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Exhaust v e l o c i t i e s  f a r  i n  excess  o f  t h e  Alfv6n c r i t i c a l  

speed are observed i n  t h e  exhaus t  of a  quas i - s teady ,  s e l f -  

f i e l d  MPD a c c e l e r a t o r ,  over a  range of  a r c  c u r r e n t s  up t o  

42,000 A. Although t h e  measured v e l o c i t i e s  correspond roughly 

t o  t h e  t o t a l  e l e c t r o d e  v o l t a g e s ,  an  e l e c t r o s t a t i c  i o n  acce l -  

e r a t i o n  mechanism i s  not  supported by d e t a i l e d  maps o f  t h e  

p o t e n t i a l  con tours  w i t h i n  t h e  a r c  chamber. Rather ,  it i s  

found t h a t  t h e  bu lk  o f  t h e  a r c  vo l t age  g r a d i e n t ,  e x c l u s i v e  

of  t h e  e l e c t r o d e  f a l l s ,  occurs  w i t h i n  two d iameters  o f  t h e  

ca thode ,  and i s  normal t o  it. The remainder o f  t h e  a r c  cham- 

b e r ,  and a l l  of t h e  downstream plasma i s  n e a r l y  e q u i p o t e n t i a l ,  

a t  a  va lue  c l o s e  t o  anode s h e a t h  p o t e n t i a l .  Anode f a l l  v o l t -  

age v a r i e s  i n v e r s e l y  w i t h  l o c a l  c u r r e n t  d e n s i t y ,  implying 

s u b s t a n t i a l l y  lower anode l o s s e s  a t  h igher  power a r c  opera- 

t i o n .  Minimum anode f a l l  appears  t o  co inc ide  wi th  matched 

mass flow ope ra t ion .  Bow shocks from smal l  o b s t a c l e s  placed 

i n  t h e  exhaus t  s t ream i n d i c a t e  supersonic ,  b u t  not  hypersonic  

flow, and imply i o n  tempera tures  of  t h e  o rde r  of  10 eV. Elec- 

t r o n  tempera tures  a t  t h e  same l o c a t i o n  appear t o  be substan-  

t i a l l y  lower. 

A range of  a s s o c i a t e d  a c t i v i t i e s  a r e  i n  p rog res s ,  in-  

c lud ing  development o f  a  t echnique  f o r  moni tor ing a c c e l e r a t o r  

t h r u s t  by i n t e r n a l l y  mounted s t r a i n  gauges; a p p l i c a t i o n  of  a  

r e c e n t l y  completed 160,000 jou le  pulse-forming network t o  ex- 

t end  va r ious  quas i - s teady  experiments i n t o  t h e  mi l l i s econd  

range;  c a t a l o g i n g  of t h e  c h a r a c t e r i s t i c s  of  e l e c t r o l y t i c  

pulse-forming networks i n  quas i - s teady  a c c e l e r a t o r  ope ra t ion ;  

and ref inement  o f  t h e  o p t i c a l  methods f o r  plasma flow 

d i a g n o s t i c s .  
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I .  INTRODUCTION 

The major p o r t i o n  of  t h i s  semiannual r e p o r t  c o n s i s t s  of  

a d e t a i l e d  d e s c r i p t i o n  of  a r e c e n t  s e r i e s  of  experiments on 

t h e  exhaust  f low of  our  quas i - s teady  MPD a c c e l e r a t o r .  A l -  

though t h e  measurement o f  pr imary i n t e r e s t  h e r e  i s  t h e  ve- 

l o c i t y  v e c t o r  f i e l d ,  o t h e r  p r o p e r t i e s  o f  t h e  f low, such as 

t h e  e l e c t r o n  and ion  tempera tures  and t h e  plasma d e n s i t y  en- 

t e r  i n t o  t h e  i n t e r p r e t a t i o n  o f  t h e  pr imary measurements, and 

a r e  i n t e r e s t i n g  parameters  i n  t h e i r  own r i g h t .  I n  f a c t ,  t h e  

complexity o f  t h e  plasma domain under s tudy  i s  such t h a t  no 

s i n g l e  t echnique  of  measurement r e t u r n s  unambiguous r e s u l t s ;  

r a t h e r ,  it i s  on ly  by t h e  over lapping  de t e rmina t ions  o f  sev- 

e r a l  methods t h a t  a  s e l f - c o n s i s t e n t  p i c t u r e  o f  t h e  t r u e  s i t-  

u a t i o n  sharpens  i n t o  focus .  Thus, we r e p o r t  h e r e  s t u d i e s  

w i th  time-of -f  l i g h t  v e l o c i t y  p robes ,  f l o a t i n g  e l e c t r o s t a t i c  

probes ,  Langmuir p robes ,  and some photographic  obse rva t ions ,  

and from them deduce c e r t a i n  p r o p e r t i e s  o f  t h e  plasma flow 

i n  t h e  a r c .  Po r t i ons  of  t h i s  work were r e p o r t e d  a t  t h e  r e -  

c e n t  c o n t r a c t o r s  mee t ingIg5  and a t  t h e  AIAA Space Sc iences  

~ e e t i n ~ ;  9 3 1  97 o t h e r  r e s u l t s  have been ob ta ined  on ly  r e c e n t l y .  

To provide  a more complete view of t h e  l a b o r a t o r y  a c t i v -  

i t y ,  t h e  second p o r t i o n  o f  t h i s  r e p o r t  c o n s i s t s  of  s e v e r a l  

more conc ise  d e s c r i p t i o n s  of  o t h e r  work i n  p rog res s ,  in -  

c lud ing  t h e  completion of  our  new long-pulse power supply ,  

p rog res s  on t h e  i n t e r n a l  stress t h r u s t  measurement t echnique ,  

s t u d i e s  of  e l e c t r o l y t i c  c a p a c i t o r  l i n e s  and t h e i r  a t t e n d a n t  

problems, and a few new d i a g n o s t i c  concepts  under develop- 

ment, While none o f  t h e s e  m e r i t s  a  major p r e s e n t a t i o n  a t  

t h i s  t ime ,  each p l a y s  a s i g n i f i c a n t  r o l e  i n  t h e  p r e s e n t  

course  of  t h e  l a b o r a t o r y  program. 



I 1, ACCE%EmT&ON PATTEIQIS IN THE QIJASI-STEADY MPD ARC 
(Clark ,  Oberth,  Turchi)  

A,  VELOCITY MESIASURBmNTS 

D i r e c t  exper imenta l  de t e rmina t ion  o f  t h e  v e l o c i t y  f i e l d  

i n  t h e  exhaus t  plume o f  a  magnetoplasmadynamic a c c e l e r a t o r  

cannot be accomplished by any c l a s s i c a l  gasdynamic techniques  

because of  t h e  low d e n s i t y ,  h igh  tempera ture ,  nonegui l ibr ium 

s t a t e  of  t h e  f low, Rather t e d i o u s  Doppler s h i f t  methods have 

provided i s o l a t e d  d a t a  p o i n t s  i n  a  few s t e a d y  MPD a r c s ,  b u t  

a t t empt s  t o  app ly  t h e s e  methods t o  t h i s  quas i - s teady  acce l -  

e r a t o r  have f a i l e d  s o  f a r  f o r  l a c k  of s u f f i c i e n t  i n t e g r a t e d  

i n t e n s i t y  i n  t h e  s h i f t e d  l i n e s ,  Gridded e l e c t r o s t a t i c  i on  

energy a n a l y z e r s  have proven u s e f u l  i n  c e r t a i n  lower power ac-  

c e l e r a t o r s ,  b u t  i n  t h i s  dev ice  t h e  high plasma d e n s i t y  i n  t h e  

exhaust  plume f o r c e s  an unreasonably l a r g e  expansion of  any 

c o l l e c t e d  sample be fo re  t h e  b i a s i n g  g r i d s  can func t ion  p rope r ly ,  

One r a t h e r  s imple  method f o r  v e l o c i t y  probing t h a t  has  proven 

s e r v i c e a b l e  i n  t h i s  f a c i l i t y ,  however, involves  t h e  use  of  

d i s p l a c e d  p a i r s  of  b i a sed  double e l e c t r o s t a t i c  p robes ,  Pas- 

sage of  l o c a l  f l u c t u a t i o n s  i n  plasma number d e n s i t y ,  con- 

vected on t h e  exhaust  stream, a r e  recorded by a b i a sed  double  

probe a s  a  f l u c t u a t i o n  i n  t h e  ion sa tu - r a t i on  currerr t ,  Thus, 

two of  t h e s e  probes ,  s epa ra t ed  a known d i s t a n c e ,  y i e l d  a  ve- 

l o c i t y  through t h e  t ime of  f l i g h t  of  t h e s e  p e r t u r b a t i o n s ,  92 

A schemat ic  of  t h e  most r e c e n t  v e r s i o n  of  t h i s  time-of- 

f l i g h t  probe i s  shown i n  Fig ,  1, Each sensor  i s  a  1 , O  x 0-1 

cm copper s u r f a c e  mounted f l u s h  i n  a sma l l  nylon a i r f o i l  t o  

keep flow d i s tu rbance  t o  a minimum. The two probe c i r c u i t s  

a r e  i n d i v i d u a l l y  b i a sed  t o  10 V v i a  2000 p f d  c a p a c i t o r s ,  and 

t h e i r  c u r r e n t s ,  a s  sensed by Tekt ron ix  P6021 probes ,  a r e  re- 

corded on a  dual-heam o s c i l i s s c o p e ,  The complete p r ~ b e  as- 

sembly can be  moved i n  t h e  r --- z p lane ,  and i t s  a x i s  can be 



SCHEMATIC OF TIME OF FLIGHT PROBE 

FIGURE I 
AP 2 5  * 4561 



i n c l i n e d  wi th  r e s p e c t  t o  t h e  a c c e l e r a t o r  c e n t e r l i n e  t o  e s t a b -  

l i s h  t h e  p r e v a i l i n g  flow d i r e c t i o n .  The probes a r e  c leaned  

a f t e r  each sho t  by a l lowing  a  glow d i scha rge  t o  pass  between 

t h e  e l e c t r o d e s  f o r  s e v e r a l  minutes,  t he reby  improving t h e i r  

high-frequency response and s i g n a l  r e p r o d u c i b i l i t y .  

F igu re  2a d i s p l a y s  t y p i c a l  probe r eco rds  ob ta ined  on 

t h e  c e n t e r l i n e  23.5 cm downstream o f  t h e  anode face ,  f o r  a  

17.5 kA x 150 p s e c  d r i v i n g  c u r r e n t  p u l s e  and a  matched mass 

f low r a t e  of  5.9 g/sec. The l a r g e  i n i t i a l  peaks on t h e s e  

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

t h e  a c c e l e r a t o r ,  and t h e  r e l a t i v e l y  long fol lowing p l a t e a u s  

w i t h  t h e  quas i - s teady  a c c e l e r a t i o n  phase. The v e l o c i t y  o f  

t h e  l a t t e r  i s  measured by expanding a  sma l l  segment o f  t h e s e  

t r a c e s  on a  second osc i l l o scope ,  a s  shown i n  Fig. 2b and mea- 

s u r i n g  t h e  t ime displacement between c h a r a c t e r i s t i c  f e a t u r e s  

o f  t h e  two probe responses .  

The development o f  t h e  f l u c t u a t i o n  v e l o c i t y  a long  t h e  

t h r u s t e r  c e n t e r l i n e  i s  shown i n  Fig. 3 f o r  t h e  17.5 kA, 

5.9 g/sec ope ra t ion .  These d a t a  i n d i c a t e  t h a t  t h e  plasma 

l e a v e s  t h e  anode o r i f i c e  wi th  a  v e l o c i t y  o f  about 2  x  l o 4  m / s ,  

n e g o t i a t e s  a  cu r ious  d i p  i n  v e l o c i t y  between t h e  5  cm and 

15 cm a x i a l  s t a t i o n s ,  and then  con t inues  t o  a c c e l e r a t e  t o  a  

va lue  of  approximately  2.7 x  l o 4  m / s  30 cm downstream. This  

l a t t e r  va lue  i s  more than  t h r e e  t imes  t h e  Alfvgn c r i t i c a l  
5 

speed, which f o r  argon i s  8.7  x  10 m / s ,  and approximately 

tw ice  t h e  va lue  c a l c u l a t e d  from t h e  e lec t romagnet ic  t h r u s t  

r e l a t i o n :  
100  

The r a d i a l  v e l o c i t y  p r o f i l e  a t  t h r e e  a x i a l  s t a t i o n s  i s  

shown i n  F ig ,  4, The p r o f i l e  i s  s een  t o  be r a t h e r  s t e e p  a t  
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t h e  2.5 cm l o c a t i o n ,  b u t  t o  spread  r a p i d l y  t o  a  more uniform 

p r o f i l e  a t  t h e  downstream p o s i t i o n s .  From t h e s e  p r o f i l e s ,  

and e s t i m a t e s  of p a r t i c l e  d e n s i t i e s  de r ived  from t h e  magni- 

t u d e s  o f  t h e  probe c u r r e n t ,  n  3 2  x  10 20 mm3. a  mass-averaged 
4 

mean v e l o c i t y  is c a l c u l a t e d  t o  be about 2.2 x 10 m/sec, a  

va lue  s t i l l  s u b s t a n t i a l l y  g r e a t e r  t han  t h e  Alfvhn c r i t i c a l  

speed. 

The p r i n c i p a l  concern o f  such v e l o c i t y  measurements de- 

r i v e d  from t ime of  f l i g h t  of  plasma f l u c t u a t i o n s  i s  t h a t  a  

wave propaga t ion  component may be superimposed on t h e  t r u e  

convec t ive  v e l o c i t y  o f  t h e  flow. For t h e  p a r t i c u l a r  environ- 

ment downstream o f  t h e  a c c e l e r a t o r ,  t h e  on ly  r e l e v a n t  wave 

system would be t h e  so -ca l l ed  ion  a c o u s t i c  mode, an e l e c t r o -  

s t a t i c a l l y  coupled l o n g i t u d i n a l  o s c i l l a t i o n  which propaga tes  

d i s t u r b a n c e s  a t  a  hybr id  v e l o c i t y  determined by bo th  ion  and 

e l e c t r o n  tempera tures .  A-1 Using reasonable  e s t i m a t e s  o f  ion  

and e l e c t r o n  tempera tures ,  ( s e e  Secs .  C and D ) ,  t h i s  i on  a- 
3 c o u s t i c  wave speed i s  approximately  6 x  10 m / s .  Thus, even 

i f  t h e  measured v e l o c i t i e s  a r e  i n  f a c t  t h e  combined s t reaming  

and wave v e l o c i t i e s ,  t h e  s t reaming component must be  a t  l e a s t  

75 p e r c e n t  o f  t h e  measured va lues ,  s t i l l  w e l l  above t h e  c r i t i -  

c a l  speed. 

Less d e t a i l e d  surveys  of  t h e  v e l o c i t y  f i e l d  have been 

made a t  s e v e r a l  o t h e r  a r c  o p e r a t i n g  cond i t i ons .  Downstream 

c e n t e r l i n e  v e l o c i t i e s  f o r  mass flow r a t e s  from 1.9 t o  36.0 

g/sec a t  a  f i x e d  c u r r e n t  o f  17.5 kA a r e  shown i n  Fig.  5. The 

c e n t e r l i n e  v e l o c i t y  p r o f i l e  f o r  5.9 g/sec shown i n  Fig.  3 i s  

r epea t ed  h e r e  f o r  comparison, These d a t a  show t h a t  a s  t h e  

m a s s  flow r a t e  i s  inc reased  above 5.9 g/sec ,  t h e  v e l o c i t y  i s  

decreased ,  a s  would be  expected from E q ,  (1) i f  t h e  i ons  and 

n e u t r a l s  were c o l l i s i o n a l l y  coupled.  However, dec reas ing  

t h e  m a s s  flow r a t e  below 5.9 g/sec produces no change i n  t h e  

v e l o c i t y  p r o f i l e  w i t h i n  t h e  measured e r r o r  b r a c k e t s ,  a 
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behavior  i n d i c a t i v e  o f  ex t raneous  mass i nges t ion .  These d a t a  

t h u s  suppor t  t h e  matching of t h e  5-9 g/sec m a s s  flow r a t e  t o  

t h e  17.5 kA c u r r e n t  l e v e l ,  a s  p rev ious ly  de r ived  from t h e  

t e r m i n a l  vo l t age  d a t a .  87 

The measured v e l o c i t i e s  a t  t h e  28 cm a x i a l  p o s i t i o n  f o r  

s t e a d y  c u r r e n t  l e v e l s  of  8.7, 17.5, and 42.0 kA a t  a  f i x e d  

m a s s  f low r a t e  of  5.9 g/sec a r e  shown i n  Fig. 6. For compar- 

ison,  t h i s  f i g u r e  a l s o  i nc ludes  t h e  v e l o c i t y  c a l c u l a t ? d  from 

t h e  e l ec t romagne t i c  r e l a t i o n  ( I ) ,  and t h e  v e l o c i t y  based on 

k i n e t i c  energy equ iva l en t  t o  t h e  observed t o t a l  e l e c t r o d e  

vo l t age ,  Although t h i s  comparison would be more meaningful 

f o r  mass flow r a t e s  matched t o  t h e  s p e c i f i c  c u r r e n t  l e v e l s  

a s  i n d i c a t e d  by Fig. 5, it i s  i n t e r e s t i n g  t o  no te  a  r e l a t i v e l y  

c l o s e  correspondence between t h e  measured v e l o c i t i e s  and 

(2~e/k) ' .  Th is  sugges t s  t h a t  c o l l i s i o n l e s s  ion  a c c e l e r a t i o n  

i n  t h e  a r c  p o t e n t i a l  f i e l d  may be a  p r i n c i p a l  element i n  t h e  

a c c e l e r a t i o n  process ,  a  p o i n t  explored i n  t h e  fol lowing 

s e c t i o n .  

B. POTENTIAL PATTERNS 

The rough c o r r e l a t i o n  of  t h e  exhaust  p a r t i c l e  k i n e t i c  

e n e r g i e s  w i t h  t h e  d i scha rge  t e r m i n a l  vo l t age  sugges t s  t h a t  

e l e c t r o s t a t i c  p rocesses  might p l a y  a  l a r g e  r o l e  i n  t h e  a c c e l -  

e r a t i o n  mechanism w i t h i n  t h e  a r c .  To exp lo re  t h i s  p o s s i b i l i t y ,  

maps o f  f l o a t i n g  p o t e n t i a l  throughout t h e  a c c e l e r a t o r  were 

prepared  f o r  a  r e p r e s e n t a t i v e  s e l e c t i o n  o f  o p e r a t i n g  condi-  

t i o n s ,  by point-by-point  probing of t h e  d i scha rge  wi th  a  

v a r i e t y  of  e l e c t r o s t a t i c  sensors .  Although t h e  r e s u l t s  o f  

t h e s e  s t u d i e s  c l e a r l y  negate  any simple e l e c t r o s t a t i c  model 

of t h e  a c c e l e r a t i o n  process ,  t h e y  provide s e v e r a l  o t h e r  va l -  

uab le  e lements  of  in format ion  on t h e  s t r u c t u r e  of  t h e  high-  

c u r r e n t  d i scharges ,  p a r t i c u l a r l y  i n  connec t ion  wi th  processes  

near  t h e  two e l e c t r o d e s .  
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The probes  used f o r  t h e s e  measurements have t h r e e  con- 

f i g u r a t i o n s  of  exposed s u r f a c e r  (1) 1/16-in, diam x 1/16-in, 

h igh  cone; (2 )  1/16-in.-diam f l a t  d i s c ;  (3)  1/16-in.-diam 

hemisphere. I n  most ca ses  t h e  probes  a r e  i n s e r t e d  a x i a l l y  

upstream i n t o  t h e  d i scha rge ,  i n  a  few c a s e s  t h e  probes  a r e  in-  

s e r t e d  r a d i a l l y .  Some probes  a r e  ben t  t o  a l l ow acces s  t o  r e -  

g ions  behind t h e  anode l i p ,  A l l  l e a d s  t o  t h e  probe sens ing  

s u r f a c e s  a r e  c o a x i a l l y  sh i e lded ,  and t h e  s i g n a l s  a r e  p re sen ted  

t o  t h e  o s c i l l o s c o p e  v i a  a Tekt ron ix  Model 6013A vo l t age  probe 
8 of  10 ohm impedance. Typ ica l  p a t t e r n s  o f  f l o a t i n g  p o t e n t i a l  

de r ived  from t h e s e  measurements a r e  shown i n  F igs ,  7 and 8, 

f o r  va r ious  cond i t i ons  o f  a r c  c u r r e n t  and argon flow r a t e .  

I n  i n t e r p r e t i n g  t h e s e  p a t t e r n s ,  it should f i r s t  be 

recognized t h a t  a l though  t h e y  a r e  contours  o f  f l o a t i n g  poten- 

t i a l ,  t h e y  a r e  a l s o  good r e p r e s e n t a t i o n s  o f  t h e  plasma poten- 

t i a l  p r o f i l e s .  For t h e  s p e c i a l  ca se  of e q u a l  argon ion  and 
A- 2 

e l e c t r o n  temperatures :  

A s  i n d i c a t e d  i n  t h e  fol lowing s e c t i o n ,  t h e r e  i s  exper imenta l  

and t h e o r e t i c a l  b a s i s  f o r  e s t i m a t i n g  e l e c t r o n  temperatures  

around 1.4 eV over most of  t h e  chamber and nea r  exhaust  f i e l d ,  

s o  t h a t  t h e  plasma p o t e n t i a l  p r o f i l e s  may be d i s p l a c e d  some 

e i g h t  v o l t s  toward anode p o t e n t i a l  from t h e  f l o a t i n g  values.  

Any excess  o f  i on  tempera ture  above e l e c t r o n  temperature ,  o r  

any ion  s t reaming e f f e c t s  t end  t o  reduce t h i s  displacement,  

s o  t h a t  we may regard  t h e  f l o a t i n g  p o t e n t i a l  con tours  a s  ade- 

q u a t e l y  i n d i c a t i v e  of  t h e  plasma p o t e n t i a l  v a r i a t i o n s .  

F igu re  7b shows t h e  e q u i p o t e n t i a l  con tours  f o r  

quas i - s teady  a r c  o p e r a t i o n  a t  t h e  matched c o n d i t i o n  o f  
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14,500 A x  5.9 g/sec argon. S e v e r a l  s i g n i f i c a n t  f e a t u r e s  

a r e  immediately ev iden t  : 

1, Downstream p o t e n t i a l  d i f f e r s  by on ly  25 V 

(17 V i f  1.4 eV e l e c t r o n  tempera ture  c o r r e c t i o n  i s  

a p p l i e d )  from anode p o t e n t i a l ,  and by o n l y  15 V from 

t h e  r e g i o n  of  gas  i n j e c t i o n .  This  i s  an  o r d e r  o f  

magnitude lower t han  t h e  observed ion k i n e t i c  energy 

i n  t h e  exhaust  stream, and hence voids any s imple  

c o l l i s i o n l e s s  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. 

2. Anode f a l l  vo l t age  i s  l e s s  t han  10 V (o r  2 V) 

over  t h e  upstream l i p  o f  t h e  anode where c u r r e n t  d e n s i t y  

i s  a  maximum and r i s e s  t o  a  somewhat h ighe r  va lue  on 

t h e  downstream f a c e  where c u r r e n t  d e n s i t y  i s  lower. 

The dependence of  anode f a l l  on c u r r e n t  d e n s i t y  and 

t h e  i m p l i c a t i o n s  f o r  anode l o s s e s  a r e  d i scus sed  below. 

3 ,  The bu lk  of t h e  p o t e n t i a l  drop occurs  

w i t h i n  two d iameters  o f  t h e  cathode and i s  normal 

t o  it. Note t h a t  t h i s  i n t e n s e  f i e l d  r eg ion  i s  

d i r e c t e d  t o  d e c e l e r a t e  i ons  a t t empt ing  t o  

f low downstream, hence cannot a i d  i n  a  d i r e c t  

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  process .  The s i g n i f i -  

cance o f  t h i s  cathode "envelope" r eg ion  i s  a l s o  

d i s c u s s e d  below. 

4, The gas  upstream of  t h e  l i n e  connect ing 

t h e  i n j e c t o r  p o r t s  wi th  t h e  anode l i p  i s  sepa ra t ed  

from t h e  downstream flow by about 15 V, which i s  

roughly  t h e  i o n i z a t i o n  p o t e n t i a l  of  argon. This  

may be  co inc iden ta l ,  o r  it may r e f l e c t  t h e  i o n i z a t i o n  

p r o c e s s  func t ion ing  on t h e  co ld  incoming gas ,  

5, Other t han  t h e  r eg ions  o f  anode f a l l ,  ca th-  

ode envelope,  and i o n i z a t i o n  b e l t  j u s t  descr ibed ,  

t h e  remainder of t h e  f i e l d  i s  e s s e n t i a l l y  e q u i p o t e n t i a l ,  



i n d i c a t i n g  t h a t  t h e  bu lk  of  t h e  energy i n p u t  t o  

t h e  g a s  occu r s  i n  r e l a t i v e l y  sma l l  r eg ions  of 

t h e  a r c ,  most no tab ly  i n  t h e  cathode envelope. 

Although t h e  hypothes i s  of  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  

o r i g i n a l l y  mo t iva t ing  t h e  p o t e n t i a l  measurements i s  imme- 

d i a t e l y  negated by t h e  c h a r a c t e r  of  t h e  p r o f i l e s ,  t h e  o t h e r  

a s p e c t s  of  t h e  p a t t e r n s  i d e n t i f i e d  i n  i tems 2  t o  5 above 

speak s i g n i f i c a n t l y  t o  va r ious  f e a t u r e s  of  t h e  a r c  ope ra t ion ,  

and b e a r  f u r t h e r  d i s cus s ion .  For example, t h e  observed low 

anode f a l l ,  and i t s  inve r se  dependence on l o c a l  c u r r e n t  den- 

s i t y ,  have major imp l i ca t ions  f o r  o v e r a l l  e f f i c i e n c y  of  t h e  

a c c e l e r a t o r .  Steady-flow dev ices  o p e r a t i n g  i n  much lower 

power ranges  a r e  known t o  d i s s i p a t e  l a r g e  p o r t i o n s  of  t h e i r  

i npu t  power--in some cases  40 pe rcen t  o r  more--in h e a t i n g  

o f  t h e  anode. This  d i s s i p a t i o n  i s  c l e a r l y  r e l a t e d  t o  t h e  

anode f a l l  e s t a b l i s h e d  by t h e  a r c ,  and any e m p i r i c a l  means 

f o r  reduc ing  t h e  f a l l  vo l t age  should be r e f l e c t e d  i n  h ighe r  

o v e r a l l  performance. Figure  9 i s  a  graph of  measured anode 

f a l l  a t  v a r i o u s  p o i n t s  a long t h e  anode s u r f a c e  versus  t h e  

c u r r e n t  d e n s i t y  a t  t h e  same p o i n t s  computed from measured 

enc losed  c u r r e n t  contours .  7 6  Also included a r e  va lues  found 

f o r  a r c  o p e r a t i o n  a t  42.0 kA and a  matched mass flow of  36.0 

g/sec, Within  t h e  accuracy of  bo th  experiments,  t h e s e  d a t a  

d e f i n e  a  common f u n c t i o n a l  dependence o f  anode f a l l  on su r -  

f a c e  c u r r e n t  d e n s i t y  which i s  e s s e n t i a l l y  r e c i p r o c a l  i n  t h e  
7 2 

form V 25 3 x  10 /j (volt/amp/m ) .  This  c r i t e r i o n  could a  
a l s o  be expressed  on t h e  b a s i s  of  a  cons t an t  power d e n s i t y  

t o  t h e  anode shea th ,  Pa 
7 2 

3 x 10 (watt/m ) ,  I n t e g r a t i o n  

o f  t h e s e  obse rva t ions  over t h e  e n t i r e  anode s u r f a c e  prov ides  

an i n d i c a t i o n  of  t h e  t o t a l  power d e l i v e r e d  t o  t h e  anode 

sheath .  F igu re  10 p l o t s  t h i s  q u a n t i t y  a s  a  f r a c t i o n  of  t o t a l  

a r c  power, ve r sus  t h e  a r c  c u r r e n t ,  f o r  t h r e e  va lues  of cur-  

r e n t  and two m a s s  flows. Regardless  of  t h e  r e p r e s e n t a t i o n  
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o f  t h e s e  da t a ,  t h e i r  i m p l i c a t i o n  i s  c l e a r :  over t h e  regime 

s t u d i e d ,  f r a c t i o n a l  anode l o s s  should dec rease  s i g n i f i c a n t l y  

w i t h  i nc reased  a r c  power. 

I n  c o n s t r u c t i n g  Fig. 9 on ly  d a t a  ob ta ined  from a r c  op- 

e r a t i o n  a t  "matched" mass flow has  been included,  I f  t h e  

a r c  i s  opera ted  i n  c o n d i t i o n s  of  mass " s t a r v a t i o n "  o r  mass 

"over feed ,"  t h e  c h a r a c t e r  o f  t h e  p o t e n t i a l  p r o f i l e s  changes 

s u b s t a n t i a l l y ,  and i d e n t i f i c a t i o n  o f  t h e  t r u e  anode f a l l  be- 

comes somewhat ambiguous. For example, Fig. 7a d i s p l a y s  t h e  

f l o a t i n g  p o t e n t i a l  map f o r  t h e  s t a r v e d  cond i t i on  J = 17,500 A, 

h = 1 . 2  g/sec. Note t h e  fo l lowing  changes from t h e  matched 

c o n d i t i o n  o f  t h e  same c u r r e n t  (Fig.  7b) : ( a )  t h e  t o t a l  a r c  

v o l t a g e  has  i nc reased  by 45 pe rcen t ;  (b)  t h e  downstream po- 

t e n t i a l  has  i nc reased  by a  f a c t o r  o f  fou r ;  and ( c )  t h e r e  i s  

now an envelope of  p o t e n t i a l  g r a d i e n t  extending outward from 

t h e  anode, a s  w e l l  a s  from t h e  cathode. It i s  no t  c l e a r  

whether t h i s  anode envelope i s  a f u n c t i o n a l  p a r t  o f  t h e  ac- 

c e l e r a t i o n  process ,  o r  whether it i s  simply a  very  l a r g e  

anode s h e a t h  n e c e s s i t a t e d  by t h e  d i f f i c u l t  conduct ion condi- 

t i o n s  p r e v a i l i n g  i n  t h e  low d e n s i t y  environment, I f  i o n  pro- 

d u c t i o n  i n  t h e  anode shea th  i s  an e s s e n t i a l  p a r t  of  t h e  con- 

d u c t i o n  process ,  t h e  dimensions o f  t h e  s h e a t h  would need t o  

grow a s  t h e  d e n s i t y  dropped. I n  t u rn ,  i f  a l l  o f  t h e  power 

depos i t ed  i n  t h i s  l a r g e  shea th  were d e l i v e r e d  t o  t h e  anode, 

t h e  f r a c t i o n a l  anode l o s s  i n  t h i s  c o n d i t i o n  would be  q u i t e  

high.  

For comparison, Fig. 7c shows t h e  p o t e n t i a l  p a t t e r n  f o r  

a r c  ope ra t ion  a t  t h e  same c u r r e n t ,  bu t  wi th  an exces s ive  m a s s  

flow of  36 g/sec,  Here t h e  t o t a l  vo l tage ,  downstream poten- 

t i a l ,  and anode envelope have a l l  decreased,  bu t  i n  such 

p ropor t ion  t h a t  t h e  f r a c t i o n a l  anode f a l l  power i s  aga in  

somewhat h igher  t han  f o r  t h e  matched case ,  



The same changes observed i n  t h e  p o t e n t i a l  p a t t e r n s  by 

vary ing  t h e  mass f low from t h e  nominal va lue  a t  f i x e d  cur-  

r e n t  can a l s o  be  produced by varying t h e  c u r r e n t  a t  a  f i x e d  

m a s s  f low r a t e  o f  5 - 9  g/sec, For example, F ig ,  8 a  shows 

t h e  e q u i p o t e n t i a l s  i n  a  " s t a rved"  cond i t i on ,  J = 42,000 A, 

and Fig. 8c  d i s p l a y s  t h e  p o t e n t i a l  p a t t e r n  i n  a mass "over- 

feed"  condi t ion ,  J = 4400 A, 

Returning t o  t h e  nominal c a s e  o f  Fig. 7b, we next  con- 

s i d e r  t h e  cathode envelope reg ion  which dominates t h e  e n t i r e  

p o t e n t i a l  p a t t e r n .  Exclusive  of t h e  cathode f a l l ,  some two- 

t h i r d s  o f  t h e  a r c  vo l t age  i s  dropped a c r o s s  t h i s  region,  and 

i n  view of t h e  h igh-cur ren t  d e n s i t i e s  p r e v a i l i n g  here ,  it 

m u s t  be  presumed t h a t  t h i s  zone i s  p r i m a r i l y  r e spons ib l e  f o r  

t h e  h igh  exhaust  v e l o c i t i e s  found downstream, Beyond t h i s  

susp ic ion ,  however, no d e t a i l e d  model o f  t h e  a c c e l e r a t i o n  

p roces s  i s  apparen t .  A s  p r ev ious ly  remarked, t h e  p r e v a i l i n g  

e l e c t r i c  f i e l d  a c c e l e r a t e s  p o s i t i v e  i ons  inward, r a t h e r  t han  

outward, Comparison wi th  t h e  measured c u r r e n t  d e n s i t y  pro- 

f i l e s  i n d i c a t e s  t h a t  t o t a l  c u r r e n t  conduct ion i n  t h i s  r eg ion  

i s  l a r g e l y  s c a l a r ,  even though e l e c t r o n  H a l l  parameters  

g r e a t e r  t h a n  one can reasonably be  expected near  t h e  cathode 

shoulder .  I n  some p o r t i o n s  of  t h e  envelope t h e  e l e c t r i c  
2. 

f i e l d  could r e f l e c t  a  l a r g e  u x  B o r  mot ional  emf component, 

b u t  i n  o t h e r s ,  such a s  near  t h e  i n l e t  o r i f i c e  and a long t h e  

a x i s ,  t h i s  component must be smal l ,  l e av ing  mainly a  r e s i s t i v e  

component. This  i n  t u r n  impl ies  s u b s t a n t i a l  ohmic hea t ing ,  

and subsequent e l e c t r o t h e r m a l  c o n t r i b u t i o n s  t o  t h e  o v e r a l l  

a c c e l e r a t i o n  process .  

I n  t h i s  connect ion it should be noted t h a t  over most of  

t h e  cathode envelope t h e  se l f -magnet ic  body f o r c e s  have l a r g e  

components d i r e c t e d  r a d i a l l y  inward which must a c t  t o  com- 

p r e s s  t h e  plasma a long  t h e  a x i s ,  Thus it may be t h a t  down- 

s t ream of  t h e  cathode t i p  t h e r e  e x i s t s  a  r eg ion  of  very ho t  



gas ,  cons t r a ined  by t h e  magnetic f i e l d  and hea ted  by t h e  

e l e c t r o n  s t ream which has  f a l l e n  through t h e  envelope,  some- 

what a k i n  t o  t h e  dense plasma focus  seen  i n  c e r t a i n  thermo- 

nuc l ea r  i n j e c t o r s .  A-3 Subsequent expansion o f  t h i s  h o t  gas  

i n  t h e  magnetic nozz le  may then  provide  a  s i g n i f i c a n t  compo- 

nent  of  t h e  observed exhaust  k i n e t i c  energy. 

The importance o f  t h i s  e l e c t r o t h e r m a l  component t o  t h e  

composite a c c e l e r a t i o n  process  could b e s t  be  a s se s sed  by iden- 

t i f i c a t i o n  of  t h e  s t a t e  of t h e  ho t  gas  zone i n  ques t ion .  Un- 

f o r t u n a t e l y ,  t h i s  i s  a h o s t i l e  environment f o r  most exper- 

imen ta l  s t u d i e s ,  E l e c t r i c  probes,  a s  d i s cus sed  i n  t h e  f o l -  

lowing s e c t i o n ,  have problems of  s u r v i v a l  and ambigu i t i e s  o f  

i n t e r p r e t a t i o n .  Spec t roscopic  a t t empt s  t o  a s s i g n  tempera tures  

by s p e c i e s  i d e n t i f i c a t i o n  a r e  i n  p rog res s  b u t  have not  y e t  

y i e l d e d  q u a n t i t a t i v e  r e s u l t s ,  Some suppor t  f o r  an e l e c t r o -  

thermal  expansion component may be de r ived  from t h e  c e n t e r l i n e  

v e l o c i t y  p r o f i l e  of  Fig,  3 which shows a c c e l e r a t i o n  con t inu ing  

s u b s t a n t i a l l y  beyond t h e  l i m i t s  o f  t h e  c u r r e n t  d e n s i t y  pa t -  

t e r n ,  bu t  more d e t a i l e d  d i a g n o s t i c  r e s u l t s  a r e  c l e a r l y  needed. 

C. LANGMUIR PROBE STUDIES 

I n t e r p r e t a t i o n  of  both t h e  exhaust  v e l o c i t y  and t h e  equi-  

p o t e n t i a l  obse rva t ions  would b e n e f i t  from some knowledge of 

t h e  s t a t e  of t h e  plasma i n  t hose  r eg ions  where t h e  measurements 

were taken.  I n  p r i n c i p l e ,  in format ion  on e l e c t r o n  tempera tures  

and d e n s i t i e s ,  and i n  some cases ,  i o n  tempera tures  can be ex- 

t r a c t e d  from convent iona l  Langmuir probing of t h e  flow. I n  

p r a c t i c e  t h i s  i s  a somewhat t e d i o u s  technique  which s u f f e r s  

from a  v a r i e t y  o f  exper imental  complicat ions ,  such a s  probe 

contamination,  overhea t ing ,  and e ros ion ,  and a n a l y t i c a l  am- 

b i g u i t i e s  ca ta logued  i n  terms of t h e  r a t i o s  o f  probe dimension, 

mean f r e e  path ,  Debye length ,  e t c ,  A-2 I n  our  experiments it 

has  no t  y e t  been p o s s i b l e  t o  s u s t a i n  a  s u f f i c i e n t l y  sma l l  



probe w i t h i n  t h e  chamber, o r  immediately downstream o f  t h e  

cathode t i p ,  Some r e s u l t s  have been ob ta ined  30 cm down- 

s t ream o f  t h e  anode f a c e  on t h e  c e n t e r l i n e ,  

The probes  employed have c y l i n d r i c a l  t ungs t en  t i p s ,  

0.003-in. i n  diam and 0 , l l - i n .  long, o r i e n t e d  p a r a l l e l  t o  

t h e  f low a x i s  t o  minimize s t reaming e f f e c t s ,  This  probe 

r a d i u s  i s  l e s s  t h a n  t h e  a n t i c i p a t e d  e l e c t r o n - i o n  mean f r e e  

p a t h  i n  t h e  r eg ion  t o  be probed, and l a r g e r  t han  t h e  Debye 

length .  Leads t o  t h e  probe a r e  c o a x i a l l y  sh i e lded  and in -  

s u l a t e d  w i t h  mylar t a p e  and epoxy, To t r a c e  t h e  e l e c t r o n  

c u r r e n t  branch of t h e  probe c h a r a c t e r i s t i c ,  vo l t ages  de- 

veloped a c r o s s  a  success ion  o f  r e s i s t o r s  from 9.6 t o  l o 8  ohm 

a r e  monitored wi th  a  Tekt ron ix  P6013A probe and d i sp l ayed  on 

an o s c i l l o s c o p e .  To t r a c e  t h e  ion  c u r r e n t  branch, a  45-V 

b a t t e r y  i s  added i n  s e r i e s  w i th  t h e  r e s i s t o r ,  

A t y p i c a l  probe c h a r a c t e r i s t i c  i s  d i sp l ayed  i n  Fig. 11, 

The e r r o r  b a r s  r e f l e c t  t h e  shot- to-shot  r e p r o d u c i b i l i t y  o f  

a g iven  d a t a  p o i n t ,  which i n  each c a s e  i s  an average of  

s e v e r a l  va lues ,  Note t h a t  bo th  nega t ive  and p o s i t i v e  cur-  

r e n t  s a t u r a t i o n  has been a t t a i n e d ,  and whi le  t h e r e  i s  con- 

s i d e r a b l e  u n c e r t a i n t y  i n  t h e  s a t u r a t i o n  vo l tages ,  t h e  mag- 

n i t u d e s  o f  s a t u r a t i o n  c u r r e n t s  seem w e l l  bounded. 

Presuming shea th  t h i ckness  sma l l  compared t o  t h e  probe 

r a d i u s ,  d a t a  a r e  reduced by t h e  s t anda rd  procedure o f  r e -  

moving t h e  i o n  s a t u r a t i o n  c u r r e n t  from t h e  t o t a l  cu r r en t ,  

p l o t t i n g  t h e  logar i thm of  e l e c t r o n  c u r r e n t  vs. probe vol tage,  

(Fig.  1 2 ) ,  and i d e n t i f y i n g  t h e  s l o p e  of  t h e  s t r a i g h t  p o r t i o n  

a s  t h e  e l e c t r o n  temperature .  Devia t ion  from t h e  s t r a i g h t  

l i n e  a t  t h e  h ighe r  vo l t ages  i s  i n d i c a t i v e  of  plasma poten- 

t i a l ;  t h e  lower d e v i a t i o n  may r e f l e c t  a  non-Maxwellian t a i l  

on t h e  e l e c t r o n  d i s t r i b u t i o n  func t ion ,  bu t  i s  not  pursued 

f u r t h e r  he re .  From t h e  e l e c t r o n  c u r r e n t  d e n s i t y  a t  t h e  

plasma p o t e n t i a l  t h e  e l e c t r o n  d e n s i t y  may be computed, and 
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thence ,  from t h e  ion  s a t u r a t i o n  c u r r e n t ,  t h e  i o n  tempera ture  

may be es t imated .  By t h i s  r o u t e  t h e  fo l lowing  p r o p e r t i e s  

a r e  deduced: 

This  va lue  of  e l e c t r o n  d e n s i t y  i s  somewhat lower t han  

t h a t  i n d i c a t e d  by t h e  double probe obse rva t ion  o f  Sec. A 

and, i f  c o r r e c t ,  p l a c e s  t h e  Langmuir probe i n  a marginal  do- 

main. The Debye l e n g t h  c o n s i s t e n t  w i th  t h e s e  measurements 

i s  2.7 x  low6 rn, o r  o n l y  a  f a c t o r  of 14 sma l l e r  t h a n  t h e  

probe r ad ius .  I n  t h i s  circumstance,  s h e a t h  t h i c k n e s s  may 

no t  be n e g l i g i b l e ,  and t h e  va lues  of  ne and Ti would need 

be r e v i s e d  upward and downward, r e s p e c t i v e l y .  Experiments 

wi th  l a r g e r  probes  t o  exp lo re  t h i s  e f f e c t  a r e  i n  p rogress .  

The observed e l e c t r o n  temperature  i s  t y p i c a l  o f  d i s -  

charges  of  t h i s  type  where t h e  v u l n e r a b i l i t y  o f  t h e  e l e c t r o n  

swarm t o  i n e l a s t i c  c o l l i s i o n s  of  many types  e f f e c t i v e l y  

l i m i t s  t h e i r  mean random e n e r g i e s  t o  a  few eV over  a  broad 

range of t o t a l  plasma energy dens i ty .  The obse rva t ion  of  a 

s u b s t a n t i a l l y  h ighe r  i o n  temperature  t h i s  f a r  downstream 

l ends  an element of suppor t  t o  t h e  hypothes i s  o f  s i g n i f i c a n t  

e l e c t r o t h e r m a l  conversion,  and co inc ides  n i c e l y  wi th  t h e  Mach 

number measurements desc r ibed  i n  t h e  fo l lowing  sec t ion .  It 

a l s o  a i d s  i n  t h e  e s t i m a t i o n  of t h e  ion  a c o u s t i c  speed neces- 

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

Sec, A. 

D, MACH NUMBER OBSERVATIONS 

Es t imates  of  t h e  Mach number of t h e  exhaus t  flow can be 

made from photographic  obse rva t ion  of  t h e  bow shock waves 



formed on s m a l l  wedges i n s e r t e d  a long  t h e  c e n t e r l i n e .  Compar- 

i s o n  of  t h e s e  va lues  w i th  t h e  measured v e l o c i t i e s  can then  l ead  

t o  e s t i m a t e s  of t h e  l o c a l  i o n  temperature ,  F igure  13 shows a 
0 

t y p i c a l  photograph of  a 30,5 ha l f - ang le  wedge, 3.8 cm down- 

s t r eam o f  t h e  anode f o r  t h e  17.5 kA, 5.9 g/sec o p e r a t i n g  con- 

d i t i o n .  The photograph was taken  from t h e  s i d e  of t h e  a c c e l -  

e r a t o r  ( f low from l e f t  t o  r i g h t )  through a 5 r s e c  Ker r - ce l l  

s h u t t e r  de layed  by an o s c i l l o s c o p e  u n t i l  t h e  quas i - s teady  ac- 

c e l e r a t i o n  phase was w e l l  developed. Photographs taken  f a r -  

t h e r  downstream show no shock waves on t h e  wedges, presumably 

because of  inadequate  plasma d e n s i t y  i n  t h e  expanded j e t ,  

Deduction o f  Mach number from t h e  bow shock angles  re -  

q u i r e s  knowledge o f  t h e  e f f e c t i v e  r a t i o  of  s p e c i f i c  hea t s ,  p ,  

f o r  t h e  plasma. Although t h i s  q u a n t i t y  can be es t imated  t o  l i e  

i n  t h e  v i c i n i t y  of  1.3 f o r  t h i s  medium, it i s  p o s s i b l e  i n  p r i n -  

c i p l e  t o  e x t r a c t  bo th  Mach number and bi in format ion  from simul-  

taneous c o n s i d e r a t i o n  o f  d a t a  from two o r  more d i f f e r e n t  wedge 

a n g l e s  a t  t h e  same loca t ion .  When such an approach i s  a t tempted,  

t h e  r e s u l t i n g  s e l f - c o n s i s t e n t  s o l u t i o n  c o n s i s t s  of  a Mach number 

o f  about 2.5, b u t  a t o t a l l y  unreasonable va lue  of  J' N, 0.6. 

This  paradox p e r s i s t s  even when t h e  d a t a a r e  taken  from two s u r -  

f a c e s  of  a s i n g l e  wedge, i n c l i n e d  a t  an ang le  of  a t t a c k .  This  

problem may a l t e r n a t i v e l y  be  i l l u s t r a t e d  by p r e s e n t i n g  va lues  

o f  Mach number c a l c u l a t e d  from s e v e r a l  d i f f e r e n t  wedge h a l f -  

ang le s ,  6' , shock angles ,  0 ,  and an assumed # o f  1.3: 

The wide spread  i n  t h e  c a l c u l a t e d  Mach numbers, o r  t h e  para-  

dox mentioned above, may be r e l a t e d  t o  t h e  a l t e r i n g  of  t h e  e f -  

f e c t i v e  d e f l e c t i o n  angle  by non-ideal flow e f f e c t s  near  t h e  
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wedge s u r f a c e .  S p e c i f i c a l l y ,  t h e  s t r o n g  coo l ing  of  t h e  f low 

by t h e  s u r f a c e ,  and p o s s i b l e  recombinat ion e f f e c t s  may y i e l d  

a  boundary l a y e r  w i t h  a  nega t ive  displacement  t h i ckness ,  

t h e r e b y  n e c e s s i t a t i n g  a  s m a l l e r  flow d e f l e c t i o n  t h a n  t h e  

nominal wedge angle .  This  e f f e c t  should be minimized a t  t h e  

s m a l l e r  wedge angles ,  s i n c e  t h e  corresponding shock waves a r e  

weaker. Thus, t h e  l o 0  wedge ang le  d a t a  probably y i e l d  t h e  

most r e l i a b l e  value  of  Mach number. 

It i s  now p o s s i b l e  t o  i t e r a t e  t h e  Mach number and t h e  

f l u c t u a t i o n  v e l o c i t y  measured a t  t h e  same p o s i t i o n  t o  a  s e l f -  

c o n s i s t e n t  va lue  of  t h e  i on  a c o u s t i c  speed, and thence  t o  an  

i o n  temperature .  Such c a l c u l a t i o n  y i e l d s  an i o n  temperature  

a t  t h i s  l o c a t i o n  of  about 16 eV, a  value  not  i n c o n s i s t e n t  w i t h  

t h a t  deduced from t h e  Langmuir probe measurements f u r t h e r  down- 

s t ream i n  view of  t h e  f low expansion i n d i c a t e d  by t h e  changes 

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

E. REMARKS 

The va r ious  i tems of  exper imenta l  d a t a  p re sen ted  here  by 

no means p rov ide  a complete, s e l f - c o n s i s t e n t  p i c t u r e  o f  t h e  

quas i - s t eady  a r c  ope ra t ion ,  They do, however, p rov ide  c e r t a i n  

i n d i c a t i o n s  t h a t  t h e  o p e r a t i o n  o f  s e l f - f i e l d  MPD a r c s  i n  t h e  

megawatt range d i f f e r s  i n  important  r e s p e c t s  from t h a t  a t  lower 

powers. F i r s t ,  t h e  Alfv6n c r i t i c a l  v e l o c i t y  appears  not  t o  

impose a  fundamental l i m i t a t i o n  on t h e  a t t a i n a b l e  exhaust  

speed;  achievement of  h igh s p e c i f i c  impulse wi th  heavy ions  

seems s t r a i g h t f o r w a r d .  Second, power l o s s  t o  t h e  anode, a s  

i n d i c a t e d  by t h e  anode f a l l  vo l tage ,  becomes p r o p o r t i o n a t e l y  

l e s s  important  i n  h igh  power o p e r a t i o n ;  t h i s  should be re -  

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

o f  t h e  a r c  i n  t h e  immediate v i c i n i t y  of  t h e  cathode i s  i n d i -  

c a t e d  a s  t h e  r eg ion  of  primary energy input ,  which probably 

c o n t r o l s  t h e  h igh  performance c a p a b i l i t y  o f  t h e  dev ice .  



111. ASSOCIATED EXPERIMENTS 

A. THRUST MEASUREMENT ( s a b e r )  

It seems p o s s i b l e  t o  measure t h e  t h r u s t  of  our  quas i -  

s t e a d y  MPD a c c e l e r a t o r  by mounting s t r a i n g a u g e s  d i r e c t l y  

on p o r t i o n s  of  t h e  a c c e l e r a t o r  s t r u c t u r e  t o  i n d i c a t e  t h e  

l o c a l  d i s t o r t i o n  throughout a  pu lse .  The convent iona l  mag- 

netoplasmadynamic model of  t h e  a c c e l e r a t o r ,  61 t h e  observed 

p a t t e r n s  of  c u r r e n t  d e n s i t y  and e l e c t r i c  p o t e n t i a l  d i s cus sed  

i n  Sec. 11, luminos i ty  photographs o f  t h e  a c c e l e r a t o r  opera- 

t i o n ,  and examination of t h e  cathode s u r f a c e  a l l  s t r o n g l y  

sugges t  t h a t  most of  t h e  t h r u s t  i s  borne by t h e  cathode 

s t r u c t u r e .  Therefore ,  our  f i r s t  a t t empt s  a t  s t r a i n  gauge 

moni tor ing o f  t h r u s t  p r o f i l e s  w i l l  concen t r a t e  on t h i s  

element. 

When t h e  machine t h r u s t s ,  t h r e e  s t r a i n  waves--dis tor t ion,  

d i l a t a t i o n ,  and Rayleigh--each wi th  i t s  own propaga t ion  ve- 

l o c i t y ,  t r a v e l  down t h e  cathode c y l i n d e r .  Once t h e  quas i -  

s t e a d y  o p e r a t i n g  mode has been achieved,  t h e s e  s t r a i n s  

i d e a l l y  should reach a  pseudo-steady s t a t e ,  u n t i l  r e f l e c t e d  

waves r e t u r n  from t h e  suppor t ing  s t r u c t u r e s .  

Response of  t h e  s t r a i n  gauges should pas s  through four  

phases:  

1, Nul l  phase: t h e  t h r u s t  p u l s e  has  not  

y e t  reached t h e  s t r a i n g a u g e  a l though spur ious  

e l e c t r i c a l  and mechanical s i g n a l s  a s s o c i a t e d  

wi th  breakdown i n i t i a t i o n  and gas  i n j e c t i o n  may 

appear.  

2. D i r e c t  phase: t h e  " in format ion  wave" 

pas ses  through t h e  s t r a i n  gauge, bu t  t h e  r e -  

f l e c t e d  waves have not y e t  r e tu rned  from t h e  

suppor t s  . 



3. Ref lec t ion  phase: r e f l e c t e d  pu l ses  

pass  over t h e  gauge, a s  t h e  s t a t e  of l o c a l  s t r e s s  

d r i v e s  toward an equi l ibr ium. 

4. Steady phase: i f  t h e  t h r u s t  pu l se  r e -  

mains quasi-steady long enough, s t r e s s  o s c i l l a t i o n s  

subside and l o c a l  s t r a i n  reaches a cons tant  value,  

per turbed only by e x t e r i o r  e f f e c t s .  

With our  e x i s t i n g  a c c e l e r a t o r  equipment we can d e a l  only 

wi th  t h e  f i r s t  two modes, s i n c e  t h e  pulse  t imes a r e  inade- 

quate  f o r  f u l l  s t r e s s  r e l a x a t i o n  i n  t h e  s o l i d  s t r u c t u r e .  

Eventual ly  our long-pulse f a c i l i t y  may permit use of phase 4,  

a l s o .  

For t h e  f i r s t  f e a s i b i l i t y  t e s t s  two p i e z o e l e c t r i c  s t r a i n  

gauges (BLH:sPB~-12-100-C6) have been mounted on t h e  i n s i d e  

of t h e  cathode cy l inder ,  one with t h e  fi lament a x i a l  and t h e  

o t h e r  with t h e  f i lament  azimuthal,  t o  sense t h e  d i r e c t  and 

Poisson stress waves separa te ly .  The s t r a i n  gauges a r e  f i r s t  

mounted on i n s u l a t i n g  mylar shee t s ,  25 0.0075-in, t h i c k ,  t o  

i n s u l a t e  them from cathode p o t e n t i a l ,  using EP-150 epoxy 

a f t e r  roughening t h e  mylar shee t  with a  k n i f e  blade and clean- 

ing wi th  acetone. These assemblies a r e  then  i n s t a l l e d  on t h e  

cathode cy l inder  and connected t o  Wheatstone br idges  and 

thence t o  osc i l loscopes  v i a  50-ohm coax ia l  cable  (Fig.  14) .  

The l o c a t i o n  of  t h e  gauges, wi th in  s i x  inches down t h e  cath- 

ode cy l inder  from t h e  t i p  provides f o r  a t t e n u a t i o n  of corner  

e f f e c t s  i n  s i g n a l  t ransmission from t h e  cathode p l a t e  t o  t h e  

cy l inder .  

The only modif icat ion of t h e  a c c e l e r a t o r  system needed 

f o r  t h e  f e a s i b i l i t y  t e s t s  i s  t h e  incorporat ion of a  device 

t o  t r i g g e r  t h e  osc i l loscopes  before  t h e  diaphragm of t h e  

shock tube  i s  b u r s t ,  i n  order  t o  d i sp lay  a s  many background 

e f f e c t s  on t h e  s t r a i n  gauges during t h e  whole duty per iod  a s  
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poss ib le .  For t h e  present  t h i s  i s  done by t r i g g e r i n g  t h e  

osc i l loscopes  while r e l e a s i n g  t h e  arrowhead t o  break t h e  

diaphragm. 

The a n t i c i p a t e d  t h r u s t s  l i e  i n  a  range of about 1 lb .  

f o r  a  t o t a l  cu r ren t  of 4,4 kiloamps t o  over 1000 lb .  a t  140 

kiloamps, The corresponding vol tage outputs  from t h e  Wheat- 

s tone  br idges  t o  t h e  osc i l loscopes  range from about 10 micro- 

v o l t s  t o  10 m i l l i v o l t s ,  which n e c e s s i t a t e s  p a r t i c u l a r l y  care- 

f u l  sh ie ld ing  of t h e  c i r c u i t r y  aga ins t  spurious pickup. A t  

p resen t  pre l iminary  experiments with t h e  gauges i n  p lace  on 

t h e  a c c e l e r a t o r  a r e  i n  progress  t o  i n d i c a t e  t h e  f u l l  mag- 

n i tude  of t h i s  problem. 

B. LONG-PULSE POWER SOURCE ( ~ i C a p u a )  

The 160-ki lojoule ,  pulse-forming network descr ibed i n  

previous semiannual r e p o r t s  7 6 8  9 2  i s  now complete. The net-  

work, with t h e  te rminat ing  r e s i s t o r s ,  loaded a t  f u l l  vol tage 

has been discharged ac ross  a  s h o r t  c i r c u i t  load and performs 

according t o  s p e c i f i c a t i o n s .  Figure 15 shows t h e  completed 

network with t h e  in terconnect ing  inductors  a s  w e l l  a s  t h e  

te rminat ing  r e s i s t o r s  and t h e  coax ia l  cables  which feed t h e  

a c c e l e r a t o r .  The cur ren t  pulse  obtained by the  s e r i e s  con- 

nec t ion  of a l l  four l i n e s  d r i v i n g  a  shor t  c i r c u i t  load i s  

shown i n  Fig. 16. Ear ly  experiments wi th  t h i s  power source 

switched ac ross  t h e  p a r a l l e l - p l a t e  acce le ra to r  wi th  ambient 

argon f i l l  a r e  encouraging i n  ind ica t ing  t h a t  t h e  long-desired 

extens ion  of t h e  program of quasi-steady a c c e l e r a t o r  opera t ion  

i n  t h i s  geometry t o  longer pulse  t imes can now be pursued. 

Figure 17 shows t y p i c a l  te rminal  vol tage t r a c e s  obtained a t  

both  ends of t h e  acce le ra to r .  

These e a r l y  surveys have a l s o  indica ted  a  need f o r  re-  

des ign  of t h e  gas- t r iggered  switch t o  permit it t o  handle 

t h e  longer  pu l ses  without excessive i n t e r i o r  contamination 
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and premature breakdowns, A t  p r e s e n t ,  t h i s  swi tch  recon- 

s t r u c t i o n  i s  i n  p rog res s ,  a  s a f e t y  enc losu re  f o r  t h e  e n t i r e  

p a r a l l e l - p l a t e  f a c i l i t y  i s  being b u i l t ,  and t h e  long l i n e  

i s  be ing  a p p l i e d  t o  t h e  MPD a c c e l e r a t o r  t o  provide f i r s t  ' 

i n d i c a t i o n s  of  t h e  c h a r a c t e r i s t i c s  of  o p e r a t i o n  of  t h a t  

d e v i c e  on t h e  much longer  pu l se s .  

C. ELECTROLYTIC CAPACITOR PULSE-FORMING NETWORK ( V i l l a n i )  

The capac i to r - induc to r ,  pulse-forming networks use3  a s  

energy s t o r a g e  u n i t s  f o r  pu lsed  plasma a c c e l e r a t o r  r e s e a r c h  

most commonly employ h igh  vo l t age ,  o i l - f i l l e d  c a p a c i t o r s .  

Recent s t u d i e s  i n  an  a s s o c i a t e d  program '* have i d e n t i f i e d  

c e r t a i n  a t t r a c t i v e  advantages i n  u s ing  low-voltage e l e c t r o -  

l y t i c  c a p a c i t o r s  f o r  t h i s  purpose: 

1. E l e c t r o l y t i c  c a p a c i t o r s  have lower 

s p e c i f i c  m a s s  t han  any o t h e r  t ype ,  by a t  l e a s t  

one f u l l  o r d e r  of  magnitude. U n i t s  c u r r e n t l y  

a v a i l a b l e  commercially f a l l  i n  t h e  range o f  

0.01 kg / jou le  and lower. 

2. E l e c t r o l y t i c  c a p a c i t o r s  a r e  commonly 

a v a i l a b l e  w i t h  much h igher  u n i t  capaci tance--  

above 2000 p f d  i n  many cases .  S ince  t h e  i m -  

pedance of a  pulse-forming network s c a l e s  in-  

v e r s e l y  wi th  t h e  square  r o o t  of  t h e  u n i t  ca- 

pac i t ance ,  it i s  much s impler  t o  ach ieve  an 

impedance match between t h e  network and t h e  

0.005 - 0.010 ohm load t y p i c a l  of an MPD ac- 

c e l e r a t o r .  

3 ,  E l e c t r o l y t i c  c a p a c i t o r s  a r e  i n h e r e n t l y  

low vo l t age  dev ices  ( 4 500 V ) .  E l e c t r o l y t i c  

networks t h u s  would a l low s impler  power con- 

d i t i o n i n g  equipment t o  mate them t o  prime power 

sou rces ,  p a r t i c u l a r l y  s o l a r  pane ls .  



E l e c t r o l y t i c  c a p a c i t o r s  a l s o  have well-known c h a r a c t e r i s t i c  

d i s advan tages  which have h e r e t o f o r e  discouraged t h e i r  a p p l i -  

c a t i o n  t o  space systems, most no t ab ly  t h e i r  h igh  i n t e r n a l  r e -  

s i s t a n c e ,  h igh  leakage c u r r e n t ,  h i g h  p a r a s  it i c  inductance,  low 

r e l i a b i l i t y ,  and u n i p o l a r  t e r m i n a l  asymmetry. A s  y e t ,  i n su f  - 
f i c i e n t  s t u d y  has  been made t o  e s t a b l i s h  whether t h e s e  d i sad -  

van tages  o r  t h e  p r e v i o u s l y  c i t e d  advantages  p r e v a i l  f o r  t h e  

p a r t i c u l a r  a p p l i c a t i o n s  o f  i n t e r e s t  he re ,  o r  whether reason-  

a b l e  improvement i n  t h e  product  can improve t h i s  balance.  

The purpose o f  t h e  p re sen t  program i s  t o  examine va r ious  fea-  

t u r e s  o f  e l e c t r o l y t i c  c a p a c i t o r  behavior  i n  an  MPD p u l s e  l i n e  

c o n f i g u r a t i o n  i n  t h e  hope of  c l a r i f y i n g  such judgment. 

The f i r s t  s t u d i e s  of t h i s  concept involved an e l e c t r o -  

l y t i c  l i n e  d r i v i n g  a pu lsed  vacuum a r c ,  94198 and it was un- 

c l e a r  i n  some c a s e s  whether t h e  observed behavior  r e f l e c t e d  

c h a r a c t e r i s t i c s  o f  t h e  c a p a c i t o r s ,  o r  o f  t h e  vacuum a r c  d i s -  

charge.  The p r e s e n t  s tudy  employs a spa rk - t r i gge red  argon 

d i s c h a r g e  i n  our  convent iona l  4-in. anode diameter  MPD con- 

f i g u r a t i o n ,  i n  t h e  hope o f  d i s t i n g u i s h i n g  t h e s e  causes ,  

The p a r t i c u l a r  e l e c t r o l y t i c  c a p a c i t o r s  used he re  a r e  

2200 p f d ,  400-V G.E. u n i t s  borrowed from t h e  neighboring 

Plasma Phys ics  f a c i l i t y .  T e s t s  have been made on s e l e c t e d  

c a p a c i t o r s  t o  determine i n d i v i d u a l  e l e c t r i c a l  parameters .  

True capac i t ance  w a s  found t o  be somewhat h ighe r  t h a n  nominal, 

c l o s e r  t o  2400 p fd .  P a r a s i t i c  induc tance  was found t o  range 

from 20 t o  50 nanohenries ,  compared t o  t h e  quoted va lue  o f  

30 nanohenries ,  The equ iva l en t  s e r i e s  r e s i s t a n c e  when d i s -  

charged from 20 V i n t o  a s h o r t  c i r c u i t  was found t o  be l e s s  

t h a n  5 mill iohms, 

A 10-element p u l s e  network has  been assembled us ing  u n i t  

induc tances  of  about 300 nanohenries .  This  l i n e  is connected 

t o  a s p a r k  i n i t i a t e d ,  4-in. anode d iameter  c a l i b r a t i o n  a c c e l -  

e r a t o r .  Current  waveform i s  monitored w i t h  a Rogowski c o i l  



and a  5.95 mi l l i s econd  i n t e g r a t o r .  Voltage a c r o s s  t h e  

t h r u s t e r  i s  tapped by a Tekt ron ix  Type P6000 1OX a t t e n u a t o r ,  

T y p i c a l  o s c i l l o s c o p e  t r a c e s  a r e  shown i n  Fig .  18. The i d e a l  

( l o s s l e s s )  impedance o f  t h i s  l i n e  should be about 0.014 ohm. 

Assuming a  d i scha rge  impedance of  0.005 ohm based on o t h e r  

exper iments ,  87'100 t h e  i d e a l  waveform should c o n s i s t  of  a  

10,000 A x  500 p s e c  r e c t a n g u l a r  p u l s e  w i t h  35 pe rcen t  cur-  

r e n t  r e v e r s a l .  Observed behavior  i s  s u b s t a n t i a l l y  d i f f e r e n t :  

1. The p u l s e  i s  not  a t  a l l  square ;  it 

r i s e s  t o  a  maximum i n  approximately  60 p s e c ,  

t hen  beg ins  an  almost  l i n e a r  decay t o  z e r o  cur-  

r e n t  over  approximately  1 mi l l i s econd .  

2, There i s  n e g l i g i b l e  c u r r e n t  r e v e r s a l  

and no vo l t age  r e v e r s a l .  The vo l t age ,  i n  f a c t ,  

does no t  drop t o  ze ro ,  b u t  t o  a  cons t an t  va lue  

o f  about  50 V, 

Both o f  t h e s e  c h a r a c t e r i s t i c s  were a l s o  observed i n  t h e  

e a r l i e r  exper iments  w i th  t h e  vacuum t h r u s t e r ,  hence may now 

reasonably  be  ass igned  t o  t h e  c a p a c i t o r s .  A s  i n  t hose  ex- 

per iments ,  it i s  found he re  t h a t  t h e  waveform can be improved 

by a d j u s t i n g  t h e  r e l a t i v e  s i z e s  of  t h e  i nduc to r s ,  l e ad ing  t o  

t h e  conc lus ion  t h a t  it is t h e  p a r a s i t i c  inductance and r e -  

s i s t a n c e  o f  t h e  c a p a c i t o r s  which d i s t o r t s  t h e  waveform. 

The c u r r e n t  t r a c e  can be i n t e g r a t e d  g r a p h i c a l l y  and 

compared w i t h  t h e  charge  d e l i v e r e d  from t h e  c a p a c i t o r s :  

t o  o b t a i n  t h e  proper  c a l i b r a t i o n  f a c t o r  f o r  t h e  Rogowski 

c o i l .  Cur ren t  and vo l t age  t r a c e s  may then  be m u l t i p l i e d  t o -  

g e t h e r  and i n t e g r a t e d  g r a p h i c a l l y  t o  f i n d  t h e  t o t a l  power in -  

p u t  t o  t h e  a c c e l e r a t o r .  Comparison o f  t h i s  va lue  w i t h  t h e  
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energy change o f  t h e  p u l s e  network, computed a s  

i n d i c a t e  an  energy t r a n s f e r  e f f i c i e n c y  o f  somewhat g r e a t e r  

t h a n  80 p e r c e n t ,  

D. RADIATIVE PROCESSES I N  QUASI-STEADY DISCHARGES ( ~ r u c k n e r )  

92 The p rev ious  r e p o r t  summarized p re l imina ry  g a i n  co- 

e f f i c i e n t  measurements a t  4880 g c a r r i e d  o u t  on t h e  p a r a l -  

l e l - p l a t e  a c c e l e r a t o r  by means of  a  pu lsed  argon ion  l a s e r .  

The sea rch  f o r  p o s i t i v e  va lues  of  ga in ,  corresponding t o  

popu la t ion  i n v e r s i o n  i n  t h e  i o n i c  energy l e v e l s  o f  t h e  argon 

i n  t h e  d i scha rge ,  has  been cont inued wi th  an improved de- 

t e c t i o n  scheme, namely a  two-beam balanced o p t i c a l  system. 

This  u t i l i z e s  t h e  beam from both  ends o f  t h e  l a s e r  and pro- 

v ides  f o r  t h e  s imul taneous monitoring o f  t h e  d i scha rge  

modified l a s e r  ou tpu t ,  I, and t h e  undis turbed ,  o r  r e f e r e n c e ,  

l a s e r  ou tpu t ,  
I0 

. Experiments have been c a r r i e d  ou t  a t  var-  

ious  ambient argon f i l l  p r e s s u r e s  ( 2 5  p, 50 p, 100 p, 200 p, 

300 p) and t h r e e  a x i a l  p o s i t i o n s  downstream of  t h e  e l e c t r o d e -  

i n s u l a t o r  j unc t ion  ( A x  = 4",  10.5", 1 7 " ) .  
92 

Previous  re -  

s u l t s  a t  A x  = 4"  have been v e r i f i e d  and t h e  u se fu lnes s  of 

t h e  new technique  has  been demonstrated.  However, p o s i t i v e  

g a i n  s t i l l  has  not  been unequivocal ly  i d e n t i f i e d  a t  any o f  

t h e  t h r e e  probing p o s i t i o n s  o r  i n i t i a l  f i l l  p r e s su re s .  One 

p o s s i b l e  r ea son  f o r  t h i s  may be t h e  exces s ive  no i se  ou tpu t  

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

expected magnitude o f  t h e  d i f f e r e n c e  s i g n a l  I - Io. Conse- 

quen t ly ,  t h e  p h o t o m u l t i p l i e r  t ubes  a r e  be ing  rep laced  by 

s o l i d - s t a t e  s i l i c o n  photodiodes (UDT Type P~N-5)  which a r e  

much b e t t e r  s u i t e d  f o r  l a s e r  l i g h t  d e t e c t i o n .  Another i m -  

provement i n  d e t e c t i o n  s e n s i t i v i t y ,  p r e s e n t l y  be ing  



implemented, i s  t h e  use  o f  a  mu l t i pas s  t echnique  f o r  t h e  

l a s e r  beam which probes t h e  d i scha rge ,  

Spontaneous emiss ion d a t a  a g a i n  demonstra te  t h e  presence 

o f  s i g n i f i c a n t  amounts o f  undes i r ab l e  i m p u r i t i e s ,  e s p e c i a l l y  

hydrogen, i n  t h e  d i scha rge  plasma. These i n t e r f e r e  no t  o n l y  

w i t h  t h e  a c t u a l  d e t e c t i o n  o f  popula t ion  i n v e r s i o n  i n  i o n i c  

argon,  bu t  a l s o  may d i s r u p t  some of  t h e  e x c i t a t i o n  mechanisms 

r e s p o n s i b l e  f o r  t h e  excess  popula t ions  o f  t h e  upper energy 

l e v e l s .  To a l l e v i a t e  t h i s  problem t h e  a c c e l e r a t o r  i s  be ing  

f i t t e d  w i t h  a shock tube  mass i n j e c t i o n  system very  s i m i l a r  

t o  t h a t  used on t h e  quas i - s teady  MPD a r c  f a c i l i t y .  87 With 

a cont inuous supply of  f r e s h  gas  f o r  t h e  d u r a t i o n  of  t h e  

quas i - s t eady  d i scha rge ,  a b l a t i o n  of  t h e  e l e c t r o d e  and in-  

s u l a t o r  m a t e r i a l  w i l l  be  minimized and t h e  concen t r a t i on  of  

impur i ty  p a r t i c l e s  h o p e f u l l y  g r e a t l y  decreased .  
70  

So f a r ,  on ly  t h e  4880 a t r a n s i t i o n  has  been i n v e s t i -  

g a t e d  f o r  g a i n  e f f e c t s .  There i s  some evidence,  however, 

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

s i n g l y  i on i zed  argon and perhaps  on t r a n s i t i o n s  corresponding 

t o  h i g h e r  i o n i z a t i o n  s t a t e s .  A-4 These p o s s i b i l i t i e s  w i l l  be 

i n v e s t i g a t e d  a l s o  but  w i l l  r e q u i r e  somewhat modified de tec-  

t i o n  techniques .  
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