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Detai led experimental  mapping of  t h e  p o t e n t i a l  and 

current  d i s t r i b u t i o n s  throughout t h e  discharge charnber of 

a quasi-steady MPD a r c  i n d i c a t e s  t h a t  t h e  anode f a l l  volt- 

age v a r i e s  inve r se ly  with l o c a l  anode cur ren t  dens i ty ,  over 

a l a r g e  range of a r c  c u r r e n t s  and rnass flow r a t e s .  The cor- 

responding anode power l o s s  is found t o  drop from about 50% 

t o  10% a s  t h e  power i s  increased from 1 t o  10 megawatts, 

I n  an assoc ia ted  s tudy i n  a p a r a l l e l - p l a t e  a c c e l e r a t o r ,  

where expansion of t h e  flow beyond t h e  discharge region i s  

precluded by t h e  one-dimensional geometry, low exhaust speeds 

and high downstream temperatures a r e  observed, which yield 

information on t h e  energy depos i t ion  r a t i o  wi th in  t h e  arc, 

Other experimental  i n v e s t i g a t i o n s  of  t h e  s t r u c t u r e  of 

PlPD d ischarges  and a t tendant  a c c e l e r a t o r  performance continue: 

spectroscopic-interferometric techniques y i e l d  f u r t h e r  tern- 

pera tu re  and v e l o c i t y  d e t a i l s ;  pressure  p r o f i l e s  i n  t h e  d i s -  

charge chamber a r e  determined with a p i e z o e l e c t r i c  de.$ector 

i n  a P lex ig las  rod; te rminal  vol tage and a x i a l  exhaust ve- 

l o c i t i e s  a r e  catalogued a s  funct ions  of anode o r i f i c e  diam- 

e t e r ;  a new mass-injection system f a c i l i t a t e s  study of a 

v a r i e t y  of p rope l l an t  gases;  and t h e  c h a r a c t e r i s t i c s  o f  a 

quasi-steady PlPD a r c  with a hollow cathode a r e  found t o  corn- 

pare  favorably with t h e  performance of a s o l i d  cathode are  

over a range of c u r r e n t s  and mass flows. 
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INTRODUCTION 

This  semi-annual r epor t  c o n s i s t s  of two reviews o f  Ph , ,D ,  

research  programs r e c e n t l y  completed i n  our labora tory ,  along 

with more concise d e s c r i p t i o n s  of o t h e r  s e l e c t e d  p r o j e c t s  pre- 

s e n t l y  i n  progress ,  The f i r s t  s e c t i o n  desc r ibes  t h e  w o r k  of 

R. C, Oberth on anode processes  i n  o u r  quasi-steady MPD ares, 

which c o n s t i t u t e d  one p o r t i o n  of  h i s  t h e s i s ,  "Anode Phenomena 

i n  High-Current Discharges, " t h e  f u l l  t e x t  of  which i s  avail- 

a b l e  on reques t ,  The second s e c t i o n  desc r ibes  a s e r i e s  of ex- 

periments concerning t h e  energy depos i t ion  r a t i o  i n  our par- 

a l l e l - p l a t e  acce le ra to r ,  which i s  a major p o r t i o n  o f  t h e  Ph,D, 

t h e s i s  of  M, S. DiCapua, a l s o  a v a i l a b l e  on reques t ,  Both o f  

t hese  programs were presented a s  papers  a t  t h e  AIAA Aerospace 

Sciences Meeting i n  New York, on January 27, 1971, 

I n  t h e  t h i r d  sec t ion ,  we present  a v a r i e t y  o f  s t u d i e s  i n  

progress ,  including recent  spectroscopic r e s u l t s ,  development 

of techniques f o r  measurement of a r c  chamber pressure  profiles, 

anode-size e f f e c t s  on MPD a c c e l e r a t o r  performance, design and 

c a l i b r a t i o n  of a gas i n j e c t i o n  system f o r  t h e  forthcoming pro- 

p e l l a n t  survey, and t h e  beginning of  a very promising program 

on hollow-cathode, quasi-steady a rcs .  Discussion of other 

s t u d i e s  i n  progress ,  such a s  t h e  Fabry-Perot in ter ferometer  

v e l o c i t y  and temperature measurements, s t r a i n  gauge t h r u s t  

p r o f i l e  measurements, mass spectrometer exhaust-species sam- 

pr ings ,  and t h e  turbo-pulse gas i n j e c t o r  i s  de fe r red  until the  

following r e p o r t ,  



I. ANODE PROCESSES I N  QUASI-STEADY MPD ARCS (Ober-th) 

A. Backqround 

Invest igat ion of anode phenomena i n  high-current plasma 

accelera tors  i s  motivated by the  well-known, yet  poorly under- 

stood, severe anode power losses  which can plague these  d e w -  

vices.  Experimental s tud ies  on steady, low-power MPD a res  in-  

d i ca t e  t h a t  from 30% t o  60% of the  t o t a l  input power may be 

l o s t  a t  the  anode, but a l so  suggest a tendency towards lower 
A-l ,A-2 f r ac t iona l  anode power loss  with increasing a r c  power, 

Effect ive  exp lo i ta t ion  of t he  l a t t e r  e f f e c t  has been hindered 

by the  magnitude of the  heat  t r ans fe r  and by the  in to le rab le  

power demands which accompany steady MPD a r c  operation beyond 

the  kilowatt power range. Transpirat ion cooling of t he  anode 

can help somewhat t o  reduce anode heat  l o s s  by blowing some of 

it back i n t o  the  a r c  stream, A-3 but t he  associated design com- 

p lex i ty  and th rus t e r  weight l i m i t  t he  app l i cab i l i t y  of this 

technique. A more promising means of reducing the  r e l a t i v e  

anode power l o s s  and thereby increasing the  thermal e f f ic iency  

of MPD a r c  t h rus t e r s  i s  through high-power, quasi-steady arc 

operat ion. 10 1 

The quasi-steady device employed i n  the  present  study of 

anode power l o s s  and anode current  conduction embodies the  eon- 

ventional MPD a r c  geometry, but  on a sca le  large  enough t o  per- 

m i t  de ta i l ed  i n t e r i o r  diagnostics.  A schematic diagram and 

photograph of t h i s  apparatus a r e  shown i n  Figs. 1 and 2, 

Briefly,  it cons i s t s  of a cy l ind r i ca l  discharge cha~&er 

with a 3 /4- in . -d ia  conical  tungsten cathode and a 7 1/2-in,=- 

diam aluminum anode with a 4-in.-diam o r i f i c e .  It is  powered 
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by a 130 p f d  x 10 kV capac i to r  l i n e  which can provide rec- 

t angu la r  cu r ren t  pu l ses  ranging from 4 kA x 600 psecr t o  

140 k24 x 20 psec ,  Propel lan t  gas  i s  i n j e c t e d  a t  sel.ected 

r a t e s  through s i x  c a l i b r a t e d  o r i f i c e s  i n  t h e  a r e  e&ai&er end 

p l a t e  from a high p ressu re  r e s e r v o i r  ab rup t ly  e s t a b l i s h e d  by 

t h e  end w a l l  s t agna t ion  of  t h e  flow i n  a  simple shock tube. 

An a d j u s t a b l e  bleed l i n e  from t h e  same shock tube triggers 

t h e  discharge cur ren t  switch,  thereby c o n t r o l l i n g  the  corre- 

l a t i o n  of  t h e  mass fJow p a t t e r n  wi th  t h e  a r c  current,  pro- 

f i l e .  87 

E a r l i e r  s t u d i e s  on t h i s  device87198 es tab l i shed  the main 

f e a t u r e s  of  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  and plasma poten- 

t i a l  p a t t e r n s  a t  var ious combinations of  a r c  c u r e n t  and argon 

mass flow r a t e .  For example, Fig. 3 shows t h e  d i s t r i b u t i o n  of 

cur ren t  d e n s i t y  i n  t h e  a r c  chamber and along t h e  anode surface 

a t  an a r c  cu r ren t  of  17.5 kA and m a s s  flow r a t e  of 5,9 g/see, 

which i s  a  "matched" opera t ing  condition.87 These current 

contours i n d i c a t e  t h a t  most of  t h e  a r c  cu r ren t  concent ra tes  on 

t h e  upstream l i p  of t h e  anode i n  preference  t o  o ther  por t ions  

of t h e  anode surface.  Figure 4 d i sp lays  f l o a t i n g  potential 

contours f o r  t h e  same matched condit ions,  a s  w e l l  as for  oper- 

a t i o n  a t  an "underfed" mass flow of  1.2 g/sec, and a n  "overfed" 

flow of 36.0 g/sec. The most obvious aspect  of these  patterns 

i s  t h a t  t h e  major p o r t i o n  of  t h e  a r c  power i s  deposi ted i n  t h e  

cathode region of t h e  a r c ,  implying t h a t  t h i s  region of high 

cur ren t  d e n s i t y  and high e l e c t r i c  f i e l d  is  p r h a r i l y  respon- 
- - 

s i b l e  f o r  t h e  high plasma v e l o c i t i e s  observed dowstream, 98 

With regard t o  t h e  anode regions,  t h e s e  p a t t e r n s  d i s p l a y  the  

magnitude of t h e  normal anode f a l l ,  and stress t h e  importance 

of matching t h e  m a s s  flow r a t e  t o  t h e  t o t a l  a r c  current, Fig- 

ure  4b, f o r  t h e  matched m a s s  flow of  5.9 g/sec, d i sp lays  an 

anode f a l l  of  l e s s  than  15 V over t h e  upstream l i p  of t h e  anode 

where cu r ren t  d e n s i t y  i s  a  maximum, and somwhat higher  values 

on t h e  d o n s t r e a m  face  where cu r ren t  d e n s i t y  is  lower, The de- 

pendence of  anode f a l l  vol tage on l o c a l  anode cur ren t  density 

and i t s  impl ica t ion  f o r  anode power l o s s e s  a r e  discussed below, 
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I n  t h e  underfed case (Fig. 4 a ) ,  a s u b s t a n t i a l l y  l a r g e r  

and broader e l e c t r i c  f i e l d  appears ad jacent  t o  t h e  anode sur -  

face, suggest ing t h e  onse t  of anode conduction d i f f i c u l t i e s  

a t  this underfed opera t ing  condi t ion.  The r e l a t i o n  of t h e  

mass flow r a t e  t o  t h e  f i e l d  development and conduction pro- 

cesses i n  t h e  anode region i s  a l s o  discussed below. 

B, ,Uode F a l l  Measurements 

I n  o rde r  t o  explore f u r t h e r  t h e  dependence of  anode f a l l  

voltage 011 l o c a l  anode cur ren t  dens i ty ,  a s e r i e s  of d e t a i l e d  

e l e c t r o s t a t i c  and magnetic probe measurements have been taken 

over the  anode su r face  during quasi-steady a r c  opera t ion  a t  

-thzee d i f f e r e n t  matched condi t ions ,  8 .7  kA x 1 . 2  g/sec, 

17,5 M x 5 - 9  g/sec, 42.0 kA x 36.0 g/sec, where t h e  a r c  be- 

havior i s  well-defined and reproducible .  The anode f a l l s  a r e  

determined from f l o a t i n g  p o t e n t i a l  measurements taken adjacent  

t o  t he  su r face  wi th  e l e c t r o s t a t i c  probes whose exposed e l e -  

ments are l/P6-in.-dim hemispheres. Some o f  t h e s e  a r e  in-  

serted a x i a l l y  upstream i n t o  t h e  discharge and bent  t o  al low 

access t o  t h e  regions behind t h e  anode l i p ;  t h e  f r o n t  f ace  of 

the  anode i s  monitored by rad ia l ly - inse r t ed  probes. A l l  l eads  

to the probe sensing su r faces  a r e  c o a x i a l l y  sh ie lded ,  and t h e  

signals a r e  presented t o  t h e  osc i l loscope  v i a  a Tektronix 

Model 6013.24 voltage probe of lo8  ohm impedance. Simultaneously 

with the c o l l e c t i o n  of  f l o a t i n g  p o t e n t i a l  da ta ,  t h e  magnetic 

f i e l d  values over t h e  anode su r face  a r e  measured by magnetic 

 induction^ c o i l s ,  100 t u r n s  of #40 Formvar wire  on 3/32-in. - 
diam nylon spools ,  which a r e  mounted on bent  s h a f t s  t o  permit 

access  t o  t h e  back anode region. From t h e  measured values of  

magnetic f i e l d  a t  t h e s e  loca t ions ,  t h e  anode cur ren t  d e n s i t y  

d i s t r i b u t i o n  i s  r e a d i l y  deduced. A-4 

I n  t h e  present  context ,  anode f a l l  vol tage r e f e r s  t o  t h e  

voltage d i f f e r e n c e  between t h e  anode su r face  and a po in t  i n  

the  plasma about 0 , l  cm o f f  o f  t h e  sur face .  The measured values 

of f l o a t i n g  p o t e n t i a l  must be correc ted  t o  plasma p o t e n t i a l s  



before t h e  t r u e  anode f a l l  vol tages can be assigned. Far  an 

argon plasma i n  which ion streaming v e l o c i t i e s  a r e  negligible--  

a good assumption f o r  most of t h e  region adjacent t o  t h e  anode 

surface--the d i f fe rence  between f l o a t i n g  and plasma p o t e n t i a l  
A- 5. 

i s  given by: 

T and T .  a r e  taken t o  be 1.5 eV and 15 eV, respect ive ly ,  based e 1 

on severa l  o ther  s tud ies ,  lo3 so t h a t  f l o a t i n g  p o t e n t i a l  measure- 

ments should be adjusted some 7 V c l o s e r  t o  anode potent ; ia l ,  

A composite graph of anode f a l l  versus corresponding local 

anode current  dens i ty  f o r  t h e  t h r e e  matched operat ing condi- 

t i o n s  i s  shown i n  Fig, 5. The indicated inverse dependence of 

anode f a l l  on l o c a l  anode current  dens i ty  can be reasona.bly ap- 

proximated by t h e  r ec ip roca l  f i t ,  Va = 1.5 x 10 3 / ja ,  which i n  

t u r n  implies a constant anode power dens i ty ,  pa = jaVa = 1500 
2 ~ / c m  , Regardless of i t s  p rec i se  form, t h e  observed inverse 

dependence of  anode f a l l  on l o c a l  anode current  dens i ty  c l e a r l y  

has major implicat ions f o r  t h e  o v e r a l l  e f f i c i ency  of high p o w e r  

acce le ra to r s  of t h i s  c l a s s .  

The anode f a l l  da ta  appear t o  agree q u a l i t a t i v e l y  with the 

c l a s s i c a l  anode f a l l  t heor ie s  of Bez and Hdcker. A-6,A-7 Their 

model is  based on t h e  assumption t h a t  t h e  major funct ion of t h e  

anode f a l l  i s  t h e  production of ions,  and t h a t  t h i s  i s  accom- 

p l i shed  by e i t h e r  of two mechanisms: " f i e l d  ioniza t ion"  and 

"thermal ionizat ion."  "Field ionizat ion" involves c o l l i s i o n a l  

ion iza t ion  by e lec t rons  t h a t  have been d i r e c t l y  acce lera ted  by 

t h e  anode f a l l  f i e l d ;  t h e  anode f a l l  voltage i s  the re fo re  

g r e a t e r  than t h e  ioniza t ion  p o t e n t i a l  of t h e  operat ing gas and 

t h e  anode current  d e n s i t i e s  a r e  genera l ly  low, say l e s s  khan 
2 about 50 A/cm , "Thermal ioniza t ion , ' '  on t h e  o ther  hand, in-  

volves ioniza t ion  by e lec t rons  whose motion has become ther- 

malized i n  t h e  f a l l  zone by e l a s t i c  c o l l i s i o n s .  Since only 

t h e  high energy e lec t rons  i n  t h e  d i s t r i b u t i o n  need engage i n  





i on iz ing  c o l l i s i o n s ,  t h e  anode f a l l  can now be lower than  the 

i on iza t ion  p o t e n t i a l  of  t h e  gas ,  but  much higher  anode current 

d e n s i t i e s  may be accommodated. I n  t h i s  s p i r i t ,  t h e  anode f a l l  

d a t a  of  Fig. 5 may r e f l e c t  a t r a n s i t i o n  from f i e l d  i o n i z a t i o n  

a t  low anode cur ren t  d e n s i t i e s  t o  thermal i o n i z a t i o n  a t  high 

anode cur ren t  d e n s i t i e s  wi th  a corresponding decrease i n  anode 

f a l l  vol tage,  

C, Anode P m e r  Loss 

The t o t a l  power l o s s  a t  t h e  anode o f  a high-current are 

discharge may be w r i t t e n :  

anode 
su r face  

where Pea and Pra a r e  t h e  convective and r a d i a t i v e  colntribu- 

t i o n s ,  and t h e  i n t e g r a l  r ep resen t s  t h e  hea t  t r a n s f e r  i m p l i c i t  

i n  t h e  e l e c t r o n  cur ren t  t o  t h e  anode surface.  Here Te is  t he  

e l e c t r o n  temperature of  t h e  adjacent  plasma, Va denotes t h e  

anode f a l l ,  and @a i s  t h e  work funct ion  of  t h e  anode metal. 

The term 5/2 jak~e/e  accounts f o r  t h e  t r a n s p o r t  of e l e c t r o n  

thermal energy from t h e  plasma. Recent experiments employing 

a semiconductor photo diode suggest t h a t  only a few per- 

cent  of  t h e  t o t a l  input  a r c  power is r a d i a t e d  from t h e  h ighly  

luminous a r c  plasma formed i n  t h e  cathode region. Since 

only a small  percentage o f  t h i s  r a d i a t i o n  i s  in te rcep ted  by 

t h e  anode sur face ,  t h e  r a d i a t i v e  t e r m ,  P r a '  may be neglected 

f o r  t h e  p resen t ,  

Convective hea t  t r a n s f e r  from t h e  streaming plasma t o  the  

anode sur face  is assumed t o  be s i g n i f i c a n t  only a t  the lip re- 

gion of t h e  anode, where it may be expressed i n  terms of an 

enthalpy d i f fe rence  A-8 



w h e r e  5 is  a hea t  t r a n s f e r  c o e f f i c i e n t  based on en tha lp ies ,  

A i s  the a r e a  of flow i n t e r a c t i o n  with t h e  anode, hs is  t h e  

plasma enthalpy a t  t h e  o u t e r  edge of t h e  boundary l a y e r  and 

ha i s  the  enthalpy of  t h e  plasma i n  thermal equi l ibr ium with 

the w a l l ,  Assuming a laminar boundary l aye r  a t  t h e  anode sur-  

face, based on a low Reynolds n e r  e s t ima te  ( e 100) , and 

employing reasonable e s t ima tes  of  plasma v i s c o s i t y ,  thermal 

conduct ivi ty ,  and s p e c i f i c  h e a t ,  based on measurements of e l ec -  

tron t e q e r a t u r e  and n er d e n s i t y  a t  t h e  l i p  region of t h e  

anode, t h e  convective hea t  t r a n s f e r  c o e f f i c i e n t  i s  est imated 
2 

to be about 5 x gm/cm - sec.  Likewise, t h e  plasma 

enthalpy a t  t h e  o u t e r  edge of t h e  boundary l aye r  f o r  a flow 

velocity of lo4  m/sec is  about 1.5 x l o 5  J/grn. 98 Neglecting 

the  plasrna enthalpy a t  t h e  w a l l  p l aces  an upper l i m i t  on t h e  

convective hea t  t r a n s f e r  t o  t h e  anode which, f o r  a reasonable 

area of flow i n t e r a c t i o n ,  t a k e s  a value of  Pea 20 kW. This 

i s  only about 1% of t h e  t o t a l  input  arc power f o r  matched quasi-  

steady are opera t ion  a t  17.5 kA, hence i s  a l s o  neglected.  

There remains only t h e  i n t e g r a l  term represent ing  energy 

carried t o  t h e  anode by conduction e lec t rons .  Since Te and ga 
are e s s e n t i a l l y  constant  over most of  t h e  anode sur face ,  t h i s  

may be r e w r i t t e n  

aGde 
sur face  

w h e r e  J is  t h e  t o t a l  a r c  cur rent .  For opera t ion  a t  t h e  t h r e e  

matched condit ions c i t e d  e a r l i e r ,  t h e  empir ica l  r e l a t i o n ,  
2 = 1.5 x 103/ja (watt/amp/cm ) ,  can be used t o  evalua te  t h e  

in tegra l .  Taking approximate values of Te and ga of  1.5 eV 
2 and 3 - 5  V respect ive ly ,  and an anode su r face  a r e a  of  300 cm , 

the  r e s u l t  t akes  t h e  form 

for J in kA. 



Since t h e  a r c  current  increases  l e s s  than l i n e a r l y  with 

t o t a l  a r c  power, it i s  c l e a r  t h a t  f r a c t i o n a l  anode power loss  

decreases s u b s t a n t i a l l y  with a r c  power. This r e s u l t  i s  dis- 

played i n  Fig, 6 w h i c h  p l o t s  the  f r a c t i o n a l  anode power loss 

f o r  t h e  th ree  matched condit ions agains t  t h e  t o t a l  input are 

power Pt. Observe that P , / P ~  decreases from over 50% t o  Less 

than 10% f o r  an increase i n  a r c  power from 1 - 5  t o  10 megawatts. 

It follows that correspondingly higher thermal e f f i c i e n c i e s  

should p r e v a i l  for t h e  higher power operat ion,  

D. h o d e  C u r r e n t  Conduction 

Models of t h e  mechanisms of cur rent  conduction ta3 the 

anode surface u l t imate ly  r e s t  on t h e  values of  e l ec t ron  density 

and temperature preva i l ing  i n  t h e  adjacent plasma, To aecLLmu- 

l a t e  t h i s  information, a s e r i e s  of double Langmuir probe mea- 

surements have been ca r r i ed  out a t  various loca t ions  i n  the  

quasi-steady .FWD discharge* Br ief ly ,  lo3' lo9 these  probes con- 

sist  of two separa te ly  shielded and biased P/8-in,-ko1.mg exposed 

t i p s  of 3-mil tungsten wire or ien ted  p a r a l l e l  t o  t h e  flow axis 

t o  minimize streaming e f f e c t s ,  and mounted on the  same support 

tube t o  sample e s s e n t i a l l y  the  same plasma, A schematic of 

t h e  probe and c i r c u i t r y  is shown i n  Fig, 7 .  The probe radix 

i s  considerably l e s s  than t h e  an t i c ipa ted  electron-rho11 mean free 

paths  and e lec t ron  gyro r a d i i  i n  t h e  anode region of t h e  are, 

thus reducing the  influence of c o l l i s i o n a l  and magnetic field 

e f f e c t s  on probe behavior, but it i s  s ~ s t a n t i a l l y  l a rge r  than 

t h e  l o c a l  Debye length,  thereby removing t h e  influence o f  sheath 

s i z e  on t h e  e l ec t ron  s a t u r a t i o n  current  drawn by the probe, One 

of t h e  probes i s  mounted on a bent support sha f t  t o  allow access 

t o  the  back por t ion  of the  anode, The probe voltages developed 

across  d i f f e r e n t  r e s i s t o r  p a i r s  a r e  monitored with Tekeronix 

P6006 voltage probes and displayed on an osci l loscope,  The 

e lec t ron  ternpexature i s  obtained from t h e  r a t i o  of t h e  two probe 

tip currents  and t h e  d i f ference  i n  probe voltages,  provided both 

t i p s  operate  on t h e  electron-retarding branch of t h e  probe char- 
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a c t e r i s , t i c  where t h e  ion  cur ren t  t o  t h e  probe can be neglected,  

i n  which case,  

E a ~ c t r o n  number d e n s i t y  i s  determined somewhat l e s s  pre-  

cisely by a s c e r t a i n i n g  when one of t h e  probe t i p s  begins t o  

d r a w  e l e c t r o n  s a t u r a t i o n  cur ren t  and thus  i s  a t  t h e  l o c a l  p las -  

m a  p o t e n t i a l ,  a s  evidenced by a  sudden increase  i n  t h e  values 

of kT, computed v i a  r e l a t i o n  (1-6). From t h e  measured cur ren t  

t o  t h e  probe t i p  a t  t h i s  condi t ion,  and from t h e  previous ly  

determilned e l e c t r o n  temperature, t h e  l o c a l  e l e c t r o n  number den- 

s i t y  i s  ex t rac ted  from t h e  r e l a t i o n  

The observed plasma p o t e n t i a l  and cur ren t  d e n s i t y  p a t t e r n s  

i n  the  v i c i n i t y  of  t h e  anode su r face  a l s o  provide u s e f u l  h i n t s  

i n  t h e  formulation of  anode cur ren t  conduction models. Recal l  

the  pre-vious measurements wi th  f l o a t i n g  e l e c t r o s t a t i c  probes 

which revealed t h a t  s u b s t a n t i a l  e l e c t r i c  f i e l d s  develop i n  t h e  

anode region f o r  opera t ion  below t h e  matched m a s s  flow f o r  a  

given a r c  cu r ren t  (Fig. 4a) ,  while  a t  matched o r  overfed mass 

flows a l l  f i e l d s  were confined t o  t h e  cathode region of t h e  

discharge except f o r  a  narrow sheath drop adjacent  t o  t h e  anode 

surface (Figs,  4b ,c) .  Figure 8 superimposes on p l o t s  of plasma 

p o t e n t i a l  contours,  determined from f l o a t i n g  p o t e n t i a l  d a t a  by 

the method ou t l ined  i n  Sec. B, t h e  corresponding cur ren t  con- 

tours f o r  quasi-steady opera t ion  a t  m a s s  flows o f  1.2 g/sec, 

5,9 g/sec, and 36.0 g/sec, and a  common cur ren t  of  17.5 kA. 

I n  add i t ion  t o  t h e  previous ly  observed e l e c t r i c  f i e l d  growth 

around lthe anode f o r  t h e  1.2 g/sec case (Fig. 8a) , it is  a l s o  

apparent t h a t  a g r e a t e r  p o r t i o n  of t h e  anode su r face  p a r t i c -  

ipates i n  t h e  cu r ren t  conduction a t  t h i s  underfed s i t u a t i o n .  

Star matched and overfed opera t ion  of t h e  a rc ,  where t h e r e  

i s  n e g l i g i b l e  e l e c t r i c  f i e l d  i n  t h e  plasma adjacent  t o  t h e  

anode f a l l  region, it must be presumed t h a t  t h e  requi red  anode 
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current e n t e r s  t h e  f a l l  region l a r g e l y  v i a  thermal e l e c t r o n  

d i f f u s i o n  from t h e  e q u i p o t e n t i a l  plasma, This  can be ve r i -  

fied by an elementary c a l c u l a t i o n  based on t h e  observed e lec-  

tron temperatures and d e n s i t i e s  i n  t h a t  region,  Assuming a  

Ma:meQl-Boltzmann d i s t r i b u t i o n  f o r  t h e  e l e c t r o n s  near t h e  

plasma boundary, t h e  e l e c t r o n  cur ren t  d e n s i t y  a t  t h i s  loca t ion  

due t o  thermal f l u x  is  sirnply 

F igures  9a ,b  compare t h i s  thermal f l u x  cur ren t  dens i ty ,  com- 

p*u-Led at: four  anode loca t ions  (Fig,  8) and two d i f f e r e n t  mass 

flow r a t e s ,  with t h e  a c t u a l  anode cur ren t  d e n s i t y  d i s t r i b u t i o n  

determir~ed from magnetic probe data .  The anode su r face  has 

been l i ~ n e a r i z e d  i n  t h e s e  diagrams, s o  t h a t  i n  going from l e f t  

t o  right one progresses  from t h e  i n s u l a t o r  wa l l  a t  t h e  back 

anode, around t h e  l i p ,  t o  t h e  f r o n t  face ,  The favorable  com- 

parison v e r i f i e s  t h a t  t h e  plasma i n  t h e  v i c i n i t y  of t h e  anode 

i s  s u f f i c i e n t l y  dense and thermally a c t i v e  so  t h a t  t h e  requi red  

discharge cur ren t  can be passed through it t o  t h e  anode without 

the  need f o r  l a r g e  l o c a l  e l e c t r i c  f i e l d s .  One may even specu- 

P a t e  t h a t  it is  t h i s  match of  ambient plasma condi t ions  t o  t h e  

discharge cur ren t  t h a t  i d e n t i f i e s  t h e  matched mass flow f o r  a  

given a r c  cu r ren t  operat ion,  although o t h e r  c r i t e r i a ,  such a s  

the  i d e n t i f i c a t i o n  of n  er dens i ty  flow with t h e  requi red  

are cur ren t ,  may a l s o  be re levant .  87 

k g r e t t a b l y ,  it has not been p o s s i b l e  t o  make t h e  same 

comparison f o r  t h e  underfed c o d i t i o n ,  .& = 1 . 2  g/sec, I n  t h i s  

case the e l e c t r o s t a t i c  and magnetic probe da ta  i n  t h e  v i c i n i t y  

of t he  anode a r e  exceedingly noisy and i r reproducib le ,  indica-  

tive of an unhappy domain of a r c  operat ion,  and it i s  there-  

fore impossible t o  de f ine  c h a r a c t e r i s t i c  values of t h e  plasma 

p r o p e r t i e s  and cur ren t  d e n s i t i e s  over most of t h e  anode su r face  

other than t o  i d e n t i f y  t h e  sizable e l e c t r i c  f i e l d  extending f a r  

from the anode sur face ,  and t h e  g r e a t e r  extension of t h e  cur- 

rent p a t t e r n  over t h e  su r face  region (Fig,  8a), I n  t h e  absence 

of better d a t a  a t  t h e  anode, t h e  following h m o t h e s i s  i s  
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advanced: A t  t h i s  low mass flow t h e  e l ec t ron  number dens i ty  

near the anode is lower than t h a t  demanded by t h e  thermal f l u x  
condition invoked above, presumably due t o  t h e  lower o v e r a l l  

density l eve l  i n  t h e  chamber. Hence, i n  order  t o  s a t i s f y  t h e  

c u r r e n t  demands a t  t h e  anode, the  a r c  e s t ab l i shes  an anode 

f i e l d  whose funct ion i s  t o  increase  t h e  e l ec t ron  f lux  a t  the  

anode t o  t h e  proper l eve l ,  and t h e  a r c  current  spreads i t s e l f  

over a l a r g e r  por t ion  of t h e  anode surface t o  a l l e v i a t e  some- 

w h a t  the l o c a l  demand f o r  e l ec t ron  f l u x  densi ty .  

It may be i n s t r u c t i v e  t o  d i s t ingu i sh  two means by which 

this anode region e l e c t r i c  f i e l d  may funct ion t o  accomplish t h e  

needed increase i n  e l ec t ron  f lux  t o  t h e  anode surface:  (a )  lo- 

cal r e s i s t i v e  heat ing of t h e  plasma t o  increase the  ioniza t ion  

level and/or t h e  e l ec t ron  temperature t o  t h e  po in t  where t h e  

thermal f lux  of e l ec t rons  again becomes adequate; (b) e l ec t ron  

conduction i n  t h e  p reva i l ing  f i e l d  of t h e  required magnitude 

$0 j u s t  compensate .for t h e  def iciency of thermal e l ec t ron  f l u x  

a t  this low dens i ty  s i t u a t i o n ,  Two elementary ca lcu la t ions  

estimate t h e  r e l a t i v e  ef fec t iveness  of these  two mechanisms. 

First, t h e  complete expression f o r  t h e  e l e c t r o n  f l u x  t o  

t h e  anode i s  derived by considering a  Maxwell-Boltzmann d i s t r i -  

bution t h a t  has been s h i f t e d  by t h e  d r i f t  ve loc i ty  of e l ec t rons  

towards the anode, ue, and in teg ra t ing  over one-half of t h e  ve- 
locity space; i . e . ,  over a l l  those e l ec t rons  moving towards t h e  

anode surface.  Taking t h e  x-direct ion perpendicular t o  t h e  

anode surface  t h i s  y ie lds  



where < = (8kTe/TTme)' i s  t h e  mean thermal v e l o c i t y  of t h e  

e l e c t r o n s ,  For t h e  high temperature plasmas t h a t  a r i s e  in 

discharges of t h i s  na ture ,  t h e  e l e c t r o n  thermal v e l o c i t i e s  

a r e  much g r e a t e r  than t h e i r  d r i f t  v e l o c i t i e s ,  hence 

u  2~~ 2kTe/m and u e c C  ce8 and t h e  lowest approximation t o  e  e  

je  i s  j u s t  t h e  expression used e a r l i e r  f o r  t h e  i so tkop le  

e l e c t r o n  d i s t r i b u t i o n ,  

Now l e t  ( A j,) and ( A je) de f ine  t h e  inc reases  in eke- 

t r o n  f l u x  t o  the  anode produced by r e s i s t i v e  hea t ing  o f  t h e  

plasma and by e l e c t r o n  conduction respec t ive ly ,  where 

The r e l a t i v e  importance of t h e  two terms i n  t h e  expressions 

f o r  ( A  je lR depends s t rong ly  on t h e  s t a t e  of  t h e  plasma under 

cons idera t ion ,  For exasnple, i f  t h e  plasma i s  only p a r t i a l l y  

ionized,  f u r t h e r  energy input  w i l l  increase  t h e  degree of 

ion iza t ion  with t h e  e l e c t r o n  temperature changing only slightly 

u n t i l  f u l l  i on iza t ion  i s  approached. Pf t h e  plasma i s  a h o s t  

completely ionized,  on t h e  o t h e r  hand, t h e  energy add i t ion  w i l l  

f i r s t  be r e f l e c t e d  by an increase  i n  t h e  e l e c t r o n  t e w e r a t u r e  

r a t h e r  than by t h e  onset  of  s u b s t a n t i a l  second i o n i z a t i o n  be- 

cause of t h e  high energy threshold  of  t h e  l a t t e r  process ,  Un- 

fo r tuna te ly ,  few d a t a  a r e  p r e s e n t l y  a v a i l a b l e  on t h e  ionization 

l e v e l s  i n  t h e  anode region of &he quasi-steady EllPD discharge,  

However, measurements of e l e c t r o n  temperature near  t h e  anode 

i n d i c a t e  t h a t  T does not  increase  i n  response t o  anode f i e l d  e 
development a t  underfed mass flows and, hence, t h e  second t e r m  

on t h e  r i g h t  of  Eq, (1-10) w i l l  be neglected,  

With reference t o  Eq. (1-91, t h e  requi red  d e r i v a t i v e s  



can be expressed: 

Again  employing u 44 2kTe/m t o  s impl i fy  t h e  above forms, a e e 
r a t i o  i s  es t ab l i shed  which compares t h e  r e l a t i v e  e f f e c t i v e n e s s  

of plasma hea t ing  and e l e c t r o n  conduction i n  terms of  r a i s i n g  

the e l e c t r o n  f l u x  a t  t h e  anode: 

where b.Ke i s  t h e  f r a c t i o n a l  increment i n  e l e c t r o n  d e n s i t y  and 

"Ge is  t h e  increment i n  e l e c t r o n  d r i f t  v e l o c i t y  perpendicular  

t o  the  anode normalized by t h e  e l e c t r o n  mean thermal ve loc i ty .  

The r e spec t ive  inc reases  i n  e l e c t r o n  number dens i ty  and 

electron d r i f t  ve loc i ty ,  Ane and Au,, must now be r e l a t e d  t o  

the  f i e l d  increase  a t  t h e  anode, AE,, by means of s u i t a b l e  

i o n i z a t i o n  and conduction models. F i r s t ,  cur rent  conduction 

i n  t he  anode region of t h e  discharge i s  probably t ensor  i n  

nature, with t h e  components of cu r ren t  p a r a l l e l  and perpen- 

dicular t o  t h e  anode f i e l d  given by j,, = d E a / ( l  + A:) and 

j, = 6 E /(1 + n2), where d is  t h e  s c a l a r  conduct iv i ty  e a e 
and t h e  e l e c t r o n  Ha l l  parameter. The perpendicular  cur- 

e 
r e n t  cobnponent l i e s  i n  t h e  r - z plane and is  d i r e c t e d  towards 

the  downstream por t ions  of t h e  anode. The increase  i n  e lec-  

tron d r i f t  v e l o c i t y  toward the  anode sur face ,  p a r a l l e l  t o  Ea, 

i n  response t o  t h e  anode f i e l d  increase,  A Ea, i s  



The r a t e  of  r e s i s t i v e  hea t ing  i n  t h e  anode f i e l d  region 
2 plasma i s  j u s t  j / 6 ,  A-9 where j i s  t h e  r e s u l t a n t  cu r ren t  

2 % d e n s i t y  given by j = d E a / ( l  + fi ) . Assuming t h a t  a l l  of e  
t h i s  energy goes i n t o  ion iza t ion  and i t s  i m e d i a t e l y  attendant 

processes ,  such as r a d i a t i o n  and e x c i t a t i o n ,  t h e  r a t e  of elec- 

t r o n  production i n  t h e  anode f i e l d  region may be expressed: 

3t 
where Vi i s  t h e  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  of  argon i n  t h e  

p r e v a i l i n g  env i roment ,  which i s  probably about twice the 

atomic i o n i z a t i o n  p o t e n t i a l .  A-10 TO compute an i o n i z a t i o n  in -  

crement. A n@, from Eq. (1-16) , w e  invoke a  t i m e  increment,. 

A t i 8  equal  t o  t h e  t r a n s i t  time f o r  e l e c t r o n  d r i f t  ac ross  the  

anode f i e l d  region;  i . e . ,  A t i  = da/ue where da i s  t h e  average 

th ickness  of t h e  anode f i e l d  region. Thus t h e  increase  i n  

er d e n s i t y  a t  t h e  anode due t o  r e s i s t i v e  heating 

of t h e  plasma becomes 

Using ue = j,,/n,e and Ea A Ea, t h i s  reduces t o  

S u b s t i t u t i n g  t h e  expressions f o r  Aue and An,, given by 

Eqs. I -  and 1 i n t o  Eq. (1-14) y i e l d s  t h e  following 

r a t i o  comparing t h e  e f f e c t i v e n e s s  of  r e s i s t i v e  hea t ing  and 

e l e c t r o n  conduction as means of s a t i s f y i n g  anode cur ren t  de- 

mands a t  t h e  underfed condi t ion,  



Using the S p i t z e r  value f o r  d '-I1 along wi th  t h e  appropr ia te  * 
nwmerieal values,  da = 2 cm, and V = 33 v,'-lO- t h e  r a t i o  be- i 
CORM3 S 

for ne in and Te i n  eV. 

With reference  t o  Fig. 8a, t h e  r e l a t i v e  i n d i c a t i o n  of cur- 

r e n t  and p o t e n t i a l  contours i n d i c a t e  t h a t  Ae " l a t  t h e  l i p  

region of t h e  anode, and from twin Langmuir probe d a t a  a t  t h e  

matched condi t ions ,  ne and Te i n  t h i s  region a r e  on t h e  order  

of and 1.5 eV r e spec t ive ly .  Thus, a t  t h e  important 

l i p  region  o f  t h e  anode, t h e  above r a t i o  becomes of o r d e r  uni ty ,  

implying t h a t  both processes  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  t h e  

increase i n  anode current .  It is perhaps s i g n i f i c a n t  t h a t  t h i s  

condition p r e v a i l s  when ne = 1: i.e., when the  c o l l i s i o n l e s s  

Hall cur ren t  and coll ision-dominated s c a l a r  c u r r e n t  c o n t r i b u t e  

equal ly  t o  t h e  t o t a l  a r c  cu r ren t  near  t h e  anode. 

E , Conclusions 

High-power, quasi-steady MPD a r c s  promise high s p e c i f i c  

impulse and high e f f i c i e n c y  plasma acce le ra t ion .  Cer ta in  re- 

sults of t h e  p resen t  s tudy speak d i r e c t l y  t o  t h e  high thermal 

efficiency p o t e n t i a l  of t h e s e  devices.  For example, an in- 

verse dependence of  anode f a l l  vol tage on l o c a l  anode cur ren t  

density i s  observed f o r  matched, quasi-steady a r c  opera t ion  a t  

current l e v e l s  o f  8.7, 17.5, and 42.0 kA and argon mass flow 

rates of 1.2, 5.9, and 36.0 g/sec. Using t h e  r e s u l t i n g  empir- 
3 i c a l  r e l a t i o n s h i p ,  Va = 1.5 x 10 /ja (volt/arnp/cm2), f r ac -  

tional anode pawer l o s s  i s  computed t o  decrease from over 50% 

t o  less than 110% as a r c  p u l s e  power inc reases  from 1 t o  10 

megawatts, 

Also, t h e  importance of  m a s s  flow r a t e  t o  t h e  s a t i s f a c t o r y  

operation of  t h e  quasi-steady MPD discharge,  i n  p a r t i c u l a r  t o  



t h e  a r c  behavior i n  t h e  anode region, i s  reaff i rmed.  For 

matched and overfed mss flows, t h e  discharge e l e c t r i c  fields 

a r e  s i g n i f i c a n t  only i n  t h e  m j o r  a c c e l e r a t i o n  region near 

t h e  cathode, and i n  a narrow f a l l  reg ion  adjacent  t o  the  

anode sur face ,  Mode cur ren t  conduction a t  t h e s e  condi t ions  

i s  accomplished l a r g e l y  by t h e  thermal e l e c t r o n  f l u  from the  

adjacent  a r e  plasma, I n  f a c t ,  t h e  a b i l i t y  of t h e  anode plasma 

t o  c a r r y  t h e  r e q u i s i t e  cu r ren t  by thermal f l u  appealrs t o  bear 

on t h e  s p e c i f i c a t i o n  of  t h e  matched mass flow f o r  a given arc 

cur ren t ,  

A t  underfed m a s s  flows, s u b s t a n t i a l  e l e c t r i c  f i e l d s  de- 

velop around the  anode i n  order  t o  augment anode cur ren t  con- 

duct ion from t h e  lower d e n s i t y  plasma. Calcula t ions  indicate 

t h a t  these  f i e l d s  r a i s e  t h e  e l e c t r o n  f l u x  a t  t h e  anode surface 

both by r e s i s t i v e  hea t ing  of  t h e  plasma, and by f ie ld-dri l ren 

e l e c t r o n  conduction, Since much o f  t h e  power deposijted Fxr 

t h i s  anode f i e l d  envelope probably i s  u l t i m a t e l y  t r a n s f e r r e d  

t o  t h e  anode sur face ,  decreased thermal e f f i c i e n c i e s  a t  under- 

fed  mass flows must be a n t i c i p a t e d ,  This,  combined with ob- 

se rva t ions  of  noisy a r c  operatiola and enhanced eros ion ,  rn- 

d i c a t e  a regime of opera t ion  t o  be avoided. 



XI. EWRGY rPEPOSITION I N  PA 
PLASP/LA ACCELERATORS ( D i  Capua) 

A. In t roduct ion  

I n  any magnetoplasmadynarnic a c c e l e r a t o r ,  t h e  i n i t i a l  

appor t ioment  of ilrrput power t o  t h e  k i n e t i c  and thermial modes 

of t h e  plasma bears  heav i ly  on t h e  o v e r a l l  e f f i c i e n c y  of t he  

a c c e l e r a t i o n  process ,  m i l e  some of t h e  thermal energy o f  

t h e  plasma may subsequently be converted t o  streaming kinetic 

energy by flow expansion downstream of t h e  discharge region, 

various i r r e v e r s i b l e  losses ,  such a s  hea t  t r a n s f e r  to! the  

e l ec t rodes  and o the r  sur faces ,  r a d i a t i o n ,  and frozen f l o w  ef- 

f e c t s  inva r i ab ly  t ake  a heavy t o l l  of  t h i s  e lec t ro thermal  con- 

vers ion ,  High-performance a c c e l e r a t o r s  t h e r e f o r e  shoiuld mini- 

mize t h e  f r a c t i o n  of  input  power i n i t i a l l y  de l ivered  t o  plasma 

heat ing  . 
A p a r a l l e l - p l a t e  acce le ra to rg7  i s  a p a r t i c u l a r l y  conven- 

i e n t  conf igura t ion  f o r  s tudy of t h i s  i n i t i a l  energy deposition 

r a t i o .  m i l e  r e t a i n i n g  t h e  e s s e n t i a l  f e a t u r e s  of  high-power, 

, s e l f - f i e l d  WD a c c e l e r a t o r s ,  i . e . ,  d i f f u s e   conduction^ o f  cur- 
7 2 r e n t  d e n s i t i e s  of t h e  order  of l o 6  - 10 ~ / m  through propel-  

l a n t  mass flows of  many grams/sec, t h i s  geometry m i n h i z e s  

domstream flow expansion and acce le ra t ion ,  thereby preserving 

t h e  i n i t i a l  energy depos i t ion  r a t i o  f o r  more convenient s tudy ,  

For example, t h e  downstream Mach n er, tJ.hich i s  one indicator 

of t h i s  r a t i o ,  changes l i t t l e  with d i s t ance  i n  t h i s  t p e  of 

acce le ra to r .  S imi lar ly ,  t h e  motional emf, whose r a t i o  t o  ter- 

minal vol tage i s  a l s o  a valuable  ind ica t ion  of  t h e  energy de- 

p o s i t i o n  r a t i o ,  i s  more r e a d i l y  assessed i n  t h i s  geometry, 



Thus, although t he  one-dimensional downstream channeling 

of the  flow c l e a r l y  must lower t he  t h r u s t  e f f i c i ency  of 

pa r a l l e l -p l a t e  acce le ra to r s  by precluding any s i g n i f i c a n t  

aerodynamic conversion, t h e i r  study improves our under- 

s t a n d i ~ ~ g  of c e r t a i n  mechanisms which a r e  e s s e n t i a l  t o  e f -  

fective operat ion of t h e  more promising coaxia l  MPD arcs .  

T h e  pa r a l l e l -p l a t e  accelerator ,  shown schematically i n  

F ig ,  10, i s  48-in, long and has a 6-in. x 2-in. c ross  sec t ion  

formed by two 5-in.-long aluminum e lec t rodes  followed by 

43-inemlong nylon p l a t e s ,  a l l  with Plexiglas  s i de  walls .  
97 

Axgon propel lant  i s  del ivered  through an interchangeable s e t  

of four ca l i b r a t ed  o r i f i c e s  a t  t h e  r e a r  of t h e  channel from a 

high pressure rese rvo i r  which is  es tabl ished by t he  s tagnat ion  

of the  flow i n  a shock tube of appropriate  geometry. lo3 This 

feed system can de l i ve r  a maximum of 100 g/sec i n t o  t h e  breech 

of the accelera tor .  The power source i s  a pulse-forming net- 

w o r k  of 0.040 A% impedance matched t o  t he  discharge load by 

an  e l e c t r o l y t i c  s e r i e s  r e s i s t o r l o 7  and i s  capable of de l iver-  

ing 100 kP, f o r  250 psec,  o r  27 kA for. 1 msec when charged t o  

7,2 kV, The switch i s  i t s e l f  a confined gas-triggered d i s -  

charge s f  a s i z e  and configurat ion capable of handling t he  

Barge power developed during t h e  pulse,  and i s  i n i t i a t e d  by 

flow from an a u x i l i a r y  adjus table  o r i f i c e  from t h e  mass-supply 

shock tslbe. The switch i s  normally timed t o  i n i t i a t e  t he  d i s -  

charge some 1.5 msec a f t e r  the  s t a r t  of gas i n j ec t i on  i n t o  t h e  

acce le ra to r ,  by which t i m e  a s teady flow has been es tab l i shed  

i n  the  channel upstream of  t h e  e lec t rode- insula tor  junction, 

a t  a pressure of  about 10 Torr. It then requires  about 60 

r see  a f t e r  discharge i n i t i a t i o n  f o r  t h e  current  p a t t e r n  t o  

stabilize a t  t h e  e lec t rode- insula tor  junction i n  t h e  charac- 

tsristid:: quasi-steady configurat ion (Fig. 11). 97 During t he  

i n i t i a t i o n  phase, some f r ac t i on  of t he  ambient gas i s  expelled 

dosffastream by a "snow-p1ow"process reminiscent of short-pulse 
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a c c e l e r a t o r  operat ion,  '' and some p o r t i o n  remains upstream 

of t h e  s t a b i l i z e d  discharge region  l a t e r  t o  provide i n l e t  

mass flow f o r  it. It i s  t h e  outflow from t h e  s t a b i l i z e d  d i s -  

charge which is  t h e  i n t e r e s t  of t h i s  study. 

Wedge-shaped a i r f o i l s  i n s e r t e d  i n  t h e  channel domstream 

of t h e  a r e  region confirm t h a t  quasi-steady opera t ion  of t h e  

a c c e l e r a t o r  has been achieved, and provide an es t ima te  of t h e  

flow Mach pa e r ,  W t y p i c a l  photograph of bow shock waves 

formed on a wedge 1-in. wide, s l i g h t l y  inc l ined  t o  t h e  flow 

8-in. dwnstream from t h e  e l ec t rode  i n s u l a t o r  junct ion i n  t h e  

midplane of t h e  channel i s  shown i n  Fig. 12. The pho.$ograph 

was taken on Polaroid Type 52 f i lm with a conventional camera 

through a 5 psec  & r r - c e l l  s h u t t e r  delayed 150 p s e c  a . f te r  dis- 

charge i n i t i a t i o n .  The shock angles  observed on a sequence 

of such photographs a r e  found t o  be constant  over a large 

f r a c t i o n  of t h e  cu r ren t  pulse ,  ind ica t ing  t h a t  quasi-steady 

flow indeed p r e v a i l s .  I f  t h e  e f f e c t i v e  s p e c i f i c  hea t  r a t i o  

of t h e  plasma, 7 , were known, one such photograph should 

s u f f i c e  t o  determine t h e  Mach number of  t h e  flow. S ince  

is  not  know a p r i o r i ,  wedges of s e v e r a l  d i f f e r e n t  angles  

have been used i n  order  t o  es t imate  both ? and M. Figu re  13 

shows indica ted  Mach n er a s  a funct ion  of observed deflec- 

t i o n  angle f o r  a c c e l e r a t o r  opera t ion  a t  93 kA, 48 g/sec, for  

var ious assumed values of r r a n g i n g  from 1.3 t o  1.7. Since 

e r  should be a constant  f o r  wedge angles  up t o  

t h e  maximum d e f l e c t i o n  angle of t h e  flow, t h e  accepted Maeh 

e r  is c lose  t o  2 with an e f f e c t i v e  r of t h e  plasma be- 

tween 1.3 and 1,4,  

Figure 14 s h m s  t h e  Maeh n 

f o r  var ious c u r r e n t s  i n  t h e  range of  50 t o  100 kA f o r  two d i f -  

f e r e n t  input  mass flows. Within experimental  accuracy,  t h e  

e r  f o r  24 g/sec input  mass flow remains approximately 

constant  a t  a value of 1.9 2 0.1 while f o r  96 g/sec i t s  va lue  

i s  2.1 2 0 , l .  
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MACH NUMBER AS FUNCTION OF DEFLECTION ANGLE 
FIGURE 13 
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To ob ta in  t h e  quasi-steady current-vol tage character- ,  

i s t i c s  of t h e  acce le ra to r ,  it i s  necessary t o  a s c e r t a i n  tha t  

a l l  induct ive  components of t h e  te rminal  vol tage  assoc ia ted  

with propagation of t h e  discharge cur ren t  d i s t r i b u t i o n s  have 

subsided t o  n e g l i g i b l e  value. One vol tage probe, VM, i s  eon- 

nected downstream of t h e  cu r ren t  d i s t r i b u t i o n ,  a s  shoivn in 

Fig, 10, s o  t h a t  the  c i r c u i t  composed of t h e  probe and dis- 

charge l i n k s  no magnetic f lux .  This probe thus  records t he  

sum of t h e  r e s i s t i v e  vol tage drop and motional emf ac:rnross t h e  

acce le ra to r .  m y  induct ive  vol tage assoc ia ted  with a t i m e  

d e r i v a t i v e  of t h e  t o t a l  discharge cur ren t ,  o r  with a motion 

of t h e  cu r ren t  d i s t r i b u t i o n ,  i s  monitored with a vol tage probe 

connected t o  a ""D" h o p .  This  c o n s i s t s  of one t u r n  of wire, 

i n su la ted  from t h e  e l ec t rodes  and fastened along t h e  edge of 

t h e  channel s idewall .  The c i r c u i t ,  formed i n  a plane perpen- 

d i c u l a r  t o  t h e  plane of t h e  e l ec t rodes ,  encloses  t h e  same 

magnetic f l u  a s  t h e  acce le ra to r .  

A t m i c a l  s h u l t a n e o u s  record of cu r ren t  J, downstream 

vol tage VM, and induct ive  vol tage % taken a t  t h e  89 m- 
96 g/sec opera t ing  condi t ion  is  shorn i n  Fig. 15. T h e  cur- 

r e n t  remains constant  over a l a rge  f r a c t i o n  of t h e  pcblse, 

The induct ive vol tage drops t o  l e s s  than  10 V some 60 r s e c  

a f t e r  pu l se  i n i t i a t i o n ,  ind ica t ing  t h a t  gross  motions of t h e  

cu r ren t  d i s t r i b u t i o n  have subsided. A t  a p p r o x b a t e l y  t h e  same 

time, t h e  downstream vol tage,  VM, achieves a p la t eau  which 

l a s t s  140 p s e e ,  i n d i c a t i n g  a quasi-steady regime of csperatio~,  

The measured p la teau  i n  t h e  downstream voltage.  VM, as 

a funct ion of discharge eur ren t ,  f o r  t h r e e  d i f f e r e n t  input 

mass flows i s  presented i n  Fig, 16. Note t h a t  t h e  vol tage 

i s  near ly  l i n e a r  wi th  eu r ren t  f o r  a given input  mass f l o w ,  

and t h a t  t h e  s lope  of t h e  current-vol tage c h a r a c t e r i s t i c  in -  

c reases  with decreasing mass flow. To i n t e r p r e t  these  char- 

a c t e r i s t i c s  f u r t h e r ,  it is  necessary t o  determine the v e l o c i t y  

of  t h e  plasma i n  t h e  a c c e l e r a t o r ,  
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Measurement of plasma v e l o c i t y  downstream of t h e  acce l -  

eration zone i s  d e s i r a b l e  f o r  s e v e r a l  purposes: ( a )  it par- 

ti6:ipates d i r e c t l y  i n  any momentum balance c a l c u l a t i o n ;  (b)  

it complements cons t ruc t ive ly  t h e  Mach number observat ions,  

(el it i.s needed t o  compute t h e  motional emf; and (d) it is  

the  most i n t e r e s t i n g  proper ty  from a propuls ion  s tandpoint .  

O f  t h e  var ious methods a v a i l a b l e  f o r  v e l o c i t y  measurement, 

a standard Doppler-shift  technique has been employed because 

sf i t s  s impl ic i ty ,  and i t s  r e l a t i o n  t o  t h e  temperature measure- 

ment discussed below. 

The experimental  arrangement compares o p t i c a l  s p e c t r a  

observedl along two l i n e s  of  s i g h t  through a common p o i n t  i n  

the plasma, one of which makes an angle  of 51° with t h e  flow 

d i r e c t i o n ,  and t h e  o the r  of which makes an angle  of r- 51°. 

Each beam i l lumina tes  one-half of  t h e  ent rance  s l i t  of a 

Steinheil GI3 g l a s s  prism spectrograph of l i n e a r  d i spe r s ion  

from 5.4 t o  40 8/mm over t h e  range 4300 8 t o  6600 8. The 

plasma region observed corresponds roughly t o  t h e  l o c a t i o n  of 

t h e  a i r f o i l  shown i n  Fig. 12, i . e . ,  about 8 in.  downstream of 

the  e l ec t rode- insu la to r  junction. The r e s u l t i n g  s p e c t r a  a r e  

photographed with open s h u t t e r ,  and t h e r e f o r e  represent  an 

in teg ra ted  record of  t h e  discharge over t h e  f u l l  length o f  t h e  

pulse, However, s i n c e  it was found i n  t h e  course of t h e  photo- 

graphic observat ion of t h e  flow t h a t  t h e  maximum radiance oc- 

curs dur ing  t h e  quasi-steady p o r t i o n  of t h e  pulse ,  it i s  pre- 

sumed t h a t  t h e  measured Doppler s h i f t s  correspond t o  a c t u a l  

v e l o c i t i e s  during quasi-steady operat ion.  The v e l o c i t i e s  de- 

texsmined i n  t h i s  way a r e  p l o t t e d  a s  a funct ion  of cu r ren t  f o r  

t h e  24 g/sec and t h e  96 g/sec input  mass flows i n  Figs. 17 

and 18 respect ive ly .  Each p o i n t  r ep resen t s  t h e  average of t h e  

velocities obtained from t h e  4348.11 8 A I I ,  4401.02 8 A I I ,  and 

4426.01 8 A11 l i n e s .  A l l  of t h e  averaged values a r e  contained 

within the  e r r o r  bars .  The v e l o c i t i e s  a r e  seen t o  increase  

with cur ren t  f o r  a given input  mass flow, and t o  decrease with 







increas ing  mass flow f o r  a given cur ren t .  The maximm ve- 

l o c i t y  observed i s  l o 4  m/sec, f o r  t h e  104 kA, 24 g/sec op- 

e r a t i n g  condi t ion.  The minimum v e l o c i t y  i s  4 x lo3 d s e c  

f o r  t h e  59 kA, 96 g/sec condi t ion.  

F, Temperature Measurements 

To cornpare t h e  measured plasma v e l o c i t y  with t h e  Mach 

e r  da ta ,  it is  necessary t o  es t imate  t h e  l o c a l  sound 

speed i n  t h e  plasma. I f  t h e  plasma can be t r e a t e d  as an 

i d e a l  gas,  a measurement of t h e  temperature,  coupled with 

previous ly  d e t e m i n e d  value of 4/ should s u f f i c e  t o  calcu-. 

l a t e  t h e  sound speed, To t h i s  end, a Fabry-Perot in-kerfex-- 

ometer was introduced i n  t h e  o p t i c a l  pa th  j u s t  i n  f r o n t  of 

t h e  ob jec t  l ens  of t h e  spectrograph. The in ter ferometer  

spreads t h e  i n t e n s i t y  d i s t r i b u t i o n  of  each s p e c t r a l  line in-  

t o  a system of concent r ic  r i n g s  which a r e  imaged on t h e  en- 

t r ance  s l i t  of t h e  spectrograph. The temperature ma:y then 

be ca lcu la ted  from t h e  rad ius  and half-width of t h e  r i n g s  re- 

corded on photographic f i lm,  Temperatures obtaiiled f r o m  

t h e  4401.02 2 A I I  and t h e  4426.01 8 A I I  l i n e s  observed i n  t h e  

midplane a r e  p l o t t e d  a s  a funct ion  of  cu r ren t  i n  F igs ,  19 and 

20 f o r  t h e  24 and 96 g/sec input  mass flows, The temperatures 

appear t o  increase  with cu r ren t  a t  a f ixed  mass flow, and to 

decrease with increased mass flow a t  f ixed  cur ren t ,  The 

h ighes t  temperature observed is  about 10' OK, f o r  t h e  104 icA, 
4 24 g/sec opera t ing  condi t ion,  while  t h e  lowest i s  3 x 10 K, 

corresponding t o  t h e  74  kA, 96 g/sec opera t ing  condi t ion ,  

Q. I n t e r p r e t a t i o n  

Relat ion of t h e  elements of d a t a  descr ibed above to t he  

c e n t r a l  i n t e r e s t  of  t h e  study--the energy depos i t ion  ra t io - -  

can be attempted i n  s e v e r a l  ways, but  each of these  must  view 

t h e  problem i n  a te rminal  o r  "black box" £ashion. W e  have 







i n s u f f i c i e n t  knowledge of  t h e  d e t a i l e d  s t r u c t u r e  of t h e  

field, cur ren t ,  mass flow, and thermodynamic p a t t e r n s  wi th in  

t h e  discharge region  t o  attempt any a n a l y s i s  of t h i s  acce l -  

eration zone, and such formulation would doubt less  become in- 

tolerably complex even i f  t h e  i n t e r i o r  d a t a  were ava i l ab le .  

mther, t h e  arguments s h a l l  be based s o l e l y  on observed prop- 

erties of t h e  flow i n t o  and out  of t h e  a c c e l e r a t i o n  zone, and 

on t h e  te rminal  e l e c t r i c a l  parameters of t h e  a c c e l e r a t o r .  

Even on t h i s  b a s i s ,  s e v e r a l  complications a r e  involved i n  

translating t h e  experimental  d a t a  i n t o  t h e  des i red  informa- 

tion, assoc ia ted  with t h e  complex nonequilibrium s t a t e  of t h e  

working f l u i d ,  and wi th  t h e  in t roduc t ion  of  spurious mass i n t o  

the  f l o w  through e l e c t r o d e  and i n s u l a t o r  erosion.  To keep 

track of such e f f e c t s ,  it is b e s t  t o  proceed r a t h e r  de l ibe r -  

ately via t h e  conservat ion r e l a t i o n s .  

The one-dimengional momentum equat ion can be w r i t t e n  i n  

the  jmp form 

where F = p u  = r b / ~  is  t h e  mass flow p e r  u n i t  a rea ,  u  and ul 

are t h e  downstream and upstream v e l o c i t i e s ,  p  and pl t h e  cor- 

responding s t a t i c  p ressu res  and B i s  t h e  upstream magnetic 1 
f i e i d  and i s  r e l a t e d  t o  t h e  t o t a l  a r c  cu r ren t  J by amperes 

law: 61 

with w t h e  width of t h e  a c c e l e r a t o r  channel. Viscous fo rces  

have been omitted from t h e  momentum equat ion on t h e  b a s i s  of 

t h e  observed n e g l i g i b l e  downstream dece le ra t ion  and an e l e -  

mentary sk in  f r i c t i o n  ca lcu la t ion .  Henceforth we a l s o  s h a l l  

neqrlect pl, which has been measured t o  be about 10 Torr,  and 

u- which i s  a t  b e s t  sonic  a t  room temperature. 
6 

D o m s t r e a  pressure ,  p, has not been measured, bu t  is  



c a l c u l a t e d  from t h e  measured temperature and known m a s s  %Low 

using an empir ica l  equat ion of  s t a t e .  Our b e s t  experimental  

ind ica t ions  a r e  t h a t  t h e  downstream plasma i s  e s s e n t i a l l y  

f u l l y  ( s ing ly )  ionized,  and t h a t  t h e  e l e c t r o n  temperature i s  

about 1.5 eV. We thus  wr i t e :  

where p  i s  t h e  t o t a l  pressure ,  n = n = n i s  t h e  heavy par- i e  
t i c l e  of  f r e e  e l e c t r o n  dens i ty ,  a l t e r n a t i v e l y ,  computed f r o m  

t h e  known mass flow and measured ve loc i ty ,  and Ti =" T are e 
t h e  measured ion  and e l e c t r o n  temperatures r e spec t ive ly .  

Table 11-1 assembles var ious p r o p e r t i e s  of t h e  domstream 

flows f o r  s e v e r a l  opera t ing  condi t ions,  and a l s o  displays t h e  

r e s u l t s  of o t h e r  subs id ia ry  c a l c u l a t i o n s  discussed beLow. 

Table 11-1. Momentum ~ a l a r k e  



The column labeled  M /M compares a Mach number, M 
2 P P' computed a s  ( p u  / Ip)' ,  t o  t h e  Mach number e x t r a c t e d  from 

J 

the  wedge shock angles ,  and serves  merely t o  i n d i c a t e  t h e  

level of consis tency of t h e  ve loc i ty ,  temperature,  and Mach 

er da ta  wi th in  t h e  framework of t h e  assumed equat ion of 

state, It i s  tempting t o  regard t h e  r a t i o  of downstream 

pressure, p, t o  t h e  i n e r t i a l  term, Fu, a s  an index of  t h e  

thermal d i s s i p a t i o n  c f  t h e  a c c e l e r a t o r ,  but  because of t h e  

complex s t a t e  of t h e  flow t h i s  assessment must be de fe r red  

u n t i :  t h e  energy r e l a t i o n  i s  considered. What must be d e a l t  

w i t h  nere is  t h e  evident  discrepancy between Fu + p and t h e  
2 

d r i v i n g  magnetic body fo rce  B /2p. The c l u e  t o  t h i s  problem 

 roba ably l i e s  i n  t h e  increase  i n  t h e  s i z e  of t h e  discrepancy 

as  the r a t i o  of cu r ren t  t o  mass flow inc reases ,  which i s  re-  

miniscent of t h e  tendency of conventional MPD a r c s  t o  a b l a t e  

i n s u l a t o r  and e l e c t r o d e  mate r i a l ,  o r  t o  re - inges t  background 

gas when t h e i r  e x t e r n a l  mass supply drops below a c r i t i c a l  

or ""matched" value. We be l i eve  t h e  p a r a l l e l - p l a t e  device 

i s  p a r t i c u l a r l y  vulnerable  t o  such involvement of spurious 

m a s s  because of t h e  r e l a t i v e l y  l a r g e  r a t i o  of e l ec t rode  sur-  

face a rea  t o  channel c ross  sec t ion ,  t h e  high downstream pres-  

sure i n  t h e  confined channel, and t h e  l a rge  r e s e r v o i r  of gas  

trapped i n  t h e  e l e c t r o d e  gap a t  t h e  time of  discharge i n i t i -  

ation, The column labeled  i6 i s  a c a l c u l a t i o n  of t h e  mass 
P 

f l o w  from a l l  sources t h a t  would j u s t  balance t h e  momentum 

equation. Note t h a t  t h i s  " e f f e c t i v e  mass" v a r i e s  with t h e  

discharge cur ren t  i n  much t h e  same manner a s  t h e  empir ica l  

r e l a t i o n  f o r  c r i t i c a l  mass flow i n  an MPD a rc ,  i .e. ,  

i k -  2 101,A-13 
P 

J .  

Leaving t h i s  mat ter  f o r  t h e  moment, we t u r n  t o  t h e  one- 

dimensional energy equat ion i n  t h e  form 

where h is  t h e  plasma enthalpy, V t h e  t o t a l  vol tage drop 



ac ross  t h e  discharge,  and Pr and Pe account f o r  power losses 

t o  r a d i a t i o n  and t o  t h e  e l ec t rodes  r e spec t ive ly .  Tlne i n l e t  

k i n e t i c  energy i s  again q u i t e  n e g l i g i b l e ,  and t h e  e~nthalpy 

change i s  evaluated on a two-fluid approximation: 
10.3 

where, a s  before,  t h e  e l e c t r o n  temperature which i s  pres~lrned 

t o  e s t a b l i s h  t h e  i o n i z a t i o n  l e v e l  i s  s e t  a t  1-55 eV, The f i rs t  

term may be read from a Moll ier  c h a r t ,  t h e  second i s  eva:i!uated 

d i r e c t l y  f o r  each observed value of ion  temperature,  N o  direct 

measurements of r a d i a t i o n  l o s s  o r  hea t  t r a n s f e r  t o  the  eLee- 

t rodes  have been made i n  t h i s  a c c e l e r a t o r .  I n  a coaxia l  MPD 

a c c e l e r a t o r  of comparable s i z e  and range of  opera t ion  it 

appears t h a t  t h e  r a d i a t i o n  l o s s  i s  a few percent  sf the  

t o t a l  input  power, and t h a t  t h e  anode and cathode falls 

a r e  about 10 and 20 V, r e spec t ive ly .  106'u5 Based on these 

analogies ,  we es t imate  t h a t  somewhere between 10% and 2C% of 

t h e  input  power i s  l o s t  t o  r ~ d i a t i o n  and t o  t h e  e l ec t rodes ,  

and f o r  t h e  following e s t h a t e s  an empir ica l  f a c t o r  a== C : Y , 8 5  

i s  used t o  denote t h e  f r a c t i o n  of input p w e r  a v a i l a b l e  to 

t h e  flow. 

Table 11-2 d i sp lays  t h e  var ious components of the  eriergy 
2 equation. along with t h e  r a t i o  (u / 2 )  / (h  - hl) , w h i c h  i s  ou r  

f i r s t  t r u e  ind ica t ion  of t h e  energy depos i t ion  r a t i o ,  A l s o  

included i n  t h e  t a b l e  i s  a c a l c u l a t i o n  of  t h e  mot ior~al  emf 

i n  t h e  form 

where Bl is  t h e  upstream magnetic f i e l d ,  u i s  t h e  dobvnstream 

ve loc i ty ,  s is  t h e  i n t e r e l e c t r o d e  gap, and Q i s  a nondhen- 

s i o n a l  f a c t o r  a s soc ia ted  with t h e  p r o f i l e  of u and B across 

t h e  cu r ren t  d i s t r i b u t i o n ,  which can be shown t o  be roughly 



sne-quarter f o r  any reasonable cases .  '17 The comparison of 
2 

(V ) / ( cCV - vuB) with (u  /2) / (h  - hl) lends some c r e d i b i l i t y  uB 
t o  both cal.eu1ations. 

Table 11-2. Energy Balance 

24 24 24 96 

;again t h e r e  appears a s u b s t a n t i a l  discrepancy i n  t h e  over- 

all balance, i n  t h i s  case between t h e  t o t a l  input  power t o  t h e  

f l o w ,  R V J J ~ ,  and t h a t  accountable i n  t h e  sum of k i n e t i c  energy, 



u2/2, and enthalpy,  h - hl. This  again suggests  t h z t  t k e  ac- 

c e l e r a t o r  i s  employing considerable  spurious mass, The col- 

umn labeled  \ denotes t h e  t o t a l  mass flow from all sources 

t h a t  would j u s t  balance t h e  energy equation. Note again that 
2 t hese  values s c a l e  roughly a s  J , and t h a t  t h e i r  magnitude i s  

comparable with t h e  c a l c u l a t i o n  of b from t h e  momentw baE- 
P 

ance. I d e a l l y ,  one m u l d  l i k e  t o  opera te  t h i s  accelerator i n  

a regime where t h e  i n j e c t e d  mass flow was adequate t o  m a t c h  

t h e  a r c  cu r ren t  on t h e  indica ted  s c a l e ,  but  a t  present vari- 

ous experimental  l h i t a t i o n s  preclude t h i s ,  Indeed, t he  

o r i g i n a l  experiments were just so  designed, but  on the  basis  

of t h e  matching c r i t e r i o n  experienced f o r  coax ia l  MEiD ares, 
-2 2 2 h 3 2 x l 0  J gm/see-kA , r a t h e r  than  t h a t  ind ica ted  by 

---2 J2 
t h e  above e x p e r h e n t s  f o r  t h i s  a c c e l e r a t o r ,  i% 3 3-5 x 10 

2 gm/sec-kA a 

&turning  t o  t h e  energy depos i t ion  a s  ind ica ted  by e i the r  
2 of t h e  measured r a t i o s  (u /2) / ( h  - hl) o r  (VuBl /'( l7 - VuB) 

we conclude t h a t  t h e  discharge i t s e l f  imparts l e s s  energy .to 

t h e  flow by d i r e c t  body-force a c c e l e r a t i o n  than  by resistive 

heat ing.  I n  t h e  absence of domstream expansion, this i n -  

e v i t a b l y  p r e d i c a t e s  r a t h e r  low exhaust speeds and high down- 

stream pressures  and temperatures,  as observed, CocverseLy, 

it seems reasonable t o  i n f e r  t h a t  t h e  comparatively blgh ex- 

haust  speeds found i n  conventional W D  a r c s  of t h e  sane power 

must be der ived i n  s u b s t a n t i a l  p a r t  from e lec t ro thermal  con- 

vers ion  from t h e  high enthalpy a r c  plasma, via the downstream 

expansion permit ted i n  t h a t  geometry. 



III, S E U C T B O N  OF PRO6 S I N  P R O G m S S  

Previous spectroscopic s t u d i e s  of t h e  e l e c t r o n  density pat- 

kerns throughout a quasi-steady W D  a r c  discharge a t  17-5 kA x 1 

msec x 5 - 9  gm/see argon mass flow 103'107 have been extended t o  

y i e l d  ion temperatures and flow v e l o c i t i e s  i n  t h e  exhaust plume, 

Again t h e  d a t a  have been recorded without a t tempt  a t  t i m e  resolu- 

t i o n ,  based on two a p r i o r i  evidences of t h e  quasi-steady nature 

of t h e  o p t i c a l  phenomena: 

1, The t h e - r e s o l v e d  s i g n a l  from an i n d i c a t o r  of t h e  

emit ted r a d i a t i o n  i s  found t o  be constant  over 600 psec of t h e  

900 psec  cur ren t  pu l se  (Fig.  211, 

2, The p a t t e r n s  of co lo r  and t h e  l e v e l  of radiance recorded 

i n  f6err-cell photographs o f  t h e  a r c  discharge s t a y  constant over 

almost the  e n t i r e  dura t ion  of t h e  cu r ren t  pu l se ,  

The method of temperature measurement t akes  advantage of 

t h e  high s p e c t r a l  r e s o l u t i o n  of a Fabry-Perot in ter ferometer  to 

obta in  t h e  width of var ious l i n e s  of  A I I  and. C I I I  w h i c l ~  are present 

i n  t h e  spectrum. The experimental  arrangement d i f f e r s  from that 

described i n  t h e  use of an in te r im image of t h e  cb- 

j e c t  space by an a d d i t i o n a l  l ens  (Fig,  221, A t ~ i c a l  spectro- 

gram of  t h e  a x i a l  region 1 ern upstream of t h e  anode i s  show1 i n  

Fig. 2 3 ,  Ion t e w e r a t u r e s  thus  determined by observat ion of a 

p ro jec ted  a rea  of 0.65-cm height  by 0-05-cm width on t he  dis- 

charge a x i s  a t  four  a x i a l  s t a t i o n s  a r e  noted on Fig,  24, Each 

temperature po in t  is  t h e  average of  determinat ions frarn t w o  t o  

e i g h t  s p e c t r a l  l i n e s  of widely d i f f e r e n t  wavelengths, The magni- 
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t u d e  of t h e s e  temperatures i s  of i n t e r e s t ,  i n  t h e  f i r s t  ins tance ,  

as an ind ica t ion  of t h e  f r a c t i o n  of  t h e  input  energy which i s  

initially deposi ted i n  t h e  random thermal energy of  t h e  flow, 

compared t o  i t s  eventua l  organized streaming energy. Further ,  

t h e  ax ia l  p r o f i l e  of  these  temperatures o f f e r s  some i n d i c a t i o n  of  

the thermodynamic conversion i n  t h e  exhaust process.  I n  t h i s  case 

we note a r e l a x a t i o n  of temperature from about 40 eV near  t h e  

cathode tip, t o  less than  10 eV downstream of t h e  anode o r i f i c e ,  

where we know from v e l o c i t y  measurements t h a t  t h e  streaming k i -  

netic energy i s  of t h e  order  of  100 eV. 

One fiorm of v e l o c i t y  measurement employs d i r e c t  observat ion 

of the  Doppler s h i f t  of  se lec ted  s p e c t r a l  l i n e s ,  When t h e  r ad i -  

ating ob jec t  of a spectroscopic observat ion has a s i g n i f i c a n t  

component of v e l o c i t y  along t h e  l i n e  o f  s i g h t ,  t h e  observed £re- 

quencies w i l l  be s h i f t e d  i n  propor t ion  t o  t h e  flow v e l o c i t y  and 

can t h u s  be d i r e c t l y  read from t h e  spectrogram. The experimental  

arrangement used t o  e x p l o i t  t h i s  e f f e c t  i s  shown schematical ly  i n  

F ig ,  25,  The enlargement of  a p o r t i o n  o f  a t y p i c a l  record ob- 

tained with a s l i t  width of  1.25 x cm (0.073 x) i s  shown i n  

Zig, 26, One upper h a l f  o f  t h e  spectrogram conta ins  t h e  unsh i f t ed  

l i n e ;  the lower h a l f  t h e  Doppler-shifted l i n e ,  Observed s h i f t s  

range f r o m  0.17 g f o r  A 1 1  l i n e s  t o  a s  much a s  0.43 f o r  011, com- 

pared t o  l i n e  widths o f  about 0.2 8. Since a l l  e m i t t e r s  along 

the  line of s i g h t  con t r ibu te  t o  t h e  l i n e  image, t h e  l i n e  shape 

may be d i s t o r t e d  by con t r ibu t ions  from e m i t t e r s  moving a t  d i f -  

ferent v e l o c i t i e s ,  a t  o the r  than t h e  des i red  ob jec t  p o r t i o n  of 

the diseha.rge. The reduct ion  of  such s p e c t r a l  records  t o  y i e l d  

axial v e l o c i t y  p r o f i l e s  with r ad ius  c l e a r l y  r e q u i r e s  knowledge 

of in teg ra ted  radiance ac ross  t h e  e n t i r e  exhaust beam. The curved 

spectral l i n e s  produced by t h i s  p a r t i c u l a r  pr ism spectrograph do 

not lend themselves t o  unfolding of t h i s  s o r t ,  and hence only ap- 

proximate values of  even t h e  a x i a l  v e l o c i t i e s  can be deduced from 

the  s h i f t s ,  The r e s u l t s ,  shown i n  Fig. 24, d i s p l a y  a s i z e a b l e  

discrepancy between t h e  argon v e l o c i t i e s  and those  of impur i t i e s  

l i k e  oxygen, While t h i s  i s  by no means y e t  understood, it may be 

speculated t h a t  flow of  such p a r t i c l e s  i s  confined t o  a region 
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around t h e  ax i s .  I f  so, t h e i r  measured l i n e  s h i f t s  would be 

l e s s  suscep t ib le  t o  reduct ion by inc lus ion  i n  t h e  l i n e  of sight 

of slower v e l o c i t y  r a d i a t o r s  from t h e  o u t e r  p o r t i o n  of the 

plume. That is ,  t h e  plume may have a high-veloci ty  core,  of 

whose speed t h e  impur i t i e s  a r e  t h e  b e s t  i n d i c a t o r s ,  

To explore  t h e  a p p l i c a b i l i t y  of MHD jump r e l a t i o n s  1°3 to 

t h e  a c c e l e r a t i o n  zone of  our IvlZ>B a r c s ,  it i s  d e s i r a b l e  t o  ob- 

t a i n  d a t a  on t h r e e  p r o p e r t i e s  he re to fo re  not s tud ied ,  I n  order  

of d i f f i c u l t y  these  a r e  t h t  t o t a l  r a d i a t i o n  energy l o s s ,  t h e  dy- 

namic pressure  p r o f i l e  i n  t h e  j e t ,  and t h e  ch p ressu re  up-. 

stream of  t h e  a rc .  mowledge of  these ,  c o d i n e d  wi th  previoals 

d a t a  on o t h e r  downstream flow p r o p e r t i e s  and te rminal  parameters, 

should completely specify--indeed overspecify--the jump condi- 

t i o n s ,  This redundancy i s  a c t u a l l y  d e s i r a b l e  t o  guard against 

cumulative e f f e c t s  of many small  e r r o r s  i n  t h e  measusables, and 

t o  check t h e  i n i t i a l  assumption of t h e  model, 

The r a d i a t i o n  l o s s  has  now been est imated by recording t h e  

inc ident  f l u x  on an EG&G Model 560 Eite-Mike which has been ab- 

s o l u t e l y  c a l i b r a t e d  ( see  Fig. 27a). Assuming s p h e r i c a l  symet ry  

and neglec t ing  t h e  s e n s i t i v i t y  decay of t h e  l i te-mike a t  wave- 

lengths  f a r  from i t s  opt imm of  0.8 r, t h e  ind ica ted  r a d i a t i o n  

l o s s  from t h e  plasma i s  a t  t h e  r a t e  of 3 x 1 0 ~  W o r  about 1% o f  

t h e  t o t a l  appl ied  power, Correct ion f o r  t h e  s p e c t r a l  sensitivity 

p r o f i l e  of t h e  i n s t r m e n t  w i l l  r a i s e  t h i s  es t imate  somewhat, A t  

p resent ,  a l o w  d i spe r s ion  monochrometer i s  being used t o  deter- 

mine t h e  s p e c t r a l  d i s t r i b u t i o n  o f  energy i n  t h e  v i s i b l e  range, 

This,  toge the r  with t h e  l i te-mike wavelength v i a  s e n s i t ~ ~ v i t l i  

c a l i b r a t i o n  w i l l  al low t h e  r a d i a t e d  energy i n  t h e  visibl!e to be 

ca lcu la ted  more p rec i se ly ,  

Prel iminary values of  t h e  dynamic pressure  i n  t h e  jet have 

now been obtained with pressure probes of t h e  tyrse developed 

here  by York. 7 2 f  82' lo2 Thermal, e l e c t r o s t a t i c ,  induced EMF. and 
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acous t i c  noise  have s o  f a r  complicated e f f o r t s  t o  ob ta in  pre- 

c i s e  dynamic p ressu re  h i s t o r i e s  f o r  a sec  pulse ,  but some 

r e s u l t s  have been obtained. The i n i t i a l  p l a t e a u  on t h e  l o w e r  
2 

t r a c e  of Fig. 27b i n d i c a t e s  a dynamic pressure  of  '"" 3200 ~t1-w , 
which compares w e l l  wi th  t h e  value of  4250 ~ t / m ~  ca lcu la ted  from 

o t h e r  d a t a  on downstream v e l o c i t y  and dens i ty .  Moving t h e  probe 

t o  d i f f e r e n t  a x i a l  loca t ions  changes t h e  t i m e  l o c a t i o n  of t he  

p la teau  i n  agreement with t h e  v e l o c i t y  probe i n d i c a t i o n  of the  

a r r i v a l  of t h e  plasma, confirming t h a t  t h e  p ressu re  probe reacts 

t o  t h e  plasma, not noise ,  i n  t h i s  p o r t i o n  of t h e  flow, Unfortu- 

na te ly ,  subsequent behavior, a s  ind ica ted  on t h e  upper trace of 

Fig,  27b i s  completely unreasonable, i n d i c a t i n g  t h a t  a t  these 

l a t e r  t imes noise  problems do a r i s e ,  o r  t h e  probe ceases  t o  re- 

spond proper ly  t o  t h e  flow f o r  o t h e r  reasons.  

A new type of p ressu re  probe has  been constructed t o  reduce 

t h e  noise  p i c k  up a t  some expense of response time. This  probe 

c o n s i s t s  of a d i e l e c t r i c  s t u b  which t r ansmi t s  pressure ,  but n o t  

hea t ,  e l e c t r i c a l  charge, o r  induced EMF t o  a thoroughly shielded 

PZT-5 p i e z o e l e c t r i c  c r y s t a l ,  and a backing rod whose f u n c t i o n  i s  

t o  con ta in  t h e  propagating pressure  wave f o r  a t  l e a s t  1f3 sec 

t o  prevent  r e f l e c t e d  acous t i c  noise.  The f i n a l  design has not. 

been f ixed ,  a s  ye t ,  but t h e  p resen t  device (Fig. 28) uses 3/""8--in, 

P lex ig las  rod and provides a r i s e  time of about 70 Jilsee, a 1-2 

msec und i s to r t ed  readout time, and 1 V/10 Torr  s e n s i t i v i t y ,  

This  probe has a l s o  proven se rv iceab le  f o r  determinat ion of 

t h e  a r c  chamber pressure ,  upstream of t h e  cu r ren t  zone. I n  t h i s  

a p p l i c a t i o n  it has a noise-equivalent background signal. corre- 

sponding t o  less than 5 Torr. Since s u b s t a n t i a l l y  h igher  eha&er 

p ressu res  a r e  t o  be expected, we a r e  o p t i m i s t i c  t h a t  t h i s  device 

w i l l  f a i t h f u l l y  reproduce t h e i r  p r o f i l e s  throughout t h e  e n t i r e  

pu l se  durat ion.  I n  add i t ion  t o  i t s  use i n  t h e  jump model, cham- 

b e r  pressure  d a t a  w i l l  shed considerable  l i g h t  on t h e  1-ong-stand- 

ing ques t ion  of  t h e  r o l e  of e lec t ro thermal  e f f e c t s  i n  t:he overall 

a c c e l e r a t i o n  process ,  
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C. Anode-Size E f f e c t s  i n  MPD Operation  lark) 

Recent t e rmina l  vol tage measurements obtained a t  the  Avco 

Laboratory on a  quasi-steady a r c  conf igura t ion  s i m i l a r  to that 

s tud ied  here  i n d i c a t e  s u b s t a n t i a l l y  lower a r c  vol tages  t h a n  

those found here  f o r  comparable opera t ing  condi t ions.  For ex- 

ample, Avco f i n d s  about 100 V f o r  c u r r e n t s  of 17 kA and m a s s  

flows of a  few grams p e r  second of  argon, compared t o  o u r  values 

of approximately 160 V, i .e . ,  our a r c  d i s p l a y s  a  50% g ~ r e a t e r  ef-- 

f e c t i v e  impedance than  t h e  Avco version. 

Although both conf igura t ions  c o n s i s t  of a  con ica l  tungsten 

cathode and a f l a t  p l a t e  anode, one of t h e  few d i f f e r e n c e s  be- 

tween these  a c c e l e r a t o r s  is  t h e  diameter of t h e  anode orifice-- 

2 - 8  in .  f o r  t h e  Avco geometry compared t o  our 4-in. o r i f i c e ,  

To determine whether t h i s  f a c t o r  a lone can cause t h e  indica ted  

vol tage d i f fe rence ,  a  s e r i e s  of  experiments have been performed 

wherein t h e  anode o r i f i c e  diameter is  sys temat ica l ly  decreased 

from 4 in .  t o  1 i n ,  a t  a  f ixed  cur ren t  of  17 kA and a fixed mass 

flow r a t e  of  5.9 g/sec argon. The r e s u l t s  of t h i s  survey are 

shorn i n  Fig. 29, where t h e  te rminal  vol tage is  p l o t t e d  for t h e  

f i v e  anode o r i f i c e  diameters. The d a t a  i n d i c a t e  l i t t l e  change 

from t h e  nominal 160 V u n t i l  t h e  anode o r i f i c e  is decreased be-- 

low approximately 2% in .  where t h e  vol tage  drops r a t h e r  ab rup t ly  
' t o  an apparent p la t eau  of roughly 80 V. 

For a  f ixed  cur ren t ,  a r c  opera t ion  a t  a  lower te rminal  volt- 

age, a s  observed with t h e  smaller  anode o r i f i c e s ,  would indicate 

a more e f f i c i e n t  a c c e l e r a t o r  i f  t h e  plasma outflow c h a r a c t e r i s t i c s  

remain unchanged. To check t h i s  l a t t e r  p o i n t ,  t h e  cen$:erline ve- 

l o c i t y  has  a l s o  been measured f o r  each anode s i z e ,  a t  a fixed 

a x i a l  p o s i t i o n  11 in.  downstream of  t h e  anode o r i f i c e .  The data 

a r e  deduced from t h e  t ime-of-fl ight o f  c h a r a c t e r i s t i c  plasma 

dis turbances  between biased boundary l aye r  probes, a  technique 

discussed previously.  96'98t '16 The r e s u l t s ,  shown i n  Fig. 30, 

again show a marked change f o r  diameters between 2 in .  and 3 i n , ,  

but  t h i s  is  now superimposed on a  l i n e a r l y  increas ing  value 

throughout t h e  e n t i r e  range. 
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Since t h e  o v e r a l l  e f f i c i e n c y  can be w r i t t e n  a s  

&.ere v = exhaust v e l o c i t y  and V = te rminal  vol tage  (a  r a t i o  

sf  thrust power t o  input  power), it follows t h a t  f o r  f ixed  mass 
2 

flaw and cur ren t ,  a s  i n  t h e  p resen t  case,  t h e  q u a n t i t y  v /V 

should be an index of t h e  inf luence  of  t h e  anode o r i f i c e  on t h e  

efficiency of a r c  operat ion,  A s  shown i n  Fig,  31, t h e  d a t a  in- 
2 

dicate a nea r ly  l i n e a r  increase  i n  v /V a s  anode s i z e  increases .  

T h u s ,  the prel iminary ind ica t ion  i s  t h a t  it i s  t h e  h iqher  vol t -  

age (larger anode) a r c s  which a r e  i n  f a c t  t h e  more e f f i c i e n t ,  a 

result that c l e a r l y  r equ i res  f u r t h e r  study. A s  a t e n t a t i v e  hy- 

pothesis, one may specula te  t h a t  t h e r e  i s  a " c r i t i c a l  anode 

size," "for given range of a r c  opera t ing  parameters,  below which 

intrusion of t h e  anode l i p  i n t o  t h e  important cathode envelope 

region of t h e  discharge 1091111 i n t e r f e r e s  with optimum function- 

i n g  of the  acce le ra t ion  processes.  

D, MI. 
Valve Mass I n j e c t i o n  System ( V i l l a n i )  

To expedi te  t h e  ongoing survey of many types  of p rope l l an t  

gas i n  quasi-steady PlPD a c c e l e r a t o r  opera t ion ,  t h e  simple shock 

tube m a s s  i n j e c t i o n  system used exc lus ive ly  he re to fo re  has been 

supplanted by a system based on more conventional valve con t ro l .  

Th%s change has been undertaken f o r  two reasons: (a )  s ince  t h e  

shock tube c h a r a c t e r i s t i c s  a r e  s t r o n g l y  dependent on gas prop- 

erties, t h i s  type of i n j e c t i o n  system would need be redesigned 

an6 r r e d l r i r a t e d  f o r  each p rope l l an t  t o  be used; and (b) mass 

flow shut-off i s  more e a s i l y  con t ro l l ed  by a valve system than 

by a shock tube, thus  r e s t r i c t i n g  t h e  t o t a l  mass deposi ted i n  

the  vaeuhura tank, and expedi t ing t h e  pumping cycle  of t h e  opera t ing  

procedure, 

The new gas-handling system is  sketched i n  Fig. 32. I n  

order t o  provide r i s e  t imes comparable t o  those  achieved by t h e  

shock tube, t h e  solenoid valves a r e  dr iven  by a vol tage up t o  

10 times t h e i r  r a t e d  values f o r  t imes on t h e  order  of 10 m i l l i -  
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seconds, by t h e  c i r c u i t  shown i n  Fig,  33.  To examine t h e  gas 

pu l se  shape, t h e  d e n s i t y  i n  t h e  anode exhaust p lane  was moni- 

t o r e d  by a Varian M i l l i t o r r  (T.M. ) f a s t  i o n i z a t i o n  gauge, 

Ion gauge output  and valve cu r ren t  f o r  a t y p i c a l  h cold f l o w  

shot  a r e  shown i n  Fig. 34. The length o f  t h e  gasdynamic delay 

tube leading from t h e  second valve t o  t h e  switch can be ad- 

jus ted  t o  al low t h e  c u r r e n t  pu l se  from t h e  capac i to r  bank t o  be 

appl ied  t o  t h e  a r c  j u s t  a f t e r  t h e  mass flow has s t a b i l i z e d ,  

I n s t a l l a t i o n  and c a l i b r a t i o n  of t h i s  system on t h e  small 

d iagnos t i c  a c c e l e r a t o r  i s  e s s e n t i a l l y  complete, and i s  now 

being used i n  t h e  hollow cathode i n v e s t i g a t i o n s  descr ibed i n  

Sec, 111-E. I n s t a l l a t i o n  and c a l i b r a t i o n  of  a s i m i l a r  system 

i n  t h e  l a r g e  P l e x i g l a s  vacuum tank  i s  a l s o  v i r t u a l l y  complete, 

and i n i t i a l  multiple-gas d a t a  a r e  being accumulated. 

E. Hollow-Cathode, Quasi-Steady MPD Arc (parmentier)  

I n  r ecen t  years ,  hollow cathodes have been s tud ied  i n  many 

types of low cur ren t  discharges,  and employed t o  s u b s t a n t i a l  

engineering advantage i n  a few discharge devices ,  most notab Ey 

t h e  e l e c t r o n  bombardment ion  engine. A-14nA-15 While such 

s t u d i e s  have a l s o  included e x t e r n a l  f i e l d ,  s teady MPD arcs,  no 

known attempt had been made t o  employ hollow cathodes i n  multi-- 

megawatt discharges,  such a s  those c h a r a c t e r i s t i c  of o u r  quasi- 

steady,  s e l f - f i e l d  acce le ra to r s .  While t h e  physics  of hollow 

cathode opera t ion  i s  s t i l l  incompletely understood, c e r t a i n  

phenomenological a spec t s  of  t h e i r  opera t ion  a t  low powers sug- 

g e s t  t h a t  s u b s t a n t i a l  b e n e f i t  may de r ive  from t h e i r  use i n  high- 

power MPD u n i t s  as well .  

This  year  we a r e  fo r tuna te  t o  have i n  our group a visiting 

Belgian scholar ,  M r .  No41 Parmentier, who has  a s t rong background 

i n  e l e c t r i c a l  engineering, and who has  developed an i n t e r e s t  i n  

t h i s  problem, H i s  r e p o r t  of t h e  f i r s t  four  months of h i s  w o r k  

£0 l lows. 
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1, Desisn 

The i n t e r e s t  of  t h i s  research  i s  t h e  behavior of a  hollow 

cathode i n  a  pulsed magnetoplasmadynamic a r c  discharge,  There 

e x i s t s  previous work i n  t h e  domain of low c u r r e n t s ,  but  t h e  

main i n t e r e s t  of t h i s  research  i s  t h e  s tudy o f  t h e  high-current  

region,  wi th  p a r t i c u l a r  i n t e r e s t  i n  t h e  e f f e c t s  on o v e r a l l  char- 

a c t e r i s t i c s  of t h e  discharge,  such a s  t h e  vol tage-current  char- 

a c t e r i s t i c s ,  and power e f f i c i e n c y ,  

Published m a t e r i a l  on hollow cathode opera t ion  i n d i c a t e  

t h a t  t h e  length,  1, and inner  diameter,  d, of  t h e  hollow cath- 

ode a r e  s i g n i f i c a n t  parameters i n  i t s  operat ion.  Rawlin and 

pawlikA-l6 suggest t h a t  t h e  r a t i o  l/d must be a t  l e a s t  611 in 

order  t h a t  t h e  e l e c t r o n s  emi t ted  from t h e  cathode have time t o  

be acce le ra ted  through a  high enough e l e c t r i c  f i e l d  t h a t  they  

can ion ize  t h e  n e u t r a l  atom i n s i d e  t h e  cavi ty .  These ions  i n  

t u r n  must c o l l i d e  wi th  t h e  c a v i t y  w a l l  wi th  s u f f i c i e n t  energy 

t o  provide t h e  e l e c t r o n  emission. The longer t h e  length of t he  

cav i ty ,  and t h e  smaller  i t s  diameter,  t h e  more chance ions have 

t o  c o l l i d e  with t h e  w a l l  before  leaving  through t h e  o r i f i c e ,  

I n i t i a l l y ,  t h e  ou te r  sur face  conf igura t ion  was chosen c y l i n d r i -  

c a l ,  of  diameter equal  t o  t h e  maximum diameter of our usual eon- 

i c a l  cathode, Both cathodes a r e  shown i n  Fig. 35. 

2. Discharse C h a r a c t e r i s t i c  

The first s e r i e s  of  experiments provided a  comparison o f  

t h e  vol tage-current  c h a r a c t e r i s t i c s  f o r  t h e  two types  of cathode 

i n  otherwise i d e n t i c a l  discharge arrangements. Argon p rope l l an t  

i s  i n j e c t e d  i n t o  t h e  discharge chamber through a  solenoid valve 

and multi-tube manifold t o  s i x  3/8-in, i n j e c t o r s  i n  a  configura- 

t i o n  s i m i l a r  t o  t h a t  shown i n  Fig. 32, and a l s o  i n t o  t h e  hollow 

cathode o r i f i c e ,  The mass flow r a t e  i s  regula ted  by t h e  i n i t i a l  

argon pressure ,  and t h e  o r i f i c e  t o  t h e  gas- t r iggered switch is 

so  chosen t h a t  t h e  discharge i n  t h e  main chamber t a k e s  place 

during t h e  constant  mass flow t i m e ,  

Power i s  suppl ied a s  an e s s e n t i a l l y  r ec tangu la r  pu l se  by 
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an e l e c t r o l y t i c  capac i to r  l ine . lo3  Current,  monitored by a 

Rogowski loop around t h e  cathode lead,  and te rminal  voltage, 

measured wi th  a  Tektronix P-6013A probe, a r e  recorded on a Tek- 

t r o n i x  osc i l loscope ,  A t y p i c a l  record of  cu r ren t  and voltage 

i s  shown i n  Fig. 36, 

T e s t s  w e r e  conducted f o r  var ious  t o t a l  mass flows, and 

combinations of  mass flow through t h e  o u t e r  i n j e c t o r s  and eath- 

ode cavi ty .  Figure 37 s a r i z e s  t y p i c a l  r e s u l t s  f o r  6 gm/see 

t o t a l  mass flow, i n  comparison t o  s o l i d  cathode opera t ion  in 

t h e  same regime. The main p o i n t s  t o  be noted a r e  t h a t  for  one 

mass flow combination, e.g., 1/7 of t h e  t o t a l  flow pass ing  

through t h e  cathode, t h e  hollow cathode a r c  d i sp lays  substan- 

t i a l l y  lower impedance than  t h e  s o l i d  cathode version.  For 

o t h e r  r a t i o s ,  however, t h i s  comparison i s  reversed,  t h u s  indi- 

c a t i n g  both a p o t e n t i a l  reduct ion  of cathode l o s s e s  by hollow 

cathode techniques,  and a  s e n s i t i v i t y  of  t h i s  b e n e f i t  t o  mass 

flow d i s t r i b u t i o n ,  

To pursue t h i s  po in t  a b i t  f u r t h e r ,  Fig. 38 shows similar 

c h a r a c t e r i s t i c s  f o r  t o t a l  m a s s  flows of 3 g/sec and 10-5  g/see, 

r e spec t ive ly ,  and compares t h e  1/7 r a t i o  c h a r a c t e r i s t i c s  f o r  

a l l  t h r e e  mass flows, C lea r ly  ind ica ted  i s  a  s e n s i t i v i t y  t o  

t h e  absolu te  value of t h e  flow through t h e  cathode, as well as 

t h e  r a t i o ,  suggest ing t h a t  a  f u l l  survey o f  a l l  reasonable per- 

mutations w i l l  be necessary t o  i d e n t i f y  t h e  optimum opera t ing  

condi t ions.  

I n  an e f f o r t  t o  a s s e s s  what f r a c t i o n  of  t h e  emission cur -  

r e n t  was i n  f a c t  emerging from t h e  i n t e r i o r  of t h e  cathode eav- 

i t y ,  a  s e r i e s  of 5 psec  Kerr-cell  photographs of t h e  luminosity 

p a t t e r n s  i n  t h i s  region of  t h e  discharge were taken. T ~ i c a i  

samples a r e  shown i n  Fig. 39. I n  no case was t h e  des i red  in-  

t ense  i n t e r i o r  j e t  observed, but  r a t h e r  a  genera l  shro~ld  over 

most of t h e  e x t e r i o r  sur face ,  suggest ing t h a t  complete hollow 

cathode funct ion  had not  been achieved, even i n  those eases  d i s -  

p laying  lower t e rmina l  impedance. 

I n  an empir ica l  attempt t o  improve t h i s ,  t h e  e x t e r i o r  sur- 
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a )  9 0 V x 8 1 . 9 k A  
6 g/see ARGON 
NO CATHODE FLOW 

b)  95 V 13,5 kA 
6 g/sec ARGON 
I g/sec THROUGH CATHODE 

DISCHARGE WITH CYLINDRICAL HOLLOW CATHODE 

'FIGURE 39 
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face  of t h e  cathode was modified t o  a  c o n i c a l  shape, r e p l i c a t i n g  

t h e  o ld  s o l i d  cathode, except f o r  t h e  cavi ty .  The l o g i c  of this 

change was t o  remove t h e  downstream o u t e r  corner  of  the  cathode, 

where cu r ren t  could a t t a c h  a t  r e l a t i v e l y  l a r g e  r a d i u s  where -%he 

p r e v a i l i n g  magnetic pressure  might be inadequate t o  fo rce  it in -  

t o  t h e  c a v i t y  aga ins t  t h e  ambient gas  p ressu re  t h e r e ,  and en- 

courage i n i t i a l  attachment a t  t h e  o r i f i c e  l i p  where upstream m i -  

g r a t i o n  i n t o  t h e  c a v i t y  might be more r e a d i l y  achieved. The suc- 

cess  of t h i s  maneuver i s  ind ica ted  by t h e  photographs i n  F ig ,  40 

which shows t h e  quasi-steady discharge appearance f o r  var ious 

cu r ren t  l e v e l s ,  some of  which d i s p l a y  t h e  d e s i r e d  i n t e r i o r  jet 

i n d i c a t i v e  of  proper  hollow cathode funct ion.  

A s  y e t  no d e t a i l e d  te rminal  d a t a  have been accumulated on 

t h i s  new cathode conf igura t ion ,  bu t  t h e  appearance of t he  d i s -  

charge allows some o  

configurat ion.  
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