1 c  
J2),  and/or by inc reas ing  t h e  m a s s  flow rate t o  t h e  
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W e  have app l i ed  our  understanding of t h e  electromag- 
n e t i c  and mechanical s t r u c t u r e  of an W D  i acharge  i n  t h e  cath-  
ode reg ion  t o  o b t a i n  r e l a t i o n s h i p s  bet en  arcjet  p r o p e r t i e s ,  
The t h r e e  p r i n c i p a l  elements of t h i s  s t r u c t u r e  are t h a t  (a) i n  
an MPD discharge  e l e c t r o n  c u r r e n t  predominates so t h a t  t h e  cur- 
r e n t  and plasma flows are or thogonal ,  (b) Conduction of cus- 
r e n t  by e l e c t r o n s  i n  the presence of  a s t r o n g  magnetic f ie ld  
r e q u i r e s  a component of electric f ie ld  normal t o  t h e  c u r r e n t  
flow t o  balance t h e  Lorentz fo rce  on t h e  e l e c t r o n s ;  t h i s  elec- 
t r i c  f i e l d  then  t r ansmi t s  t h e  7 x force i n  t h e  discharge t o  
t h e  heavy particles of t h e  plasma. (c) The r e s u l t i n g  plasma 
f l o w  provides  a back e m f  which d i s t o r t s  the cu r ren t  p a t t e r n ,  
causing it t o  d i s t e n d  downstream, s i n c e  the  plasma f l o w  is 
created by c u r r e n t  conduction t h e  back e m f  cannot everywhere 
dominate t h e  conduction process  so i n  s teady,  s e l f - f i e l d  plasma 
accelerators i n t e r a c t i o n  of t h e ' f l o w  w i t h  t h e  c u r r e n t  p a t t e r n  
must be moderate ( zfl-4)e Analysis of  t h e  experimental ly  
determined d i s t r i b u t i o n s  of electric and magnetic f ie ld  and 
cu r ren t  d e n s i t y  led u s  t o  t h e  f i r s t  two r e s u l t s .  A l l  t h r e e  
w e r e  e s t a b l i s h e d  on m o r e  fundamental foundations i n  the  previous 
chapter .  

Recognizing t h a t  the  back e m f  and r e s i s t i v e  vol tage  drop 
must be commensurate by ( c ) ,  we found t h a t  the vol tage  
the plasma i s  p ropor t iona l  t o  t h e  arc cur ren t :  

where the e f f e c t i v e  impedance: 

(7-33) 

(7-34) 

i s  determined by plasma r e s i s t i v i t y  and a c c e l e r a t o r  geometry. 
From (a) and (b) we have t h a t  t h e  k i n e t i c  energy of a heavy 
p a r t i c l e  i n  the exhaust f l  
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so t h a t  ene rg ie s  comparable t o  t h e  arc vol tage  should be ob- 

t a ined ,  This  r e l a t i o n  also provides  t h e  electromagnet ic  e f -  
f i c i e n c y  of t h e  arcjet :  

(7-36) 

which reflects (c) i n - t h a t  c u r r e n t  conduction, wi th  t h e  asso- 
c i a t e d  d i s s i p a t i o n  o f  energy, i s  necessary t o  o b t a i n  the plasma 
flow from an MPD arcjet ,  

Furthermore, w e  have t h a t  t h e  f i n a l  k i n e t i c  energy € 5  
2 i s  p ropor t iona l  t o  J /I%, 

t o  (J /I%) 
l i m i t  we  f i n d  t h a t :  

But, s i n c e  it i s  a l s o  p ropor t iona l  
2 through uf ,  i n  t h e  high-current ,  low m a s s  flow 

cc us 
so u i s  determined by geometry and plasma r e s i s t i v i t y ,  f 

A l l  t h i s  has been achieved by approximating t h e  a c t u a l  
s t r u c t u r a l  d e t a i l s  of  t h e  d ischarge  flow with mean q u a n t i t i e s  
and c h a r a c t e r i s t i c  d i s t ances ,  W e  have e s s e n t i a l l y  l i n e a r i z e d  
the MPD s i t u a t i o n ,  depos i t i ng  a l l  t h e  inherent  n o n l i n e a r i t y  
and coupling i n  t h e  o v e r a l l  s t r u c t u r a l  parameter, R.-I . 
argued t h a t  t h e  magnetic Reynolds number which c h a r a c t e r i z e s  
t h e  i n t e r a c t i o n  between t h e  plasma and cu r ren t  flows i s  rela- 
t i v e l y  independent of  t h e  arcjet  inpu t s  J and &, r e l a t i o n s h i p s  
involving changes i n  p r o p e r t i e s  wi th  J and h w e r e  obtained,  

Having 

. By t h e  d e t a i l s  of  t h i s  argument, we  are l imi t ed  t o  t h e  high cur- 
r e n t ,  low m a s s  f l o w  s i t u a t i o n  f o r  which gasdynamic con t r ibu t ions  
t o  plasma a c c e l e r a t i o n  can be neglected and w h e r e  t h e  magnetic 
Reynolds number based on t h e  exhaust v e l o c i t y  i s  large 

( W/U& >+ I *  
W e  have a l s o  assumed t h a t  "a could be t r e a t e d  as a 

parameter determined by processes  independent of t h e  discharge 
flow i n t e r a c t i o n ,  I n  t h i s  case, s p e c i f i c a t i o n  of p r e s c r i b e s  
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2 t h e  r a t i o  J /ha If we  supply a c e r t a i n  c u r r e n t  l eve l ,  then  
t h e  mass f l o w  requi red  ill be obta ined  e i t h e r  from t h e  input  
gas  o r  by a b l a t i o n  o i n s u l a t o r  and e l e c t r o d e  material, ( N o t e  
t h a t  t h e  overfed s i t u a t i o n  w i l l  not  be a c c e s s i b l e  t o  our an 
y s i s  i f  rp&. becomes s 11,) Addi t iona l  
a b l a t i o n  may not be r e a d i l y  available t o  t h e  ar t h e  proper  
i n s u l a t o r  and e l e c t r o d e  materials are used, W e  then  have t h a t  
J2//;;I determines 'z 
flow cannot be suppl ied  by gas inpu t  o r  a b l a t i o n ,  t h e  plasma 
r e s i s t i v i t y  i s  coupled t o  t h e  d ischarge  f l o w  s i t u a t i o n ,  I f  t h e  
m a s s  flow i s  s u f f i c i e n t ,  however, 2 w i l l  depend on o t h e r  as- 

p e c t s  of  arc opera t ion ,  W e  note  t h a t  i f  J2 i s  given and 61 i s  
lower than  requi red  wi th  determined by t h e s e  l a t t e r  pro- 
cesses, t h e  plasma r e s i s t i v i t y  w i l l  i nc rease ,  This  r e s u l t s  i n  
g r e a t e r  hea t ing  i n  t h e  arc chamber (and h igher  temperatures 
s i n c e  fewer p a r t i c l e s  are involved) ,  so t h a t  t h e  p o s s i b i l i t y  
of  a b l a t i o n  is  enhanced. Reca l l ing  our  express ion  f o r  t h e  arc- 
j e t  impedance, we see t h a t  impedance (and t h e r e f o r e  vol tage  a t  
a given c u r r e n t  l e v e l )  should inc rease  i n v e r s e l y  wi th  m a s s  f l o w  
rate below t h e  m a s s  flow requi red  wi th  2 otherwise determined, 

That is ,  i f  t h e  proper  l e v e l  of mass 

The p r e s c r i p t i o n  of 4 by arc processes  i s  i n t i m a t e l y  
coupled t o  t h e  determinat ion of t h e  i o n i z a t i o n  l e v e l ,  Higher 
i o n i z a t i o n  l e v e l s  provide l o w e r  r e s i s t i v i t i e s  u n t i l  near  = 1, 
t h e  product ion of multiply-charged ions  causes  t h e  r e s i s t i v i t y  
t o  inc rease  (assuming t h a t  t h e  e l e c t r o n  temperature remains 
l imi t ed  by t h e s e  and o t h e r  i n e l a s t i c  processes), From our anal-  
y s i s ,  we  may o b t a i n  an expression f o r  & * W e  have: 

(7-38) 

so t h a t :  

(7-39) 
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But from Chap. 6 we have: 

so 

(7-40) 

(7-41) 

Thus, i f  w e  f i x  t h e  cu r ren t  l e v e l  and lower t h e  par -  
t i c l e  flow rate,  we o b t a i n  h igher  i o n i z a t i o n  l e v e l s  and h igher  
c o n d u c t i v i t i e s  ., The v e l o c i t y  of the  plasma flow a l s o  inc reases  
SO t h a t  we a t t a i n  the  high-current ,  l o w  m a s s  flow ope ra t ion  i n  
which t h e  electromagnet ic  con t r ibu t ion  t o  t h e  arcjet  t h r u s t  
dominates and t o  which the r e s u l t s  of  our  approximate a n a l y s i s  
apply,  Above an i o n i z a t i o n  l e v e l  of a few percent ,  2 w i l l  be 

about cons t an t ,  decreasing only  s l i g h t l y  w i t h  h igher  o( ( i n -  
s o f a r  as T i s  about c o n s t a n t ) .  A s  we go t o  s t i l l  l o w e r  par- 
t i c l e  flow rates,  &+i , i n  which case we expect mu l t ip l e  
i o n i z a t i o n  t o  be important so t h a t  ”z w i l l  increase .  Thus, we  
may a s s o c i a t e  t h e  s i t u a t i o n  wherein 7 i s  independent of 
J2/h w i t h  [(J/e)/(h/m) ] I 
with  lower m a s s  flow rate  ob ta ins  f o r  [(J/e)/(h/m)] > 1. 
c r i t i ca l  p a r t i c l e  flow rate i s  thus  given by [(J /e) / (k/m)]  = 1. 
W e  no te  t h a t  a t  t h i s  condi t ion  t h e  arc  opera tes  w i t h  about t h e  
minimum r e s i s t i v i t y ,  so t h a t  hea t  d i s s i p a t i o n  (and thus  entropy 
product ion)  occurs  a t  t h e  minimum rate ,  

e 

1; while  t h e  case of  increas ing  
The 

W e  expect t h a t  t h e r e  w i l l  be two classes of MPD arc je t :  
a b l a t i v e  and nonablat ive.  I n  t h e  f i r s t ,  lower m a s s  flow rates 
w i l l  be compensated by h igher  a b l a t i o n  rates so t h a t  t h e  plasma 
r e s i s t i v i t y ,  arc impedance, and arcjet  exhaust v e l o c i t y  w i l l  
a l l  a t t a i n  cons tan t  values  a t  high-current,  low mass flow con- 
d i t i o n s -  The p a r t i c l e  f l o w  rate requi red  i s  given by:: 

(7-42) 
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while  t h e  mass flow rate w i l l  be p r o p o r t i o n a l  t o  t h e  square 
of t h e  cu r ren t :  

We note  t h  i g l a s  used i n  our  

i t h o u t  a f f e c t i n g  t h e  pp rec i ab ly  (see Chap, 2 

experiment, can s i g  t e  t o  t h e  par t ic le  f l o  

on i n s u l a t o r  e ros ion ) ,  

I n  t h e  second case o f  an i d e a l ,  nonablat ive t h r u s t e r ,  
t h e  plasma r e s i s t i v i t y ,  arc impedance, and arcjet  exhaust ve- 
l o c i t y  a l l  i nc rease  i n v e r s e l y  wi th  mass flow f o r  high-current ,  
low m a s s  f l o w  opera t ion ,  Higher heavy-part ic le  temperatures 
and mul t ip l e  i o n i z a t i o n  should be observed here  a t  low m a s s  
flow r a t e s ,  

I n  n e i t h e r  case w i l l  e l ec t ro the rma l  e f f e c t s  c o n t r i b u t e  
t o  arcjet  performance because of  t h e  high e f f e c t i v e  s p e c i f i c  
hea t  of  an  ion iz ing  gas. A s  we have ind ica t ed ,  however, t h i s  
nonequilibrium s i t u a t i o n  al lows ope ra t ion  a t  moderate tempera- 
t u r e s  ( h- f e w  eV) * I n  p a r t i c u l a r ,  t h e  h e a t  generated near  t h e  
cathode su r face  can be absorbed by i n t e r n a l  states of  t h e  plasma 
and carried away by t h e  su r face  flow. This  convective hea t  

A d  

t r a n s f e r  process i s  a s s i s t e d  by t h e  s t r o n g  j x B fo rce  
t o  t h e  su r face  which accelerates t h e  flow t o  hypersonic Mach 
numbers, W e  no te  t h a t  i f  such a c c e l e r a t i o n  occurs  f u r t h e r  ou t  
i n  t h e  d ischarge ,  t h e  m a s s  flow t o  t h e  cathode su r face  would 
be less and h igher  cathode f a l l s  would be needed t o  maintain 
t h e  cathode conduction process ,  P ro tec t ion  of t h e  cathode sur-  
face  by a high dens i ty ,  low (heavy-part ic le)  temperature plasma 
would also be less e f f i c i e n t .  This  s i t u a t i o n  would o b t a i n  i n  
t h e  case of l i t t l e  magnetic i n t e r a c t i o n  i n  t h e  convective zone, 
s ince  t h e  cu r ren t  p a t t e r n  would then  resemble t h e  scalar solu- 
t i o n ,  with j x B t h e r e  d i r e c t e d  paral le l ,  r a t h e r  than  t o  
t h e  cathode su r face ,  Thus, cathode opera t ion  and s u r v i v a b i l i t y  
improve wi th  high plasma conduct iv i ty  and f l o w  speed i n  t h e  
cathode reg ionp  such condi t ions  provided by appropr i a t e  par- 

t i c l e  and m a s s  flows a t  high-current l e v e l s  ., 

A h  
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The r e s u l t s  of  our  a n a l y t i c a l  formulation a w a i t  
conformation by experiments c u r r e n t l y  i n  progress .  P r e l i m -  
i n a r y  evidence2* i n d i c a t e s  tha t  t h e  arc jet  exhaust v e l o c i t y  
inc reases  l i n e a r l y  wi th  decreasing input  m a s s  flow rate u n t i l  
[ ( J / e ) / ( f i / m )  ] 1, a f t e r  which it remains cons tan t ,  I n  t e r m s  
of  our d iscuss ion ,  t h i s  suggests  t h a t  i n s u l a t o r  a b l a t i o n  be- 
comes important when t h e  input  m a s s  f l o w  i s  f u l l y  ion ized  by 
t h e  arc. Since t h e  back emf and t h e  r e s i s t i v e  vol tage  drop 
ac ross  t h e  plasma flow must be commensurate, l o w e r  input  m a s s  
flow rates  and h igher  exhaust speeds p r e d i c a t e  g r e a t e r  hea t ing  
i n  t h e  arc chamber, thereby  providing t h e  mechanism f o r  m a s s  
a d d i t i o n  by i n s u l a t o r  and/or e l e c t r o d e  ab la t ion .  Any effor t  
t o  compare arcjet  impedance, exhaust v e l o c i t y ,  and m a s s  f l o w  
ra te  over  a range of  ope ra t ing  condi t ions  must include an 
accu ra t e  a p p r a i s a l  of  t h e  ablated m a s s  and p a r t i c l e  f l o w  rates 
and t h e  inf luence  of ab la t ed  m a t e r i a l  on the mechanical, 
chemical, and thermodynamic p r o p e r t i e s  of t h e  plasma. 
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