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ABSTRACT 

A steady s t a t e  acceleration phase has been shown t o  

occur i n  a coaxial electrode geometry during the  synchro- 

nized application of ta i lored pulses of mass flow and cur-  

r e n t ,  This diffuse discharge form, characterized by a 

ed c u r r e n t  distribution, constant voltage and cur-  

r en t ,  and a steady argon m a s s  flow ra te  of up t o  50 g/sec, 

is  of considerable interest as  both a pulsed thruster  and 

as  a simulator of the self-f ie ld  MPD arc je t  over a power 

range from 100 kW t o  100 MW, Terminal voltage measurements, 

taken over a w i d e  range of power and mass flow ra te ,  are  

s u f f i c i e n t l y  precise t o  allow discrimination among several 

theoret ical  els of the acceleration process, e r r - c e l l  

photographs and experimental maps of the current  d i s t r ibu -  

t ion  i n  t he  exhaust plume and interelectrode region clearly 
?a 

he rapid t ransi t ion t o  t h i s  steady configuration, as 

r ac t e r i s t i c  a rc  behavior for  ss starvation and 

m a s s  overfeed, 

ii 
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CHAPTER 1 

HISTORICAL BACKGROUND 

Ear ly  pulsed plasma a c c e l e r a t o r s  w e r e  ex tens ive ly  

s tud ied ,  i n i t i a l l y  as p l  s m a  i n j e c t o r s  f o r  thermonuclear 

machines [ I ]  and la te r  as space propuls ion u n i t s  [2,3]. 

I n  both app l i ca t ions ,  a l a rge  cur ren t  w a s  passed through a 

discharge chamber generat ing a self-magnetic f i e l d  s u f f i -  

c i e n t l y  s t rong  for t h e  r e s u l t i n g  j x B body force  t o  accel-  

erate t h e  ambient gas t o  a ve loc i ty  i n  excess of 10 m/sec. 

2 - b  

4 

Although var ious e l ec t rode  geometries w e r e  used, such as 

p a r a l l e l  r a i l ,  p a r a l l e l  c i rcular  disc, or coax ia l  tube con- 

f igu ra t ions ,  t h e  sequence of electromagnetic i n t e r a c t i o n s  

w a s  e s s e n t i a l l y  t h e  same, Namely, a capac i t i ve  energy source 

a t  a high vol tage w a s  abrupt ly  switched across  t h e  e l ec t rodes ,  

which w e r e  separated by an i n s u l a t o r  w a l l  and an enclosed gas 

a t  a pressure  of  lom2 - 10 t o r r ,  The subsequent electrical 

breakdawn of  t h e  gas was i n  t h e  f o r m  of an in tense  shee t  of 

sa 

1 

cur ren t  which represented pr imar i ly  an induct ive load t o  the"" 

power supply. This current sheet was i n i t i a l l y  located a t  that par- 

t i o n  of t h e  i n t e r e l e c t r o d e  gap which o f fe red  t h e  minimum load 

t o  t h e  power supply f o r  t h a t  p a r t i c u l a r  geometry. The force 

r e s u l t i n g  from t h e  i n t e r a c t i o n  of t h i s  cu r ren t  shee t  with 



2 

i t s  trapped self-magnetic f i e l d  then acce le ra t ed  t h e  sheet  

i n t o  t h e  remaining undisturbed gas imparting t o  it s o m e  

f r a c t i o n  of  t h e  shee t  ve loc i ty .  

As p a r t  o f  a broad s tudy of  t h e  fundamental processes  

of  plasma propuls ion,  t h i s  labora tory  has examined acceler- 

a t i n g  discharges of  t h i s  type i n  a v a r i e t y  of conf igura t ions  

and energy ranges, One e a r l y  aspect  of  t h i s  program w a s  t he  

s tudy of t h e  s t r u c t u r e  and dynamics of a propagating c u r r e n t  

shee t  i n  a l i n e a r  pinch discharge [4-81, Although t h i s  c losed 

chamber conf igura t ion  d i d  not s i m u l a t e  a u s e f u l  t h r u s t e r  pe r  

se, i t s  demonstrated r e p r o d u c i b i l i t y  and a c c e s s i b i l i t y  t o  

d i agnos t i c  equipment made it valuable i n  t h e  s tudy of  t h e  

plasma generat ion and a c c e l e r a t i o n  phases of  pulsed plasma 

propulsion. I n  t h i s  configurat ion,  t h e  e l ec t rodes  w e r e  par- 

a l l e l  c i r c u l a r  discs, and t h e  i n i t i a l  breakdown took t h e  form 

of a t h i n  band of  cu r ren t  a t  t h e  i n s u l a t o r  w a l l .  This w e l l -  

def ined zone subsequently imploded r a d i a l l y  generat ing an 

in t ense  plasma column upon i ts  a r r i v a l  a t  t h e  chamber ax i s .  

I n  add i t ion  t o  t h e  generat ion and acce le ra t ion  of  t h e  

plasma t o  a high ve loc i ty ,  t he  processes  a t tending  i ts  ejec- 

t i o n  from t h e  pinch chamber w e r e  a l s o  s tudied.  When a l a rge  

o r i f i c e  w a s  c u t  i n t o  the  anode and t h e  e n t i r e  chamber mounted 

wi th in  a vacuum tank, it w a s  observed t h a t  while t h e  main 

body of  t h e  cu r ren t  shee t  propagated r a d i a l l y  inward unaf- 

fec ted ,  t h e  anode attachment d i f f r a c t e d  out  through t h e  o r i -  

f i c e  and t r a v e l e d  r a d i a l l y  outward along t h e  outs ide  face of 

‘4, 
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t h a t  e l ec t rode  191, This d i f f r  c t ed  plasma f r o n t  propagated 

a x i a l l y  as w e l l  i t h  a v e l o c i t y  compar ble t o  t h e  i n i t i a l  

r a d i a l  speed. of t h e  she comparison of t h e  cur ren t  con- 

t h s  f o r  both closed and open conf igura t ions  is  

shown i n  Fig,  1-1. The 1 s i n  t h i s  f i gu re  

s e n t  t h e  d i r e c t i o n  of  t h e  force and t h e  consequen 

d i r e c t i o n  of  shee t  prop 

I n  t h e  i n t e r e s t s  of a b t i o n  of space con- 

d i t i o n s ,  t h e  usu 1 gas p r e f i l l  t o  a given operat ing pressure 

w a s  r ep lac  d by a dynamic system puff of  gas w a s  

re leased  i n t o  t h e  discharge ch mber a t  t h e  t i m e  of e l e c t r i c a l  

power appl ica t ion .  I n  t h i s  d vacuum vesse l  

ined a t  a pressur  1 orders  of  magnitude 

n t h e  chamber pressure ,  and t h e  plasma e j e c t i o n  

process  proc eded i n  a more rea l i s t ic  nvironment. 

The r e s u l t i n g  d i s c  
a 

outs ide  t h e  pinch chamber and p r  t h e r  out  i n t o  t h e  

low p res su r  environment for t h  same cur ren t  pu l s  

t h i s  cu r ren t  p t t e r n  continued t o  prop 

of t h e  pu l sep  it m 

pu lse  t i m e s  u ld  r e s u l t  i n  cont inu ion  or whethef% 

t h i s  cu r ren t  p a t t e r n  extension 

order  t o  answer t h i s  question, t h e  

from one which i n i t i  l l y  cons is ted  a c i t o r s  con- 

nected i n  p a r a l l  1 around t h e  d isch  t u s  t o  one i n  

which seve ra l  s e r i e s - p a r a l l e l  combinations of capac i to r s  w e r e  
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ed, By systemati  1 l y  varying t h e  inductance between 

ad jacent  series u n i t s ,  p ro t r ac t ed  c u r r  

forms w a s  b l e  [ lO , l l ] .  

When t h i s  a l t e r  s found t h a t  for 

a u f f i c i e n t l y  long cur ren t  pulses ,  t h e  previously descr ibed 

process  of d i s c r e t e  cu r ren t  shee t  propagation w a s  followed 

by a t r a n s i t i o n  t o  a s t  dy, more d i f f u s e  cur ren t  conduction 

This ste 

some t e n s  of microseconds a 

t i a l l y  unch nged termin n t  c h a r a c t e r i s t i c s  

while cont inuing t o  provide a s t re  m of acce lera ted  g 

t h e  e n t i r e  pu lse  dur  t i on .  Such a spont 

s t rong ly  suggested t h a t  t h e  pulsed p l  s m a  acce l e ra t ion  pro- 

se or "switching t r  

on t h e  s teady  f l  acce l e ra t ion  p a t t e r n  eventu l l y  e s t ab l i shed  

m e  geometry, and t h a t  much of  t h e  microscopic s c a l e  
a 

nd cur ren t  conduct ion 'mech 

t o  both ph 

of t h e  cur ren t  d i s t r i b u t i o n  throughout 

u s t  plume during t h i s  s t  

e c l o s e l y  resembled those b i s t  i n  t h e %  

rcjet, This l a t t  r device is  a 

coax ia l  ste dy s t a t e  acceler i c h  has r e c e n t l y  d i s p l  

a high p o t e n t i  t i o n  as a primary propul- 

s i o n  u n i t  r13-1 rl d e s p i t e  t h i s  promisep t h e  MPD 

arcjet is  not e l l  understood a t  the  present  t i m e  due t o  



P 

to stabili 

ting ~ ~ ~ g n o s t ~ ~  

results to the 
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It is  conceivable t h a t  t h e  electromagnet ic  processes  which 

p r e v a i l  i n  MPD t h r u s t e r s  i n  t h e  multimegawatt power range 

could be considerably d i f f e r e n t  from those  observed i n  t h e  

lower power devices ,  and accordingly they  should be examined. 

S ince  quasi-steady opera t ion  is poss ib l e  with power l e v e l s  

up t o  100 MW o r  more, it would be poss ib l e  t o  determine t h e  

d e t a i l s  of t h e  gas  acce le ra t ion  processes,  cu r ren t  conduc- 

t i o n  p a t t e r n s ,  and e l ec t rode  l o s s  mechanisms f o r  a c c e l e r a t o r s  

approximating t h e  des i r ed  high power devices  as w e l l  as those 

common t o  low power s teady  s ta te  operat ion.  

Y e t  another  motivation f o r  developing a quasi-steady 

plasma a c c e l e r a t o r  i s  t h a t  t h e  "long pulse"  mode of  operation- 

one i n  which s teady  a c c e l e r a t i o n  processes  p r e v a i l  over t h e  

bulk of  t h e  pu l se  time-may i t s e l f  be an a t t r a c t i v e  space 

t h r u s t i n g  technique. Whereas purely pulsed plasma t h r u s t e r s  

appear t o  have an e f f i c i e n c y  c e i l i n g  near 50 percent  [21] 

(d i r ec t ed  k i n e t i c  energy compared t o  t o t a l  input  energy),  
a 

t h e r e  are some ind ica t ions  t h a t  t h e  corresponding e f f i c i e n c y  

f o r  quasi-steady propulsion may be Considerably higher.  F i r s t ,  

t h e  observed t r end  i n  MPD arcs is toward g r e a t e r  e f f i c i e n c i e s  

as t h e  input  power is  increased. Although these  d a t a  have -< 

been l imi t ed  t o  t h e  narrow range of power l e v e l s  accessible 

t o  s teady  state experiments, say 10 t o  300 kW, t h e  t r end  may 

be expected t o  continue t o  g r e a t e r  power l e v e l s  t o  the  ex ten t  

t h a t  it is  based on t h e  d i v i s i o n  of electrical input  power 

t o  t h e  working f l u i d .  This power must be divided between 
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r y  t o  ion ize  t h e  i n c  ing  p repe l l an t ,  t h a t  which 

goes i n t o  o t h e r  i n t e r n a l  modes, and t h a t  which goes d i r e c t l y  

i n t o  organized streaming energy, From these ,  u s e f u l  t h r u s t  

power is  only obtained f r o m  t h e  la t ter  category p lus  t h a t  

p a r t  o f  t h e  i n t e r n a l  energy which can be converted i n t o  d i -  

r ec t ed  k i n e t i c  energy by expansion i n  a real or magnetic noz- 

z l e  ( i n  a l l  p r o b a b i l i t y  j u s t  t h e  random thermal component). 

I f  t h e  mass flow is f ixed,  then as soon as t h e  p rope l l an t  

is completely ionized, a d d i t i o n a l  input  power must go i n t o  

e i t h e r  of t h e  o t h e r  t w o  modes, 

input  paver, t h e  ion iza t ion  power becomes n e g l i g i b l e  and 

a l l  t h e  power is divided between i n t e r n a l  and streaming 

energ ies .  If t h e  t r e n d  observed i n  t h e  d i v i s i o n  of t hese  

t w o  energ ies  i n  t h e  s teady experiments f o r  c u r r e n t s  up t o  

4,000 A is sus ta ined  for cur ren t s  up t o  lOO,OOO A, t h e  re- 

I n  t h e  l i m i t  of very high 

s u l t i n g  o v e r a l l  e f f i c i e n c y  can be very high. 
% 

Althaugh space power s u p p l i e s  producing t e n s  (Df k i lo -  

w a t t s  of usable  power appear t o  be t h e  only a v a i l a b l e  systems 

i n  t h e  near  fu ture ,  access t o  t h i s  high power, high e f f i -  

ciency regime is  s t i l l  poss ib l e  by u t i l i z i n g  quasi-steady 

puls ing.  With t h e  necessary energy s to rage  l i n k  between 

t h e  s teady  electric power source and t h e  t h r u s t e r ,  t h e  ad- 

vantages of  i n t e r m i t t e n t  high power t h r u s t i n g  can be com- 

bined with a modest average paver consumption by simply can- 

t r o l l i n g  t h e  du ty  cyc le ,  

’* 

The fallowing chapters  w i l l  f i r s t  describe t h e  genesis  
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o f  quasi-steady acceleration from both steady s t a t e  MPD arcs 

and early pulsed plasma accelerators by presenting the oper- 

a t ional  characterist ics and particular complexities of each 

class of thruster.  

t o  the propulsion problems previously outlined w i l l  be more 

I n  t h i s  way, the relevance of l a t e r  data 

apparent. Subsequent chapters w i l l  present design consider- 

ations and the i r  proper implementation leading t o  a quasi- 

steady accelerator capable of operation over a large range 

of mass flow ra te  and power. 



10 

CHAPTER 2 

THE MAGNETOPLASMADYNAMIC ARCJET 

I. INTRODUCTION 

I n  t h e  p a s t  s e v e r a l  years ,  cons idera t ion  of  in- 

creasingly ambitious space missions r equ i r ing  progress ive ly  

higher  s p e c i f i c  impulse propuls ion systems has fos te red  t h e  

development of a v a r i e t y  of  electric propuls ion concepts. 

I n i t i a l l y ,  emphasis w a s  p r imar i ly  on the  attainment of high 

p rope l l an t  exhaust speeds a t  high electrical  conversion e€- 

f i c i e n c i e s ,  with l i t t l e  concern about t h e  low t h r u s t  d e n s i t i e s  

c h a r a c t e r i s t i c  of devices  of  t h i s  family. However, optimum 

prime propuls ion u n i t s  f o r  deep space missions must combine 

high s p e c i f i c  impulse with reasonably high t h r u s t  d e n s i t i e s  

as w e l l .  The magnetoplasmadynamic arcjet i s  t h e  f i r s t  elec- 

t r i c  t h r u s t e r  t o  show promise of t h i s  d e s i r a b l e  combination. 

The p o t e n t i a l  c a p a b i l i t y  of t h i s  new t h r u s t e r  i s  

perhaps b e s t  i l l u s t r a t e d  by c a s t i n g  it on a diagram display-  

ing  t h e  s p e c i f i c  impulse and t h r u s t  dens i ty  (i.e.# t h r u s t  per  

u n i t  exhaust area) a t t a i n a b l e  wi th  var ious f a m i l i a r  propulsion 

devices  (Fig. 2-1). I n  the  upper l e f t  corner  are found t h e  

conventional chemical rocke ts  of  high t h r u s t  b u t  l o w  s p e c i f i c  

impulse; i n  t h e  l o w e r  r i g h t  corner  r e s i d e  t h e  e l e c t r o s t a t i c  

ion  engines and t h e  less w e l l  developed pulsed plasma t h r u s t e r s  

2 
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which provide very high s p e c i f i c  impulse, but  low mean t h r u s t  

dens i ty ,  Our i n t e r e s t  here  i s  i n  t h e  a c c e s s a b i l i t y  of t h e  

upper r i g h t  domain wher c i f i c  impulse and t h r u s t  may 

be optimized f o r  given missions,  

The sol id-core nuclear  therm 1 rocket  t akes  a s t e p  i n  

t h i s  d i r e c t i o n  i n  providing s p e c i f i c  impulses up t o  800 sec 

a t  t h r u s t  d e n s i t i e s  comparable with chemical rockets .  Pro- 

j e c t i o n s  for proposed l iqu id-  and gas-core nuclear  rocke ts  

e x t r a p o l a t e  f u r t h e r  i n t o  t h e  desired domain. Operational 

e lec t ro thermal  systems, such as t h e  arc jet nd resistojet 

provide s p  c i f i c  impulses comparable w i t h  t h e  nuclear  rockets ,  

a t  one or  t w o  o rde r s  of magnitude less t h r u s t  densi ty .  

The des i r ed  domain of high s p e c i f i c  impulse and sub- 

s t a n t i a l  t h r u s t  d e n s i t y  w a s  first a t t a i n e d  i n  t h e  labora tory  

by a class of  steady-flow electrom g n e t i c  plasma t h r u s t e r s  

wherein an ex terna  l y  appl ied  magnetic f i e l d  acted upon cur- 

r e n t s  dr iven  through an ionized p rope l l an t  stream t o  provide 

t h e  des i r ed  acce le ra t ion ,  D a t a  boratory tests of 

these  device included t h r u s t  d e n s i t i e s  of  10 lb/ in2 a t  

specific: impulses from 2,000 t o  3,000 sec [223, but  w a s  

a t tended  wi th  such severe material e ros ion  problems, and in- 
“4 

volved such massive a u x i l i a r y  equipment f o r  cooling, magnetic 

f ie ld  generat ion,  and p re ion iza t ion  of  t h e  gas flow, t h a t  

l i t t l e  space propuls ion app l i ca t ion  could be v isua l ized .  

Pr ior  t o  1964, no f e a s i b l  candidate  f o r  a space 

t h r u s t e r  capable of  opera t ion  i n  t h e  desired range of Fig. 2-1 
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ex is ted .  A t  t h i s  t i m e ,  however, exper imenta l i s t s  stumbled 

upon a t h r u s t e r  concept which combined c e r t a i n  elements of 

both t h e  e lec t ro thermal  and electromagnet ic  t h r u s t  mecha- 

nisms, t o  produce better performance than  e i t h e r  mechanism 

alone. The c a p a b i l i t y  of t h i s  t h r u s t e r ,  which has genera l ly  

become designated as t h e  magnetoplasmadynamic or MPD arcjet, 

has  ye t  t o  be p r e c i s e l y  catalogued, However, recent  experi-  

ments i n d i c a t e  i t s  operat ing regime t o  be approximately t h a t  

shown i n  Fig. 2-1, i.e. s p e c i f i c  impulse comparable t o  t h a t  

of t h e  ion engine but  t h r u s t  d e n s i t y  values at least t h r e e  

orders of  magnitude g rea t e r .  It w i l l  be subsequently shown 

t h a t  t h i s  performance improvement i s  accompanied by unique 

problems which have lead t o  s u b s t a n t i a l  data discrepancies ,  

t o  an absence of  d e f i n i t i v e  d i agnos t i c  experiments, and t o  

a consequent l ack  of  a n a l y t i c a l  formulation. NeVsrtheleSs, 

t h e  magnitude of t h e  i n i t i a l  performance increase  of t h e  

MPD arcjet over other electric propuls ion schemes is  s u f f i -  
QA 

c i e n t  t o  warrant a continuing e f f o r t  i n  order  t o  reso lve  

these  problems. 

This chapter  is not  meant t o  be a complete review 

or catalogue of  MPD arc opera t ing  c h a r a c t e r i s t i c s  s i n c e  

t h e s e  e x i s t  i n  t h e  l i terature  [23725]; instead,  i t s  i n t e n t  

i s  t o  provide a f a m i l i a r i t y  with the chronological  develop- 

ment, ope ra t iona l  idiosyncrases ,  and pos tu l a t ed  t h r u s t  

mechanisms and a n a l y t i c a l  models of the  MPD arcjet. Within 

t h i s  framework, later chapters  descr ib ing  t h e  r e s u l t s  of 
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t h e  present  pulsed expe r i  n t s  can be a p p ~ ~ p r i a t e l y  r e l a t e d  

t o  t h e  associated s teady  state phen 

11. EARLY OBSERVATIONS 

The MPD arcjet  w a s  a by-product of  xper iment a 1 

e f f o r t s  t o  extend t h e  opera t ing  regime of  the conventional 

thermal arcjet, a device t h a t  i t s e l f  w a s  being developed t o  

exceed t h e  s p e c i f i c  impulse l e v  1 of chemical rocke ts  by 

circumventing t h e  l i m i t a t i o n  imposed by t nergy content  

of t h e  combustible p rope l l an t s ,  Typical  of t h e  v 

thermal arcjets i s  the radiation-cooled t h r u s t e r  shown i n  

Fig, 2-2 1261. I n  t h i s  engine, an arc is  s t r u c k  between 

t h e  central  cathode and t h e  diverging anode nozzle, and i s  

cons t ra ined  t o  pass  through t h e  sho r t  c o n s t r i c t o r  channel. 

The t a n g e n t i a l l y  i n j e c t e d  p rope l l an t  i s  heated by both t h e  

arc and the t h r u s t  r w a l l s  and i n  t u r n  s t a b i l i z e s  t h e  arc 

f i lament  w h i l e  maintaining t h e  t h r u s t e r  w a l l s  a t  

temperature. The s p e c i f i c  impulse f o r  t h i s  3O-kW 

ranges from 1,000 t o  1,500 sec f o r  hydrogen propel lan t  with 

an o v e r a l l  energy conversion e f f i c i e n c y  of up t o  

The upper value on s p e c i f i c  impulse a t t a i n a b l e  i n  t h i s  de- 

v ice  and i n  o t h e r s  l i k e  it is es t ab l i shed  by t h e  thermal 

l i m i t a t i o n s  of the tungsten e lec t rodes ,  and of the o the r  

material sur faces .  Y e t ,  there is considerable  motivation 

t o  opera te  t h r u s t e r s  of  t h i s  class a t  s u b s t a n t i a l l y  g r e a t e r  

power dens i ty ,  s ince  any a d d i t i o n a l  nergy input beyond tha t  

4 
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requi red  t o  ion ize  and d i s s o c i a t e  t h e  propel lan t  w i l l  go 

d i r e c t l y  i n t o  random thermal mod s, most of which can be 

converted t o  k i n e t i c  energy i n  t h e  nozzle. However, a t -  

tempts t o  opera te  i n  these higher  power regimes w e r e  accom- 

panied by frequent  burnouts a t  t h e  anode attach 

arc f i lament ,  and the  arcjet  concept seemed fundamentally 

confined t o  specific impulses below 2,000 sec, 

Then, i n  late 1963, Ducati reported a remarkable 

change i n  t h e  opera t ing  range of  a hydrogen arcjet [13]. 

Namely, t h a t  by d r a s t i c a l l y  reducing the mass f l o w  and 

hence t h e  chamber pressure,  t h e  arc could be caused t o  d i f -  

fuse  over t h e  cathode surface,  and t o  extend f a r  out  i n t o  

t h e  exhaust stream, i n  which conf igura t ion  the arc cu r ren t  

could be increased from about 300 A t o  3,000 A or more wi th  

no not iceable  s t r u c t u r a l  damage. Operating under t h  

condi t ions ,  a luminous exhaust plume w a s  observed t o  blossom 

out  i n t o  a l a r g e  b a l l  behind t h e  nozzle, and t h e  t h r u s t e r  

performance cou ld  be increased t o  t h e  l e v e l  'lahown i n  Fig. 

2-3, a t t a i n i n g  e f f i c i e n c i e s  of near ly  50 percent  a t  a spe- 

c i f ic  impulse of  l O , O O O  sec. 

I n  order for a pure ly  thermal expansion t o  produce 

v e l o c i t i e s  of such magnitude, s tagnat ion  temperatures of the 

order  of  100,OOO°K would be required.  Since t h i s  seems sub- 

s t a n t i a l l y  beyond the thermal l i m i t a t i o n s  of the t h r u s t e r ,  

it may be surmised t h a t  t h e  l a r g e  arc cur ren t  generates  a 

magnetic f i e ld  of s u f f i c i e n t  i n t e n s i t y  t o  react on t h e  
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current pattern itself, and thus to produce a substantial 

electromagnetic thrust component. Hence, contrary to the 

discouraging predictions of the early plasma propulsion 

experiments, Ducati had constructed a steady electromagnetic 

accelerator which required no external magnet, no preioniza- 

tion equipment, and no gas-seeding system, and which operated 

with negligible electrode erosion. 

Immediately following Ducati's report, several other 

laboratories undertook a sequence of rather empirical con- 

firmatory experiments in which thruster geometry, propellant 

type, mass flow rate, and power level were varied 114-17,]. 

External magnetic fields were also added to diffuse further 

the anode arc attachment, resulting in significant increases 

in thruster lifetime. In retrospect, some hints of the high 

performance capability could be identified frsm much earlier 

experiments on ste dy electromagnetic thrusters of the "Hall- 

current" class [27 ,28] .  Typical of 'the many configurations 

which were found capable of operating in this high specific 

impulse domain are the five thrusters shown sch 

in Fig, 2-4, In contrast to the design shown in Fig. 2-2, 

these geometries cover a wide range in both degree of throat 
p\ 

constriction and magnitude and configuration of the externally 

applied magnetic field. However, since each of these thrusters 

is capable of a performance level at least equal to that of 

Ducati's, each should logically be regarded as a type of 

MPD arcjet. 
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I n  t h e  process  of ca ta loging  t h e  performance of 

these  var ious t h r u s t e r s ,  it soon became apparent t h a t  a con- 

siderable problem e x i s t e d  i n  determining t h e  inf luence of 

t h e  t e s t i n g  environment, i -e . ,  v cuum tank  s i ze ,  material, 

and back pressure  level .  I n  some cases it w a s  observed t h a t  

cu r ren t  loops i n  t h e  exhaust plums w e r e  completed through 

t h e  metallic vacuum tank w a l l s  [29,30], I n  o thers ,  t h e  am-  

b i e n t  pressure  l e v e l  w a s  high enough t o  provide a s i g n i f i -  

can t  f r a c t i o n  of t h e  t o t a l  accelerated mass flow by inges t ion  

and a c c e l e r a t i o n  of t h e  r e s i d u a l  exhaust gases  back through 

t h e  arc exhaust plume. I n  f a c t ,  arcs have been observed t o  

cont inue t o  produce s i g n i f i c a n t  t h r u s t  and an extended, l u -  

minous plume w i t h  ze ro  e x t e r n a l l y  in j ec t ed  propel lan t  [31# 

321. Subsequent tes ts  showed t h a t  for very l o w  m a s s  flow 

rates and cathode diameters less than  1/4 in., t h e  arc d i s -  

charge w a s  p r i n c i p  l l y  sus ta ined  by vaporizat ion of e l ec t rode  

material 1331. For Larger diameter’cathodes,  however, negl i -  

g i b l e  e ros ion  w a s  found, and stable opera t ion  with no in-  

coming gas flow could be maintained i n d e f i n i t e l y ,  presumably 

by r e c i r c u l a t i o n  of t h e  background gas [32]. 
\ 

I n  order  t o  minimize the effects of inges t ive  recircu-  

l a t i o n  of t h e  exhaust gases and cu r ren t  loops i n  t h e  environ- 

mental chamber, s eve ra l  MPD t h r u s t e r s  have been operated i n  

f a c i l i t y  a t  t h e  Nat ienal  Aeronautics and 

t ion I W 

S p e c i f i c a l l y ,  t h i s  vacuum tank  is 15 f t  i n  diameter by 65 f t  
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long and is  equipped with a l i q u i d  nitrogen-cooled w a l l  and 

twenty 32-in. d i f f u s i o n  pumps making it one of t h e  f e w  ves- 

sels of  i t s  s i z e  capable of  maintaining a vacuum of  torr 

a t  c h a r a c t e r i s t i c  s teady  state D arcjet flow rates. 

T y p i c a l  of t h e  r e s u l t s  of these  tests is t h e  eff i -  

c iency-spec i f ic  impulse d a t a  shown i n  Fig. 2-5, The t h r u s t e r  

used f o r  t h i s  t es t  w a s  an Avco-SSD m o d e l  i d e n t i c a l  t o  the  

conf igura t ion  shown i n  Fig,  2-48 and the  p rope l l an t  w a s  hy- 

drogen. The s o l i d  l i n e  i n  t h e  f i g u r e  r ep resen t s  t h e  average 

of performance data recorded i n  a vacuum tank 3 f t  i n  diam- 

eter a t  a back pressure  of 0 . 2  torr ,  The s m a l l  circles are 

performance d a t a  recorded i n  t h e  l a r g e  f a c i l i t y  a t  approxi- 

mately t h e  same back pressure  as i n  t h e  smaller tank  i n d i -  

c a t i n g  t h a t  at t h i s  pressure ,  t h e  smaller tank does not 

appear t o  p re jud ice  t h e  data. As t h e  ambient pressure  is  

lowered by t h r e e  o;ders of magnitude, it is observed t h a t  

t h e  t h r u s t  monotonically increases ,  'and consequently t h e  

t h r u s t e r  pe r f  or nce increases as shown by t h e  square d a t a  

p o i n t s  and t h e  dashed average l i n e  through them. However, 

even i n  t h i s  case, the author  expresses  concern t h a t  en t ra in-  

ment e f f e c t s  may s t i l l  be s i g n i f i c a n t  due t o  the l a rge  plume 

g r m t h  as t h e  back presarure w a s  lowered, Nevertheless, with- 

i n  t h e  geometrical and environmental c a p a b i l i t i e s  of t h i s  

l a r g e  vacuum f a c i l i t y ,  t h e  o r i g i n a l  high performance of t h e  

MPD arcjet wi th  a l o w  propel lan t  flow rate has been sus ta ined ,  
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Clea r ly  needed is  a thorough examination of t h e  plasma flow 

both wi th in  t h e  i n t e r e l e c t r o d e  gap and i n  t h e  exhaulst plume 

over t h e  e n t i r e  ope ra t iona l  regime. However, rou t ine  tech- 

niques for probing t h e  exhausts of m e r e  conventional high 

performance t h r u s t e r s  are not app l i cab le  t o  t h e  MPD arcjet 

due t o  the high power d e n s i t y  i n  t h e  arc discharge.  

stead, a l imited degree of success  has been experienced with 

spectroscopic  techniques,  probes swung through the exhaust,  

and large vigorously water-cooled probes. Even using these  

techniques,  data a c q u i s i t i o n  is  l i m i t e d  t o  the l o w  power 

regime with v i r t u a l l y  no p o s s i b i l i t y  of probing t h e  i n t e r i e r  

of t he  arc chamber due t o  t h e  s m a l l  i n t e r e l e c t r o d e  spacing. 

In- 

Even tha t  data which can be acquired by opera t ing  the 

arcs a t  a s u f f i c i e n t l y  l o w  power level t o  permit l imi ted  d i -  

agnostic measurements are found t o  differ  considerably from 

one l abora tory  t o  another.  The determinat ion of the  cu r ren t  

d e n s i t y  d i s t r i b u t i o n  i n  the exhaust'plume offers an i n t e r -  

e s t i n g  example of t h i s  preblcm. Thia measurement is of 

fundamental value i n  a sce r t a in ing  t h e  f r a c t i o n  of the  t o t a l  

cu r ren t  which is  flowing i n  t he  exhaust plume, the  d i s t r i -  

bu t ion  of cu r ren t  over t h e  electrodes, and the  r e s u l t i n g  

con t r ibu t ion  of the plume t o  the t o t a l  t h r u s t .  Cmsequently, 

t h e  details of t h e  cu r ren t  dens i ty  d i s t r i b u t i o n  and i ts  var i -  

a t i o n  with mass f l o w  rate, t o t a l  cur ren t ,  back pressure,  and 

geometry have been one of t h e  primary ob jec t ives  of s teady  

state experimental  programs. Two separate determinat ions 
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of  t h i s  d i s t r i b u t i o n  i n  t h e  exhaust plume have been made 

f o r  approximately similar opera t ing  condi t ions.  The f i r s t  

of these  employed a water-cooled H a l l  e f f  c t  t ransducer  on 

an argon MPD arc opera t ing  a t  a t o t a l  cu r ren t  of  400 A, an 

1 magnetic f i e l d  of 1,s kG, and a back pressure  of 

t h e  order  of 0 , l t o r r  [36]. The second e f f o r t  employed a 

similar technique on an MPD arc using argon, ammonia, and 

n i t rogen  with roughly t h e  same e x t e r n a l  f i e l d  and back pres- 

s u r e ,  bu t  a t o t a l  cu r ren t  of 1,000 A [37]. The r e s u l t s  a- 

gree q u a l i t a t i v e l y  on t h e  r a d i a l  dependence of ax ia l  cur ren t  

dens i ty  which i s  s t rong ly  peaked i n  t h e  center near t h e  ex i t  

plane and broadens smoothly as a x i a l  d i s t ance  from t h e  ex i t  

plane increases. The disagreement arises i n  connection with 

t h e  a x i a l  decay of axial  cu r ren t  as shown i n  Fig. 2-6. H e r e y  

it is  seen t h a t  t h e  higher cu r ren t  d a t a  decays a x i a l l y  f a s t e r  

than t h e  lower cu r ren t  data ,  a t r end  which c o n f l i c t s  with t h e  

observat ion of higher  c u r r e n t s  prodricing a g r e a t  r plume ex- 

tension,  assuming t h a t  t h e  h ighly  luminous regions can be 

assoc ia ted  wi th  r gions of  high-current densi ty .  Thus, even 

f o r  t h i s  important parameter, t h e r e  i s  consider  bls  disagree-  

k 

ment regarding both q u a l i t a t i v e  and q u a n t i t a t i v e  charac- 

terist ics of arc operat ion.  

As ye t  another  complication, recent  r e s u l t s  have shown 

t h a t  f o r  most t h r u s t e r s  u t i l i z i n g  an e x t e r n a l  magnetic f i e l d ,  

t h e  arc discharge assumes t h e  form of a spoke r a p i d l y  r o t a t i n g  

i n  t h e  azimuthal d i r e c t i s n  [35,38,39] ins tead  of t he  axisym- 
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m e t r i c  d i f f u s e  discharge observed i n  the s e l f - f i e l d  con- 

f i g u r a t i o n s  139,401, I n  a d d i t i o n  t o  t h  obvious implicat ions 

f o r  t h r u s t e r  perform I t h i s  p r e d i c a t e s  d d i t  i ona l  com- 

p l e x i t i e s  i n  experimental  techniques and a n a l y t i c a l  formula- 

t i o n s ,  both of  w h i c h  up t o  t h i s  t i m e  had assumed axisymmetric 

flow condi t ions.  

A few i l l umina t ing  tests, eve r I  have produced s ig -  

n i f i c a n t  information and i n s i g h t  i n t o  the  opera t ing  charac- 

t e r i s t ics  of t h e  MPD arc, One of these has been t h e  study 

of t h e  e l e c t r o n  number d e n s i t y  and e l e c t r o n  temperature d i s -  

t r i b u t i o n  i n  an  exhaust plume by t h e  use  of  microwave and 

Liangmuir probes swung through t h e  plume and spectroscopic  

techniques 1411. From these data, it w a s  concluded t h a t  

t h e  plasma w a s  i n  a h ighly  nonequilibrium s ta te ,  However, 

t h e  d a t a  w a s  taken a t  only one tes t  condi t ion  ( input  power 

up t o  50 kW, no e x t e r n a l  magnetic f i e l d ,  and back pressure  

from 0.1 t o  0.5 t o r r ) ,  and i t s  extension to higher power 

opera t ion  can only be assumed, 

o t h e r  s i g n i f i c a n t  r e s u l t  has been t h e  p o s i t i v e  

i d e n t i f i c a t i o n  of t h e  s e l f - f i e l d  t h r u s t  mechanism by 

[42]. Figure 2-7 shows a log-log p l o t  of t h r u s t  as a func- 

t i o n  of  t o t a l  cu r ren t  f o r  argon and n i t rogen  a t  var ious 

p rope l l an t  flow rates. It is  se n t h a t  as the cu r ren t  i s  

increased, the measured t h r u s t  eventua l ly  fo l l sws  a l i n e  

of  s lope  2 r e f l e c t i n g  the i n t e r a c t i o n  of  t he  cu r ren t  with 

i t s  Own magnetic f ie ld .  This l a t te r  r e g i m  is  a l s o  
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categorized by an  increas ing  o v e r a l l  e f f i c i e n c y  of t h e  

t h r u s t e r  t i s  f u r t h e r  observed t h a t  a t  higher mass flow 

rates, t h e  t r a n s i t i o n  t o  current-squared t h r u s t  dependence 

occurs a t  l a r g e r  cu r ren t s  due t o  t h e  increased inf luence of  

ynamic t h r u s t  components. This l a t t e r  e f f e c t  i l l u s -  

trates one of t h e  p r i n c i p l e  problems i n  systematic  examina- 

t i o n  of MPD pe r fo  t is, although t h e  arc shows a 

t r end  towards improved ce and g r e a t e r  e 

as t h e  cu r ren t  i s  increased, t h i s  e f f e c t  can only be observed 

f o r  cu r ren t s  f r o m  about 1,500 t o  3,000 A-the l o w e r  boundary 

being t h a t  where t h e  s e l f - f i e l d  mech comes dominant, 

er l i m i t  being imposed by t h e  power supply i t s e l  

This l imi ted  range has  proven t o  be inadequate f o r  any para- 

metric study t o  r evea l  s i g n i f i c a n t  t rends  leading toward an 

optimum configurat ion.  o r e  troublesome i s  t h e  fact t h a t  

although a l l  i nd ica t ions  po in t  toward f u r t h e r  performance 

gains  for cu r ren t s  w e l l  above 3,000 A ere magnet op lasma- 
* 

dynamic e f f e c t s  w i l  dominate o t h e r  t h r u s t  cont r ibu t ions ,  

t h i s  is p r e c i s e l y  t regime t h a t  i s  inaccess ib le  t o  s teady 

state t e s t i n g .  

Several  phys ica l  models have been proposed for t he  

PD arcjet ,  but  because of t h e  pauc i ty  of d iagnos t ic  experi-  

ments, these  models invoke a v a r i e t y  of assumptions wi th  a 

consequent w i d e  range of p red ic t ions  and l i m i t  t ions Selec- 

t i o n  of t h e  m o s t  p e r t i n e n t  model a w a i t s  better determination 
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of t h e  phys ica l  parameters of  i n t e r e s t  i n  t h e  exhaust plume. 

Rather than descr ibe  each candidate model i n  d e t a i l ,  only 

t h e  s a l i e n t  f e a t u r e s  or parametric implicat ions of each w i l l  

be discussed. A more complete review of t hese  models is  

a v a i l a b l e  i n  R e f .  [43 ]  wherein t h e i r  mathematical background 

and p a r t i c u l a r  s u b t l e t i e s  are developed. 

The main d i s t i n c t i o n  among t h e  models is  between t h e  

continuum or magnetogasdynamic poin t  of  view and t h e  f r e e  

p a r t i c l e  o r  gask ine t i c  approach. I n  t h e  continuum representa- 

t i o n ,  t h e  c ross ing  of t h e  rad ia l  and a x i a l  cur ren t  components 

with t h e  azimuthal self-magnetic f i e l d  produces ax ia l  forces  

as discussed previously.  I n  addi t ion,  e i t h e r  t h e  r a d i a l  o r  

ax ia l  component of an e x t e r n a l  magnetic f i e l d  when crossed 

wi th  t h e  proper cu r ren t  component can produce an  electromag- 

n e t i c  swi r l ing  of t h e  gas. Final ly ,  allowing t enso r  conduc- 

t i v i t y  e f f e c t s ,  var ious H a l l  i n t e r a c t i o n s  can be present ,  such 

as t h e  c ross ing  of an azimuthal H a l l  cu r r en t  component with 
a 

t h e  r a d i a l  component of an ex te rna l  f i e l d  t o  produce an  a x i a l  

force.  

For t h e  pure ly  s e l f - f i e l d  cont r ibu t ions ,  it has been 

shown t h a t  t h e  t o t a l  electromagnetic t h r u s t  f o r  uniform cur- 

r e n t  dens i ty  over t h e  cathode end sur face  va r i e s  as 

T = -  

where T = t o t a l  electromagnetic t h r u s t  (N) 
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J = t o t a l  arc cu r ren t  (A) 

)1 = magnetic s u s c e p t i b i l i t y  ( 

= r a d i i  of arc attachment on anode and cathode rau rc 
r e spec t ive ly  [ 

N o t e  t h a t  t h i s  t h r u s t  component is independent of  t h e  

d e t a i l e d  p a t t e r n  of t h e  arc, and independent of t h e  m a s s  f l o w  

rate t o  t h e  ex ten t  t h a t  t h e  m a s s  flow does not  a l t e r  t h e  t o t a l  

arc cu r ren t  or t h e  e f f e c t i v e  r a d i i  of arc attachment on t h e  

cathsde and anode sur faces ,  To t h i s  ex ten t ,  then, t h e  ex- 

haust  v e l o c i t y  should scale inverse ly  wi th  t h e  mass flow rate 

i f  t h e  a c c e l e r a t i o n  conforms with t h e  pos tu la ted  mechanism. 

Although t h e  magnetogasdynamic model of the  MPD arc 

makes no re ference  t o  gas p rope r t i e s ,  it assumes a continuum 

i n t e r a c t i o n  i n  t h e  manner i n  which it invokes t h e  j x B body 
. A t  

force.  However, s ince  t h e  l a rge  arc cu r ren t s  and high exhaust 

v e l o c i t i e s  are favorxed by l o w  gas pressures  i n  t h e  arc chamber, 

some p a r t i c l e  mean free pa ths  and gyro r a d i i  may become com-  

parab le  wi th  t h e  chamber dimensions, The extreme case of 

completely c o l l i s i o n l e s s  cur ren t  conduction and p a r t i c l e  ac- 

c e l e r a t i o n  forms t h e  basis f o r  t h e  second proposed model f o r  

t h e  MPD arc 1441. I n  this  model, s u f f i c i e n t  c o l l i s i o n s  are 

allowed t o  ion ize  t h e  incoming propel lan t  near t h e  anode. 

The ions thus  c rea t ed  are accelerated r a d i a l l y  inward by t h e  

electric f i e l d  without f u r t h e r  c o l l i s i o n s  and are subsequently 

de f l ec t ed  a x i a l l y  outward by the azimuthal self-magnetic f i e l d  

u n t i l  they j o i n  an a x i a l  stream of e l e c t r o n s  emitted from t h e  
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cathode, Hence, the t h r u  ter  b a s i c a l l y  acts as an electro- 

s ta t ic  ion accelerator with apace-charge n e u t r a l i z a t i o n  pro- 

vided by the cathode e l e c t r o n  beam, 

This pos tu la ted  behavior p r e d i c t s  c e r t a i n  c o r r e l a t i o n s  

of i t s  te rmina l  p r o p e r t i e s  which d i f f e r  from t h e  continuum 

case. Implicat ions of the model are tha t  the mass f l o w  rate 

is  now d i r e c t l y  coupled t o  t h e  cu r ren t  through the  ion ra- 

d i a l  conduction, and t h a t  the ion gyro r ad ius  must be the  

order of its rad ia l  p o s i t i o n  i n  order t o  nego t i a t e  the t u r n  

from the  radial  t o  the  a x i a l  d i r ec t ion .  Taking these  i n t o  

account p r e d i c t s  an arc vol tage and t h r u s t  that  each vary 

with t h e  square of the  cur ren t ,  and an exhauat speed pro- 

p o r t i o n a l  t o  the cu r ren t  and inve r se ly  propor t iona l  t o  t h e  

ion  mass. 

The v a l i d i t y  o f  t h e  p a r t i c l e  model c l e a r l y  hinges on 

the c o l l i s i o n l e s s  assumption, one which may be unreasonable 

f o r  much of  t he  domain over which t h e  bserved t o  

function. H~wever, t w o  f e a t u r e s  of it are mors gene ra l ly  

r e l evan t  and provide some i n s i g h t  i n t o  two prominent aspects 

of the  arc operat ion,  The f i r s t  relates t o  the  a b i l i t y  of 

the cathode t o  withstand the extremely high-current d e n s i t i i s ,  

,of the order of 10 A/m , Normally, concentrat ions 

t h i s  i n t ense  w i l l  r a p i d l y  erepde a cathode su r face  by ion bom- 

bardment, but  here the  strmg magnetic €ield near  t he  cathode 

t i p  can deflect the incoming ions s u f f i c i e n t l y  t o  p r o t e c t  the 

cathode f r o m  excessive heat ing,  Because of  the inverse de- 

a 

9 2 
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pendence of  the magnetic f i e l d  on t h e  r ad ius#  t h i s  magnetic 

p r o t e c t i o n  of  t h e  cathode can p r e v a i l  a t  f a r  higher  p a r t i c l e  

d e n s i t i e s  than  could be allowed f o r  a p p l i c a t i o n  of  a pure ly  

c o l l i s i o n l e s s  theory  throughout t h e  arc chamber. 

The second i n s t r u c t i v e  con t r ibu t ion  of t h e  c o l l i s i o n -  

less approach concerns t h e  coupling of  arc cu r ren t  t o  m a s s  

flow rate which may be r e l evan t  t o  t h e  "zero m a s s  flow" oper- 

a t i o n  discussed earlier. I f  t h e  device i s  operated i n  a re- 

gime where ions alone c a r r y  t h e  cu r ren t  and t h e  m a s s  flow i s  

then reduced, t h e  arc would be s ta rved  f o r  cur ren t  carriers, 

and the cu r ren t  would tend t o  decrease. However, i f  the  cur-  

r e n t  w e r e  f o r c i b l y  maintained a t  i t s  previous l e v e l  by the  

e x t e r n a l  c i r c u i t ,  t h e  arc would be obl iged t o  ob ta in  current-  

car ry ing  p a r t i c l e s  from o t h e r  than  t h e  i n l e t  m a s s  flow, e.g., 

from the e l ec t rode  su r face  material, o r  by r e c i r c u l a t i n g  a 

f r a c t i o n  of  t h e  exhqust  plume. Thus, w h i l e  t h i s  model may 

not describe t h e  higher  mass flow domain of MPD arc opera- 

t i o n ,  it may establish the lower mass flow l i m i t  before  re- 

c i r c u l a t i o n  o r  electrode consumption begins. 

The gap between t h e  continuum and c o l l i s i o n l e s s  ap- 
v, 

proaches can be bridged by incorporat ing c o l l i s i o n a l  effects 

i n  t he  p a r t i c l e  o r b i t  mechanics, a formidable t a s k  i f  done 

p rec i se ly .  However, q u a l i t a t i v e  p a t t e r n s  of cu r ren t  and 

t h r u s t  d e n s i t i e s  can be predicted from examination of t h e  

e l e c t r o n  and ion  H a l l  parameters and the i r  respec t ive  gyro 

r a d i i  over the arc chamber and plume regions [45] .  This  
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approach r e q u i r e s  soma i n i t i a l  estimates, presumably based 

on experimental  data, of t h e  p a t t e r n  va r ious  gas 

p r o p e r t i e s  which determine t h e  H a l l  parameters and gyro 

radii, namely the degree of i on iza t ion ,  the  e l e c t r o n  number 

dens i ty ,  t he  e l e c t r o n  and heavy p a r t i c l e  temperatures, and 

t h e  magnetic f i e l d .  

When t h i s  procedure is  appl ied  t o  a t y p i c a l  MPD arc 

geometry, it is  found t h a t  m o s t  of t h e  phenomenological 

t r a i t s  c h a r a c t e r i s t i c  of the  experimental opera t ion  can be 

q u a l i t a t i v e l y  displayed. Plume p ro t r ac t ion ,  ambient gas  

inges t ion ,  arc swir l ing ,  cathode pro tec t ion ,  and the gross 

aspec t s  of t h e  cu r ren t  dens i ty  d i s t r i b u t i o n  a l l  fa l low l s g i -  

c a l l y  from i t s  se l f - cons i s t en t  a p p l i c a t i o n  under the pre- 

v a i l i n g  condi t ions.  The ex ten t  t o  which it can provide 

q u a n t i t a t i v e  information of these phenomena c l e a r l y  rests 

on the accuracy w i t h  which t h e  appropr ia te  parameters can 

be determined over t h e  range of i n t e r e s t .  
ba 

A model which at tempts  to take entrainment e f f  

i n t o  cons idera t ion  has been pos tu l a t ed  by Cann 1461 for a 

predominantly ion  cu r ran t  and later by Benn 

either e l e c t r o n  or ion cu r ren t  conduction processes. I n  

t h i s  "critical mass f low" model, it is assumed t h a t  the arc 

%. 

w i l l  operate a t  that  m a s s  flow rate far w h i c h  the t o t a l  

vol tage is a minimum, and consequently, a d i s t i n c t i o n  is  

made between the  mass flew which is  e x t e r n a l l y  provided 

and the  t o t a l  mass f l a w  accelerated through the  arc dis- 
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charge. I n  cases of entrainment or e l ec t rode  erosion, t h e  

l a t t e r  can be greater than t h e  former; t h e  reverse  s i t u a t i o n  

can exist  i f  only s o m e  f rac t im of the  i n j e c t e d  mass is  ion- 

ized and accelerated i n  the  discharge. When these assumptions 

are incorporated i n t o  an energy balance,  the  vol tage is  min- 

imized a t  t h a t  mass f l o w  ra te  for  which 50 percent  of t h e  

energy is  i n  directed streaming energy and 50 percent  i n  ion- 

i z a t i o n  energy (assuming a monatomic gas w i t h  neg l ig ib l e  

electrode loss and thermal cont r ibu t ion) .  Only by operat ing 

a t  mass f l o w s  less than  t h e  c r i t i ca l  value without en t ra in-  

ment or e ros ion  is  it poss ib le  t o  have an e f f i c i e n c y  g r e a t e r  

than  50 percent .  A t  t h i s  c r i t i ca l  mass f l o w  rate, t he  ion 

exhaust v e l o c i t y  i s  shown t o  be t h a t  value f o r  which the  ion 

k i n e t i c  energy equals  the ion iza t ion  energy of t he  n e u t r a l  

species, i.e., 

where = cr i t ica l  ion ve loc i ty  ( m / s e c )  'crit 
e = e l e c t r o n i c  charge (coul)  

= i on iza t ion  energy of a n e u t r a l  (ev) i E 
= m a s s  of t h e  ion (kg) Mi 

I n  addi t ion ,  for  an e x t e r n a l  f i e l d  accelerator, the minimum 

or c r i t i c a l  vol tage is  shown t o  be propor t iona l  t o  the  prod- 

u c t  of t h i s  "cri t ical  ve loc i ty"  and t h e  e x t e r n a l  f i e l d  

s t rength .  I n  retrospect, the formulation of a c r i t i ca l  ve- 

l o c i t y  and i ts  funct ion as the constant  of p ropor t iona l i t y  
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between vol tage and magnetic f i e l d  can be shown from a one- 

dimensional channel ana lys i s ,  

c a t i o n  of momentum and energy i n t e g r a l  relations across an 

a c c e l e r a t i o n  zone generated by an e x t e r n a l  magnetic f ie ld ,  

and the assumptions of  n e g l i g i b l e  i n l e t  condi t ions  and neg- 

The s t ra ight forward  app l i -  

l i g i b l e  thermal energy, lead t o  i d e n t i c a l  r e l a t i o n s  and 

impl ica t ions  . 
Experimentally, there is  some evidence of opera t ion  

i n  accord w i t h  p a r t s  of t h i s  mo,de l .  The l i n e a r  r e l a t i o n  be- 

tween vol tage and appl ied  magnetic f i e l d  is common among 

t h r u s t e r s  i n  t h i s  category and, i n  f a c t ,  the c r i t i ca l  veloc- 

i t y  concept i n  t h e  MPD f i e l d  w a s  f i r s t  invoked t o  expla in  

t h i s  behavior 1171. More r ecen t ly  the  i d e n t i f i c a t i o n  of a 

high v e l o c i t y  ionized spec ies  and a l o w  ve loc i ty  n e u t r a l  

spec ie s  i n  t h e  same exhaust plume 1481 reflects on one of  

t he  i n i t i a l  ass t i o n s  of t h i s  m o d e l .  

The concept of a c r i t i ca l  v e l o c i t y  i n  plasma accel- 

erators is not new. Ear ly  r e s u l t s  by Fahleson 1491 f r o m  

closed chamber, r o t a t i n g  plasma experiments displayed a 

l i n e a r  r e l a t i o n  between t o t a l  vol tage and appl ied  magnetic 

f ie ld ,  the constant  of p r o p o r t i o n a l i t y  being the  same crit-  

ical  ve loc i ty .  Again, t h i s  v e l o c i t y  w a s  only observed among 

t h e  ionized species and w a s  not exceeded u n t i l  a l l  of the 

\ 

n e u t r a l s  w e r e  ionized. 

I n  both the closed chamber and MPD experiments, the  

c r i t i ca l  v e l o c i t y  concept s u f f e r s  from a lack of understanding 
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of t h e  d e t a i l e d  phys ica l  processes involved. I n  p a r t i c u l a r ,  

t h e  mechanism by which t h e  ionized spec ie  i n t e r a c t s  wi th  t h e  

n e u t r a l  gas is s t i l l  subjec t  t o  question. Whereas an elec- 

t r o n  is a n  e f f e c t i v e  i o n i z e r  of a n e u t r a l  when i ts  energy 

equals  t h e  ion iza t ion  energy, an ion  must t r a v e l  with a veloc- 

i t y  nea r ly  t e n  t i m e s  t h e  c r i t i ca l  v e l o c i t y  t o  be equal ly  e f f i -  

c i e n t .  To  get energy from t h e  streaming ions i n t o  t h e  elec- 

t r o n s ,  Alfven [50] has  pos tu la ted  local charge imbalances 

which s u f f i c i e n t l y  accelerate t h e  e l ec t rons ,  while Lin [51] 

claims e las t ic  c o l l i s i o n s  between ions and e l e c t r o n s  a r e  

s u f f i c i e n t .  Like t h e  o t h e r  models, t h e  ex ten t  t o  which t h i s  

one w i l l  be use fu l  t o  both e x t e r n a l  and s e l f - f i e l d  MPD arcs 

w i l l  m o s t  probably depend on the  q u a l i t y  of d i agnos t i c  experi-  

ments i n  t h e  i n t e r e l e c t r o d e  region and t h e  examination of 

te rmina l  proper ty  func t iona l  dependencies over t h e  e n t i r e  

power spectrum of arc" operation. 

It i s  important t o  r e a l i z e  t h a t  none of t h e  previous 

models includes an  e lec t ro thermal  t h r u s t  cont r ibu t ion  which, 

as has been mentioned previously,  i s  a s t rong  p o s s i b i l i t y  

consider ing t h e  evolu t ion  of t h e  MPD arc. A t  first glance,  

t h e  e lec t ro thermal  con t r ibu t ion  might s e e m  t o  be minor i n  a 

t h r u s t e r  producing exhaust v e l o c i t i e s  up t o  l o 5  m/sec because 

of t h e  excessive gas temperatures which would be required.  

However, a c h a r a c t e r i s t i c  f ea tu re  of t h e  previous models has  

been the  displacement of t h e  c o l l i s i o n  dominated regime down- 

stream f r o m  t h e  ma te r i a l  e l ec t rodes  due t o  t h e  large self- 
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induced o r  e x t e r n a l  magnetic f i e l d s .  In t h i s  way, the arc 

may n8w be able t o  s u s t a i n  much higher  c u r r e n t s  and gas  

temperatures i n  t h i s  "ohmic" reg ian  than  i f  t h e  la t ter  w e r e  

i n  direct contact w i t h  t h e  electrodes. The extreme poin t  of  

view would be t o  regard t h e  device as s t i l l  an e lec t ro thermal  

arc, w i t h  the hottest  por t ion  of the gas  constrained away 

from the electrodes and the exhaust stream expanding i n  a 

magnetic nozzle e s t ab l i shad  by the  f ie ld  pa t t e rn ,  This pos- 

t u l a t e d  e lec t ro thermal  component is important from the stand- 

po in t  of the  o v e r a l l  e f f i c i e n c y  of t h e  arc. Were only elec- 

tromagnetic effects producing the gas acce le ra t ion ,  a l l  j ou le  

hea t ing  of the  gas would be regarded as an energy loss. I f  

on the  o t h e r  hand, t h e  device r e t a i n s  some of  i t s  e l e c t r o -  

thermal characteristics and can redirect a s i g n i f i c a n t  po r t ion  

of t h i s  randomized energy i n t o  streaming energy, t h e  o v e r a l l  

e f f i c i e n c y  w i l l  b n e f i t  accordingly. I n  the  l i m i t ,  only some 

r a d i a t i o n  and electrode losses would detract from i ts  per- 

formance, and i ts  e f f i c i e n c y  can be extremely high. 

v, S U m Y  
-. 

A f t e r  s e v e r a l  years  of i n t ense  s tudy i n  s e v e r a l  labo- 

ratories, l i t t l e  i n s i g h t  has been gained i n t s  t h e  MPD arcjet 

beyond t h e  v e r i f i c a t i o n  of the performance l e v e l  f i r s t  demon- 

strated by Ducati, 

of MPD th rus te re-spec i f ic  impulses above 3,000 sec with 

t h r u s t  d e n s i t i e s  a t  least  three orders of  magnitude g r e a t e r  

Subsequent estimates of  the  high p e t e n t i a l  
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t han  t h e  ion  e g i n e - s t i l l  appe r realist ic and p e r t i n e n t  

t o  f u t u r e  space appl ica t ions .  I n  i s o l a t e d  instances,  i l l u -  

minating experiments have c l e a r l y  i d e n t i f i e d  p a r t i c u l a r  

t h r u s t  mechanisms or phenomenological c h a r a c t e r i s t i c s  i n  a 

given configurat ion,  but  a cohesive model for t h e  t h r u s t e r  

opera t ion  continues t o  be e lus ive .  The p r i n c i p l e  obstacle 

blocking a systematic  so lu t ion  t o  t h e  problem is t h e  lack  

of d i agnos t i c  information, t h i s  i n  t u r n  being due t o  t h e  

extreme condi t ions throughout t h e  e n t i r e  discharge region 

and t h e  poorly def ined inf luence of e x t e r n a l  environmental 

f ac to r s ,  Parametric inves t iga t ions ,  which usua l ly  p l ay  a 

key role i n  t h e  development of new t h r u s t e r s ,  have been 

l a r g e l y  i n e f f e c t i v e  with t h e  MPD arc due t o  complex i n t e r -  

parameter dependencies and l i m i t a t i o n s  of s teady s ta te  

t e s t i n g  fac i l i t i es ,  M o s t  troublesome has been t h e  i n a b i l i t y  

t o  explore t h e  opera t ing  regime above 3,000 A where t h e  m o s t  

e f f i c i e n t  acceleratio; is  indicated.  The cumulative impli- 

c a t i o n  of these  s teady  state r e s u l t s  i s  t h a t  t h e  only way 

i n  which complete d iagnos t ic  information can be gained 

throughout t h e  e n t i r e  opera t iona l  domain is  by an in te rmi t -  

t e n t  o r  quasi-steady t h r u s t i n g  technique, Only than w i l l  it 

be possible t o  a s c e r t a i n  t h e  r e l a t i v e  importance of specific 

geometrical  and environmental factors and thus  cons t ruc t  an 

optimum t h r u s t e r  f o r  m o s t  e f f i c i e n t  ElPD propulsion, 
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CHAPTER 3 

PULSED ACCELERATORS 

I. INTRODUCTION 

I n  t h e  previous chapter ,  t h e  migrat ion of s teady  state 

plasma a c c e l e r a t o r s  toward a quasi-s teady opera t ion  w a s  re- 

l a t e d  t o  the  desire t o  observe a r c  opera t ion  a t  power l e v e l s  

up t o  s e v e r a l  t e n s  of megawatts and t o  t h e  need f o r  d e t a i l e d  

d i agnos t i c  measurements i n  t h i s  range a s  w e l l  as f o r  lower 

powers. Concurrently, experimental  r e s u l t s  wi th  pulsed (i.e. 8 

completely unsteady) plasma a c c e l e r a t o r s  w e r e  suggest ing t h e  

ex tens ion  of these  pulse  lengths  t o  considerably longer t i m e s ,  

thus  approaching the quasi-steady mode from t h e  oppos i te  end 

of the  time spectrum. Since t h e  des ign  of t h e  quasi-steady 

acce le ra to r ,  which i s  c e n t r a l  t o  t h i s  thesis, d r a w s  heavi ly  

on experience gained w i t h  t r a n s i e n t  d i scharges ,  a b r i e f  re- 

view of t h i s  r e l a t e d  t rend  w i l l  be p r o f i t a b l e .  

I1 . EARLY OBSERVATIONS 

I n i t i a l l y ,  pulsed plasma t h r u s t e r s  w e r e  s tud ied  be- 

cause of certain p o t e n t i a l l y  advantageous phenomenological 

d i f f e rences  from s teady  state plasma t h r u s t e r s ,  assoc ia ted  

w i t h  the t r a n s i e n t  na ture  of the discharge:  

1. I f  the acce le ra t ion  event is s u f f i c i e n t l y  rap id ,  

it may be poss ib l e  t o  avoid thermal iza t ion  of t h e  f r e e  
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e l e c t r o n  component with t h e  ion streaming energy and the  sub- 

sequent l o s s  of  t h i s  energy by i n e l a s t i c  c o l l i s i o n s  and r ad i -  

a t  ion. 

2. The c h a r a c t e r i s t i c  t i m e  d e r i v a t i v e s  of t h e  accel- 

e r a t i o n  process  produce c e r t a i n  s p a t i a l  nonuniformities,  such 

as the  "sk in  e f f e c t . "  Br ie f ly ,  t h i s  e f f e c t  i s  a s soc ia t ed  w i t h  

t h e  tendency of  high-frequency c u r r e n t s  t o  flow along t h e  

o u t e r  su r f ace  of a conductor, and is fundamental t o  t h e  gen- 

e r a t i o n  of an in tense ,  t h i n  cu r ren t  shee t  i n  a gaseous ais- 
charge. 

3. Higher instantaneous power opera t ion  is  poss ib l e  

by u t i l i z i n g  i n t e r m i t t e n t  in tense  pu l ses  from a capac i t i ve  

energy s to rage  bank. 

It w a s  f e l t  that  these  p o t e n t i a l  advantages, i f  proper ly  

harnessed, could manifest  themselves i n  higher  o v e r a l l  e f f i -  

c ienc ies .  
s 

I n  Chap. 1, t h e  pulsed plasma discharge w a s  broadly 

c l a s s i f i e d  i n t o  t h r e e  p r i n c i p l e  phases: plasma generation, 

wherein t h e  a p p l i c a t i o n  of a high vol tage electrical  pulse  

is  synchronized wi th  the a r r i v a l  of a puff  of gas  i n t o  t h e  

discharge chamber t o  produce a gaseous breakdown i n  t h e  form 

of a t h i n ,  i n t ense  cu r ren t  shee t ;  plasma acce le ra t ion ,  i n  

which t h e  c u r r e n t  sheet, dr iven  by i t s  self-magnetic f i e l d ,  

sweeps over the i n j e c t e d  mass and accelerates it t o  a high 

ve loc i ty ;  and plasma e j e c t i o n ,  wherein t h e  cur ren t  sheet and 

accumulated m a s s  are exhausted i n t o  a vacuum, thereby 
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imparting a t h r u s t  increment t o  t h e  accelerator, Although 

these  phases ove r l ap  i n  any a c t u a l  t h r u s t e r ,  t h e i r  s epa ra t ion  

provides  a u s e f u l  conceptual framework t o  which t h e  experi-  

mental r e s u l t s  and d i f f i c u l t i e s  w i l l  be r e l a t e d ,  

CTERISTICS 

red about t h e  

e complete ~ e a s u r e m ~ n t  of 

i t s  performance [ ,52,53], o t h e r s  w e r e  directed toward a s tudy 

of t h e  more basic processes  con t r ibu t ing  t o  t h e  a c c e l e r a t i o n  

[577,54,55] e The p r i n c i p l e  depar tures  from ide 

t i o n ,  as observed i n  t h i s  la t ter  group of  experiments, w e r e  

a s soc ia t ed  with t h e  plasma a c c e l e r a t i o n  phase. Since t h e  

c h a r a c t e r i s t i c  impedance of  t he  discharge,  about loe2 62 .I, 

w a s  considerably l o w e r  than  t h e  c h a r a c t e r i s t i c  impedance of 

e a r l y  c a p a c i t o r  power suppl ies ,  t he  t y p i c a l  cu r ren t  pu l se  

dr iven  through t h e  discharge w a s  a damped s inuso ida l  ringdown. 

I n  most experiments the f i r s t  c u r r e n t  r e v e r s a l  i n  t h i s  r ing- 

down p a t t e r n  occurred before t h e  propagating shee t  reached 

t h e  e j e c t i o n  po r t .  Ins tead  of the cu r ren t  i n  t h i s  shee t  also 

r eve r s ing  and t h e  a c c e l e r a t i o n  process  continuing, a second 

shee t  w a s  generated a t  t h e  i n i t i a l  l o c a t i o n  of  t h e  f i r s t ,  

T h i s  i n  effect severed t h e  electromagnet ic  coupling between 

the  power supply and t h e  first cu r ren t  shee t  r e s u l t i n g  i n  a 

degradat ion of t h e  la t ter ' s  v e l o c i t y  by viscous i n t e r a c t i o n  

with the  chamber w a l l s .  Since nea r ly  a l l  of t h e  m a s s  w a s  

"'i 
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accumulated by t h e  f i r s t  sheet ,  t h e  o v e r a l l  e f f e c t  of  t h i s  

c u r r e n t  r e v e r s a l  w a s  a performance reduction. Capacitors 

l a r g e  enough t o  extend t h e  half-cycle  t i m e  beyond t h e  char- 

acter is t ic  a c c e l e r a t i o n  time would have been unreasonably 

l a r g e  and expensive, and would have predica ted  rise t i m e s  

t o o  long f o r  e f f e c t i v e  u t i l i z a t i o n  of  t h e  sk in  e f f e c t .  Con- 

sequent ly ,  t h e  experimental  tendency was t o  shorten t h e  length 

of shee t  t r a v e l  and increase  t h e  d r iv ing  cur ren t  t i m e  by t h e  

use  of s p e c i a l l y  t a i l o r e d  c u r r e n t  pu l se s  El0,11]. 

A second problem i n  t h e  acce le ra t ion  phase w a s  t h e  

nonideal behavior of  t he  c u r r e n t  sheet  as a mass sweeper. 

Photographic and d i agnos t i c  s t u d i e s  revealed t h a t  t h e  shee t  

i n  f a c t  t i l t e d  during i t s  propagation and l o s t  i t s  e f f e c t i v e -  

ness  a t  t h e  e l ec t rodes ,  predominantly t h e  anode, due t o  a 

d i f f u s e  attachment 1561. The cumulative e f f e c t  of  t hese  and 

o t h e r  imperfect i o  s w a s  t h e  reduct ion of  t h e  e f f i c i e n c y  of 

m a s s  accumulation t o  some f r a c t i o n  of t he  i d e a l  value, 

A t h i r d  i n e f f i c i e n c y  i n  converting electrical energy 

i n t o  d i r e c t e d  streaming energy w a s  assoc ia ted  with t h e  in- 

elastic c o l l i s i o n s  between the  ambient n e u t r a l  p a r t i c l e s  and 

t h e  propagating cur ren t  sheet ,  t h e  r e s u l t i n g  d i s s i p a t i o n  

being termed t h e  dynamic ine f f i c i ency ,  Analysis has shown 

[21] t h a t  f o r  a cons tan t  ve loc i ty  cu r ren t  shee t  p e r f e c t l y  

sweeping a uniformly d i s t r i b u t e d  m a s s ,  only 50 percent  of 

t h e  t o t a l  energy imparted t o  t h e  gas goes i n t o  streaming 

energy; t h e  other 50 percent i s  absorbed i n  i n t e r n a l  modes. 

'-. 
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This d i s t r i b u t i o n  of use fu l  and d i s s i p a t i v e  energy can be 

improved by t h e  s e l e c t i o n  of a converging geometry and by 

jud ic ious  t a i l o r i n g  of  t h e  cu r ren t  pu l se  and i n j e c t e d  m a s s  

p r o f i l e .  However, a sharp ly  decreasing dens i ty  p r o f i l e  i n  

f r o n t  of t h e  shee t ,  shown favorable from t h i s  ana lys i s ,  i n  

some cases r e s u l t e d  i n  an i n s t a b i l i t y  which caused t h e  for- 

merly uniform cu r ren t  shee t  t o  degenerate i n t o  arc f i laments  

u se l e s s  for plasma sweeping funct ions [57 ] .  

I n  t h e  plasma i n i t i a t i o n  phase, t h e  primary concern 

i s  t o  have t h e  expended energy small  compared t o  t h a t  later 

de l ivered  t o  t h e  gas during t h e  acce le ra t ion  phase. However, 

t h e  energy expended i n  breaking down a cold gas by applying 

a high vol tage t o  i n i t i a l l y  cold e l ec t rodes  can be substan- 

t i a l .  I n  f a c t ,  f o r  t h e  shor t  pulse  t i m e s  t y p i c a l  of these  

e a r l y  acce le ra to r s ,  t h i s  loss can be t h e  dominant loss of 

t h e  system. With longer pulse  t i m e s ,  t h e  amount of energy 

expended i n  t h e  i n i t i a t i o n  process w i l l  not change, bu t  it 

w i l l  be a r e l a t i v e l y  smaller f r a c t i o n  of t h e  t o t a l  energy 

input  t o  t h e  gas over t h e  e n t i r e  pu lse  t i m e .  

I n  t h e  plasma ejection phase, it w a s  shown t h a t  t h e  
% 

acce le ra t ed  plasma could be exhausted without a s i g n i f i c a n t  

loss of momentum [9]. This r e s u l t  was of course sub jec t  t o  

t h e  q u a l i f i c a t i o n  discussed ear l ie r - the  plasma must not be 

decoupled f r o m  t h e  d r iv ing  c i r c u i t  (by cu r ren t  r eve r sa l )  be- 

fo re  t h e  bulk of t h e  e j e c t i o n  process is  complete. It w a s  

f u r t h e r  observed t h a t  before cur ren t  r e v e r s a l  occurred, t he  

cu r ren t  flowed out  i n t o  t h e  exhaust plume during t h e  e j e c t i o n  
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phase and continued t o  accelerate t h e  working f l u i d .  This 

has  obvious implicat ions f o r  higher  exhaust v e l o c i t i e s  i f  

t h e  cu r ren t  p u l s e  could be s u f f i c i e n t l y  pro t rac ted .  

Two problem areas remain t h a t  are n o t  d i r e c t l y  asso- 

c i a t e d  with any one of t h e  t h r e e  d i s t i n c t  phases. The f irst  

of these  concerns t h e  electrode emission process throughout 

t h e  pulse.  Supe r f i c i a l ly ,  t h e r e  i s  a tendency t o  feel  t h a t  

t h e  t i m e  s c a l e  on which t h e  pulsed accelerator opera tes  i s  

probably inadequate t o  a t t a i n  t h e  p r o l i f i c  thermionic e m i s -  

s i on  of e l e c t r o n s  f r o m  t he  cathode which i s  characterist ic 

of high-current s teady a rc s ,  Nevertheless,  it is important 

t o  achieve t h i s  type of emiss ion  because the  associated s m a l l  

vol tage drop a t  t he  cathode ( t h e  cathode f a l l  voltage) is re- 

f l e c t e d  i n  a g r e a t e r  o v e r a l l  e f f ic iency .  Larger cathode f a l l  

vol tages  associated with nonthermionic emission not only 

cause g r e a t e r  powek losses ,  but  f requent ly  cause cathode 

e ros ion  due t o  the sandblast ing e f f e c t  o f  ions acce lera ted  

by t h i s  voltage.  Longer pulses  may a l l e v i a t e  t h i s  problem 

i n  t h a t  a more stable discharge might be generated,  allowing 

i n  t u r n  s u f f i c i e n t  local heat ing for thermionic emission t o  ~ 

preva i l .  

The second problem area concerns t h e  r e l i a b i l i t y  of 

t h e  complete t h r u s t e r  system, Since t h e  pulse  dura t ion  w a s  

l i m i t e d  t o  one t o  t e n  microseconds, de l ive ry  of a required 

t o t a l  impulse dictated a t o t a l  number of ind iv idua l  pulses.  

For rea l i s t ic  missions, t h i s  implied lo7 t o  10 9 pulses  [ 58 ]  
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i n d i c a t i n g  t h e  importance of system r e l i a b i l i t y  and e l ec t rode  

i n t e g r i t y .  P a r t i c u l a r l y  s i g n i f i c a n t  i s  the burden tha t  such 

a large number of pu l ses  places on t h e  capacitors and on t h e  

switch between t h e  power supply and t h e  th rus t e r .  Severa l  

types  of switches have been used i n  pulsed plasma propuls ion,  

with a complete desc r ip t ion  of  each given i n  Ref. 2431, 

ga rd le s s  of t h e  p a r t i c u l a r  conf igura t ion ,  it w a s  clear t h a t  

i f  a longer  pu l se  w e r e  used, and i f  t h e  t h r u s t e r  continued 

t o  accelerate i n j e c t e d  mass during t h i s  increased pulse ,  then  

fewer pulses  would be requi red  for t h e  same t o t a l  impulse, 

Consequently, t h e  r e l i a b i l i t y  demands on t h e  switch, capac- 

i to rs ,  and t h r u s t e r  would be considerably relaxed. 

Re- 

The summation of these  observed d i f f i c u l t i e s  w a s  re- 

f l e c t e d  i n  t h e  o v e r a l l  e f f i c i e n c y  measured i n  t y p i c a l  pulsed 

systems. Larson 231 measured an o v e r a l l  e f f i c i e n c y  of up t o  

45 percent  and specula ted  t h a t  50 percent  appeared t o  be a 

c e i l i n g  for t h a t  system. Gorowitz, us ing  t h e  conf igura t ion  
a 

shown i n  Fig. 3-1 221, claimed a maximum o v e r a l l  e f f i c i e n c y  

of  70 percent  a t  a s p e c i f i c  impulse of 9,000 seconds. How- 

ever,  due t o  t h e  s p e c i f i c  m a s s  of an t i c ipa t ed  electric power 

supp l i e s ,  t h e  optimum specific impulse f o r  near-planet m i s -  

s i ons  is  approximately 5,000 seconds 218,191. A t  t h i s  value, 

t h e  l a t t e r  system had an  e f f i c i e n c y  of 45 percent .  Thus, it 

appears t h a t  although c e r t a i n  advantages accrue f r o m  r ap id ly  

pulsed plasma accelerators, t h i s  same t r a n s i e n t  process pred- 

icates unique loss mechanisms which l i m i t  t h e  o v e r a l l  e f f i -  

c iency  t o  values  considerably l o w e r  than  des i red .  

u*, 
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I V .  EXTENDED PULSE OPERATION 

From s t u d i e s  l i k e  those  mentioned above, it has be- 

come apparent t h a t  many of  t h e  ope ra t iona l  d i f f i c u l t i e s  

could be reduced by p r o t r a c t i o n  of t h e  d r iv ing  cu r ren t  pulse.  

I n  essence,  performance improvements may be an t i c ipa t ed  by 

extension of t h e  e lectr ical  and i n j e c t e d  m a s s  inputs  thereby 

confining t h e  more troublesome aspects of t h e  acce le ra t ion  

process  t o  t h e  ex t r emi t i e s  of the  pulse .  I n  o the r  words, t he  

problems of shee t  formation, mass sweeping, and uncoupling of 

t h e  shee t  f r o m  t h e  power supply may assume a r e l a t i v e l y  lesser 

importance i f ,  dur ing t h e  c e n t e r  po r t ion  of  t h e  pulse,  t h e  

discharge funct ions as a high-power s teady  state accelerator. 

One of t h e  f irst  at tempts  a t  opera t ion  of a t h r u s t e r  

with an  extended pulse  w a s  reported by Ashby 1581. Since t h e  

implicat ions of  prolonged pulses  regarding both MPD s imulat ion 

and quasi-steady propulsion had been r e a l i z e d  by t h i s  t i m e  

[59,60], t h e  geometry of t h i s  t h r u s t e r  more c l o s e l y  resembled 

a 

t h e  s teady  state device (see Fig. 3-2). N o t e  t h a t  an  e x t e r n a l  

magnetic f i e l d  w a s  added t o  improve t h e  performance i n  t h e  

l o w e r  power regime. The performance of t h i s  accelerator w a s  

i n  fact l o w e r  than  t h e  o lde r  pulsed t h r u s t e r s  (ove ra l l  e f f i -  

c iency of about 25 percent  a t  a comparable s p e c i f i c  impulse) 

and w a s  complicated by t w o  problems. F i r s t ,  wi th  these  longer 

pulse  t i m e s ,  cur ren t  w a s  able t o  flow i n  t h e  expanding exhaust 

plume and consequently i n  t h e  metallic vacuum tank w a l l s .  I n  

fact, t h e  maximum input  power condi t ions w e r e  s t i p u l a t e d  as 

u, 
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those  where tank  c u r r e n t s  d i d  not flow - 25 t o  250 kW de- 

pending on t h e  propel lan t .  The second problem w a s  assoc ia ted  

with t h e  m a s s  i n j e c t i o n  system. Because t h i s  t h r u s t e r  w a s  an 

extension from t h e  opera t ion  a t  s h o r t e r  t i m e  scales, t h e  m a s s  

supply system c l o s e l y  resembled i t s  forerunner.  This appara- 

t u s  cons is ted  of a s m a l l ,  high pressure  plenum whose passages 

t o  t h e  main arc discharge chamber w e r e  sea led  by an electro- 

magnetic valve (see Figs. 3-1 and 3-2). The advantages of  

such a system are t h a t  it can be r e p e t i t i v e l y  pulsed and e a s i l y  

synchronized wi th  respec t  t o  t h e  electrical  pulse  by an elec- 

t r o n i c  de lay  network. The disadvantages are twofold: F i r s t ,  

t h e  t i m e  s t a r t i n g  when t h i s  valve begins t o  open u n t i l  "steady" 

mass f l o w  condi t ions are reached i n  t h e  arc chamber can be 

seve ra l  mill iseconds.  For a quasi-steady acce le ra t ion  experi- 

ment, the e l e c t r i c a l  pu lse  should be delayed u n t i l  t h i s  s teady 
- 

condi t ion  has been yeached. Consequently, s u f f i c i e n t  mass can 

e n t e r  t h e  vacuum chamber i n  t h i s  t i m e  increment t o  l o w e r  t h e  

mass u t i l i z a t i o n  and compromise t h e  space environment estab- 

l i s h e d  i n i t i a l l y .  I n  addi t ion ,  t h e  r e s u l t i n g  higher  back pres- 

su re  may p r o h i b i t  c e r t a i n  exhaust plume d iagnos t ics ,  such as 

ion energy analyzers ,  which requi re  a large mean free pa th  

ou t s ide  t h e  exhaust plume. The second disadvantage of t h i s  

technique i s  t h a t  no t r u l y  s teady mass f l o w  is reached s ince  

t h e  pressure  i n  t h i s  s m a l l  r e se rvo i r  con t inua l ly  decays with 

t i m e .  This can become e s p e c i a l l y  se r ious  as t h e  electrical 

pu l se  t i m e  i s  increased. 
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A l a te r  long-pulse t h r u s t e r  for D s imulat ion 

developed by Lovberg, e t  al .  1611. It too had an e x t e r n a l  

magnetic f i e l d ,  a s i m i l a r  m a s s  i n j e c t i o n  system, and 

confined t o  power l e v e l s  below approximately 100 kW. An 

added f e a t u r e  of t h i s  experiment w a s  a r t i f i c i a l  hea t ing  of 

t h e  cathode t o  ensu e thermionic emission. Although o v e r a l l  

performance measurements w e r e  not t h e  purpose of t h i s  experi-  

ment, d e t a i l e d  d iagnos t ics  i n  t h e  i n t e r e l e c t r o d e  region 

quick ly  revealed the presence of a r o t a t i n g  spoke d i sch  

Only a f te r  t h i s  r e s u l t  w a s  reported w a s  t h e  s a m e  phenomena 

v e r i f i e d  i n  s teady  s ta te  experiments operat ing a t  similar 

condi t ions.  This po in t  should be emphasized; namely, t h i s  

well-designed pulsed simulation experiment revealed particu- 

l a r  information on low power MPD t h r u s t e r s  which had not  been 

r e a l i z e d  i n  two years  of s teady s ta te  t e s t i n g .  The s imilar  

app l i ca t ion  of ap-opriate d iagnos t ics  t o  a properly designed 

quasi-steady accelerator operat ing i n  t h e  high power regime 

may w e l l  be equal ly  productive,  

Both of these  extended-pulse t h r u s t e r s  performed mainly 

i n  t h e  l o w  power, e x t e r n a l  magnetic f i e l d  domain charac te r ized  

by r o t a t i n g  arc f i laments ,  ponderous a u x i l i a r y  magnets, and a 

complex i n t e r p l a y  between various j x B forces. However, as 

shown earlier, t h e  ind ica ted  high-eff ic iency  opera t ion  is a t  

'B., 

-lis 

t h e  high power end of t h e  spectrum dominated by t h e  self-mag- 

n e t i c  f i e l d  effect ,  Long-pulse experimentation i n  t h i s  l a t t e r  

regime has been done by Jahn 191 a t  about the same t i m e  as the 
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e a r l y  e x t e r n a l  f i e l d  work of Ref, [58], The conf igura t ion  

used i s  shown i n  Fig. 3-3 and is  seen t o  be s i m i l a r  t o  t h a t  

shown i n  Fig. 1-lb - w i t h  i n t e r n a l  arc chamber dimensions 

of 2-in, height  by S-in, diameter,  an  orifice diameter of 

4 i n , ,  and a Pyrex exhaust ves se l  diameter of 9 in .  The 

gas- t r iggered electrical  switch,  which has  been described 

i n  d e t a i l  elsewhere 1621, i s  shown d i r e c t l y  behind and co- 

axial  wi th  t h e  main discharge chamber. The e lectr ical  break- 

down i n  both chambers is  governed by t h e  Pascken curve for 

t h e  p a r t i c u l a r  e l ec t rode  spacing [63], Figure 3-4 shows 

t h i s  c h a r a c t e r i s t i c  breakdown vol tage versus pressure  f o r  a 

2-in. gap i n  argon, The pressure  i n  t h e  switch is maintained 

s u f f i c i e n t l y  l o w  so t h a t  t h e  f u l l  power supply vol tage can 

be appl ied  across  it without causing a breakdown, i .e,# a 

switch pressure  of less than t o r r  f o r  t h e  10 kV maximum 

voltage.  The pressure  i n  t h e  main chamber is  p rese t  t o  a 

value t h a t  w i l l  not hold o f f  t h i s  same voltage.  When a puf f  

of gas is then i n j e c t e d  i n t o  t h e  switch chamber, a sponta- 

neous breakdown occurs t r a n s f e r r i n g  t h e  bank vol tage t o  t h e  

main chamber and thereby i n i t i a t i n g  t h e  acce le ra t ion  process 

a t  t h e  p r e s e t  pressure.  
"\ 

I n i t i a l  tests w e r e  performed wi th  a f l a t t o p  d r iv ing  

cu r ren t  pu lse  of 200 kA for 5 p s e c  using t h e  pulse-forming 

network descr ibed i n  Ref. [lO]. A uniform argon pressure  

of 0.12 t o r r  w a s  set throughout t h e  main chamber and exhaust 

vessel .  Routine probing of the discharge region by magnetic 
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probes' revealed t h e  cu r ren t  d i s t r i b u t i o n  development 

i n  Fig,  3-5. The d a t a  here  are presented as contours 

t o t a l  c u r r e n t  enclosed wi th in  t h e  r ad ius  of t h e  f i e l d  

shown 

of  

point .  

The observed slowing of  t hese  enclosed cur ren t  contours a- 

long t h e  anode face could have been caused by e i t h e r  a gas- 

dynamic inf luence  a f  t he  exhaust ves se l  w a l l  o r  t h e  n a t u r a l  

development of a s t a b i l i z e d  discharge cu r ren t  p a t t e r n ,  Ex- 

per imental  i nd ica t ions  of t h i s  l a t te r  p o s s i b i l i t y  w e r e  a l s o  

being reported by Larson a t  t h i s  t i m e  [3]. 

I n  order  t o  determine unambiguously t h e  cause of t h e  

observed cu r ren t  p a t t e r n  slowing, t h e  experiments w e r e  con- 

t inued  with t h e  following changes: F i r s t ,  a l a r g e r  capac- 

i t o r  power supply w a s  i n s t a l l e d .  It cons is ted  of  a bank of  

40 x 3.2 pF u n i t s ,  rep lac ing  t h e  former bank of  20 x 2.5 pF 

u n i t s ,  The bank w a s  charged t o  10 kV before  each pulse ,  

represent ing  a t o t a l  s to red  energy of  6,400 J, With t h e  

appropr ia te  interchangeable inductors  between t h e  capac i to r s ,  

t h i s  system w a s  capable of  providing f l a t t o p  cur ren t  pu lses  

from 35 kA t o  140 kA, A t  t h e  h ighes t  cur ren t ,  t h e  pulse  w a s  

a 

20 rsec long, wi th  l o w e r  c u r r e n t s  being dr iven  f o r  propor- 

t iona l l y  longer t i m e s  . 
Second, a shock tube gas i n j e c t i o n  system w a s  i n s t a l l e d .  

This system, shown schematical ly  i n  Fig. 3-6, u t i l i z e s  a s m a l l  

shock tube (12-in. d r i v e r  s ec t ion ,  21-in. d r iven  sec t ion ,  

'A complete d e s c r i p t i o n  of magnetic probes and t h e i r  app l i -  

c a t i o n s  has been presented i n  Ref. [65]. 
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7/8-in. diameter) whose dr iven  s e c t i o n  i s  connected by f low 

passages t o  both t h e  main discharge chamber and the switch 

chamber. I n i t i a l l y ,  t hese  interconnected elements are a l l  

pumped out  t o  some l o w  pressure  torr  or  l o w e r )  while 

t h e  a r i v e r  s e c t i o n  is  pressur ized  t o  two a t m  argon and t h e  

capac i to r  bank charged t o  10 kV. When t h e  diaphragm i s  

ruptured, a puff  of gas goes i n t o  the main chamber and a 

secondary puff begins t o  f i l l  t h e  switch chamber. By proper 

adjustment of t h e  o r i f i c e  i n  t h e  l i n e  feeding t h e  Switch, 

t h e  breakdown can be delayed u n t i l  a prescr ibed  pressure  

exis ts  wi th in  t h e  main chamber. (The pressure  l e v e l  is ea- 

t a b l i s h e d  by a comparison of Kerr-cell photographs of  t h e  

pressure-dependent pinch process f o r  both t h e  shock tube 

m o d e  and ambient p r e f i l l s  t o  var ious uniform pressures .  

Agreement of  t h e  pinch t i m e s  between t h e  two modes ind ica t e s  

an average p res su re* fo r  t h e  shock t u b e  case equal  t o  t h e  cor- 

responding ambient case.) The primary advantage of  such a 

gas  i n j e c t i o n  system when compared t o  t h e  previously mentioned 

electromagnet ic  valve resides i n  i t s  rapid m a s s  f l a w  rise t i m e  

t o  an appropr ia te  operat ing condi t ion (less than  1 maec), thus  

producing a b e t t e r  s imulat ion of a space environment. I n  ad- 

d i t i o n ,  such a system does not r equ i r e  a special e x t e r n a l  

synchronization c i r c u i t .  However, due t o  i t s  r e l a t i v e l y  long 

reset t i m e ,  it cannot be incorporated i n t o  a conf igura t ion  

which w i l l  be r e p e t i t i v e l y  pulsed a t  a high frequency. 

8. 

Fina l ly ,  unhindered development of the exhaust plume 
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w a s  allowed by t h e  cons t ruc t ion  of a s p e c i a l  P l ex ig l a s  vac- 

uum t ank  [66]. This  3-ft .  diameter by 6-f t .  long tank, 

shown i n  Fig. 3-7 with i t s  6-in. o i l  d i f f u s i o n  pump and as- 

soc ia t ed  backup pumping apparatus,  w a s  constructed e n t i r e l y  

6f d i e l e c t r i c  material t o  prevent cu r ren t  conduction o r  in- 

duced c u r r e n t s  from flowing i n  i t s  w a l l s .  I ts  l a r g e  s i ze  

enables  t h e  anode face  diameter t o  be increased t o  34 in .  

as seen i n  Fig. 3-7 while maintaining t h e  same discharge 

chamber and o r i f i c e  dimensions. With t h i s  tank, ,back pres- 

s u r e s  of  less than 10’ t o r r  provide an e f f e c t i v e  s imulat ion 

of a space environment s ince  t h e  mean free-path of t h e  re- 

s i d e n t  p a r t i c l e s  is then l a r g e r  than t h e  tank dimensions. 

D e t a i l s  of t h e  method of cons t ruc t ion  and outgassing char- 

acterist ics of  t h i s  unique f a c i l i t y  are a v a i l a b l e  i n  Ref. [66]. 

Having made these  changes, t h e  development of  t h e  cham- 

ber discharge and Bexhaust plume f o r  shock tube i n j e c t i o n  of 

argon with a 35 kA by 80 psec input pu lse  i s  shown i n  Fig. 

3-8. It is  observed t h a t  a f t e r  about 40 percent  of  t h e  pulse  

t i m e ,  t h e  i n i t i a l l y  rap id  propagation of  an in tense  cur ren t  

shee t  has s t a b i l i z e d  i n t o  a much more d i f f u s e  cur ren t  conduc- 

t i o n  pa t t e rn .  Experiments with 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  
1 

have shown t h a t  a s imilar  s t a b i l i z e d  c u r r e n t  conf igura t ion  

can be obtained, and t h a t  i n  t h i s  one-dimensional geometry, 

t h e  cu r ren t  shee t  continues t o  accelerate m a s s  through i t s e l f  

a f t e r  s t a b i l i z a t i o n  [67]. This d i s t i n c t  t r a n s i t i o n  from a 

sweeping mode c h a r a c t e r i s t i c  of e a r l y  pulsed plasma accel- 
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erators  t o  a diffuse "blowing" mode typical of steady s t a t e  

accelerators indicates tha t  the former may j u s t  be the s t a r t -  

ing phase for the l a t t e r .  Thus, the poss ib i l i ty  of variable- 

power MPD simulation and high power, high efficiency inter-  

m i t t e n t  acceleration has again been broached, only t h i s  t i m e  

as  a r e s u l t  of a logical development from a completely un- 

steady plasma accelerator. 
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CHAPTER 4 

DESIGN CONSIDERATIONS AND mQUIREMENTS 

I. INTRODUCTION 

I n  t h e  preceding b r i e f  reviews of both s teady and 

pulsed plasma propulsion, it has become obvious t h a t  both 

of t hese  d i s c i p l i n e s  provide some b a s i s  for a long-pulse 

mode of  operat ion,  Although t h e  r e spec t ive  arguments are 

guided by t o t a l l y  d i f f e r e n t  experimental r e s u l t s  and prob- 

l e m s ,  t h e  goa l  is e s s e n t i a l l y  t h e  same: namely, access t o  

the  high power regime which appears t o  provide the  best 

p o t e n t i a l  f o r  h ighly  e f f i c i e n t  plasma acce lera t ion ,  a t  

modest average power consumption. Thus, quasi-steady oper- 

a t i o n  r ep resen t s  the merger of t w o  i n i t i a l l y  d i s t i n c t  pro- 

pu ls ion  techniques i n t o  one which may embody t h e  most favor- 

able aspects of each. With t h e  development of a quasi-steady 

f a c i l i t y  which would permit d e t a i l e d  s tudy of  var ious aspects 

of t h i s  mode as t h e  immediate goal,  t h e  following consider- 

a t i o n s  and requirements are examined, 

11. CURRENT DISTRIBUTION 

The fundamental requirement for any quasi-s teady,ac-  

celerator t o  f u l f i l l  i n  order  t o  bear relevance t o  a similar 

s teady  state conf igura t ion  is  that  i t s  cu r ren t  d i s t r i b u t i o n  
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must stabilize to some steady pattern on an appropriately 

short time scale. This transition from a propagating cur- 

rent sheet to a steady distribution has been observed to 

proceed via various routes, In one experiment, for example, 

the enclosed current contours initially billowed outward in- 

to the near exhaust, gradually slowed as the transition took 

place, and stopped at some equilibrium position [12], In 

another experiment, an intense current front was driven out- 

ward from the exhaust plume unrolling behind it a steady 

distribution of current density 1681, The particular tran- 

sition mode which a given discharge elects may be due in 

part to geometry, initial mass distribution, or some unknown 

factor, but regardless of the contributing elements, the re- 

sulting stabilization is an absolute necessity for a quasi- 

steady accelerator. It seems reasonable to anticipate that, 

because of the wi&=ly variant geometries and mass injection 

schemes where stabilization has been observed, new accel- 

erators, based largely upon extensions of earlier configu- 

rations, will also produce stabilized current patterns, 

111, MASS FLOW RATE 

Merely duplicating the exhaust current density pro- 

files is not sufficient to establish full relevance of the 

quasi-steady operation to its steady counterpart, A second 

major factor to be considered is the establishment of a 

quasi-steady mass flow of appropriate and adjustable rate 
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through the discharge chamber, on the time scale of the rest 

of the experiment. This required mass flaw rate must con- 

form to the thrusting capability of the self-field pattern 

for the desired specific impulse. For a purely self-magnetic 

thruster with a uniform cathode current distribution, the 

electromagnetic thrust generated has been shown on page 30 

to be 

Since this must be equal to the momentum increase of the 

working fluid, the appropriate mass flow rate can then be 

found far any specified exhaust velocity or specific impulse 

from 

T = hex - - &Ispg 

where k = mass flpw rate 

U = exhaust velocity ex 
I = specific impulse SP 
g = sea level gravitational acce-leration 

Such a set of calculations are shown in Fig. 4-1 for 

an anode-to-cathode attachment radius ratio of 5.6, a value 

which corresponds to current density distributions presented 

in a later chapter, (It should be noted, however, that this 

\ 

thrust calculation is not sensitive to ra/rc due to thq log- 

arithmic behavior.) It is seen from Fig. 4-1 that currents 

from 10 3 5 to 10 A dictate mass flow rates from lom2 to 
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2 10 g/sec. A m a s s  i n j e c t i o n  system capable of  providing 

these  flow rates would enable opera t ion  over t h e  range from 

present  s teady  state MPD arcs up t o  power l e v e l s  s e v e r a l  

o rde r s  of magnitude higher.  It i s  i n t e r e s t i n g  t o  note t h a t  

opera t ion  i n  t h e  upper l e f t  po r t ion  of Fig. 4-1 implies ex- 

tremely high s p e c i f i c  impulse values. However, i f  t h e  mass 

flow rate is  con t inua l ly  decreased f o r  a f ixed  cu r ren t  i n  

order  t o  g e t  i n t o  t h i s  regime, t h e  arc opera t ion  may change 

i n  a manner such tha t  t h i s  high performance i s  impossible. 

This po in t  w i l l  be discussed a t  g r e a t e r  length when t h e  vol t -  

age measurements are presented. 

I n  add i t ion  t o  demanding a l a r g e  and quasi-steady mass 

flow rate from t h e  m a s s  i n j e c t i o n  system, it is  equal ly  impor- 

t a n t  t h a t  t h i s  m a s s  flow be pulsed i n t o  the  t h r u s t e r  i n  order  

not t o  compromise the  space environment i n  t h e  region down- 

stream of  t h e  arc qhamber, 

t h e  s teady  value be as shor t  as poss ib l e  i n  order  t o  maintain 

It follows t h a t  t h e  rise t i m e  t o  

t h e  h ighes t  poss ib l e  m a s s  u t i l i z a t i o n  f r a c t i o n  and t h e  b e s t  

s imulat ion of a space environment. A f u r t h e r  b e n e f i t  t h a t  

would accrue from a s h o r t  rise t i m e  would be t h e  a b i l i t y  t o  

perform c e r t a i n  exhaust beam d iagnos t i c s  (such as ion  energy% 

analyzers )  which r equ i r e  nea r ly  c o l l i s i o n l e s s  f low of t h e  

ionized accelerated spec ies  through t h e  background gas. 

I n  order  t o  e s t a b l i s h  the  gasdynamic c h a r a c t e r i s t i c s  

of var ious  i n j e c t i o n  systems, a fast  response miniature  ion- 

i z a t i o n  gauge [69,70] w a s  constructed f o r  measuring n e u t r a l  



68 

p a r t i c l e  d e n s i t i e s .  This device c o n s i s t s  of a s m a l l  pentode 

(CK-5702) opera t ing  without i t s  g l a s s  envelope and with i t s  

elements biased as shown i n  Fig. 4-2a. Ions, formed i n  t h e  

v i c i n i t y  of the screen  by c o l l i s i o n s  between high v e l o c i t y  

e l e c t r o n s  and r e s iden t  n e u t r a l  particles, are co l l ec t ed  by 

t h e  nega t ive ly  biased p l a t e  and suppressor.  The choice of  

r e s i s t a n c e s  i n  t h e  cathode and screen l egs  provides s u f f i c i e n t  

negat ive feedback t o  keep t h e  e l e c t r o n  emission cu r ren t  con- 

s t a n t  t o  wi th in  5 percent  during a gas  pulse. When mounted 

wi th in  the environmental tank, t h e  gauge i s  capable of mea- 

su r ing  pressures  i n  the range of t o  0.3 t o r r ,  wi th  a 

t i m e  response considerably s h o r t e r  than  10 Jusec, and with a 

measuring volume of approximately 1 c m  . 3 

This device w a s  f irst  used t o  map t h e  n e u t r a l  dens i ty  

prof i le  f o r  t h e  shock tube gas i n j e c t i o n  system described pre- 

viously.  The gauge w a s  mounted on a movable probe c a r r i a g e  

i n  t h e  P lex ig l a s  vacuum tank t o  enable both axial  and radial  

t ravers ing .  Tank pressure  before  each shot w a s  less than 

lo-’ t o r r  and t h e  shock tube d r i v e r  pressure  w a s  2 a t m  t o  

match t h e  condi t ions  f o r  the earlier exhaust plume cur ren t  

conduction p a t t e r n  measurements. An accura te  time reference  
% 

t o  correlate t h e  pressure  p r o f i l e s  w a s  obtained by t r i g g e r i n g  

t h e  osc i l loscope  from the output of a p i e z o e l e c t r i c  pressure  

t ransducer  mounted i n  t he  dr iven  sec t ion  of t he  shock tube. 

Figure 4-2b d i sp lays  a t y p i c a l  t r ip le  overlay of t h e  

gauge plate cu r ren t  versus t i m e  a t  t he  cen te r  of t h e  pinch 
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chamber. The p l a t e  cu r ren t  w a s  measured a t  t h r e e  sens i -  

t i v i t i e s ,  each an  order  of magnitude a p a r t  ( t h e  m o s t  sen- 

s i t i v e  not  shown) t o  f ac i l i t a t e  accura te  pressure  determi- 

na t ion  over t h e  e n t i r e  range of t h e  gauge. Conversion of 

t h e  plate  cu r ren t  d a t a  t o  pressure  data w a s  accomplished 

by t h e  c a l i b r a t i o n  curve of  Fig,  4-2c which w a s  found t o  be 

t h e  same for a l l  pentodes used,  

I n  Fig. 4-3, t h e  osc i l loscope  traces shown i n  Fig. 

4-2b have been reduced t o  g ive  t h e  pressure  h i s t o r y  i n  t h e  

cen te r  of t h e  discharge chamber. Superimposed on each d a t a  

poin t  is an e r r o r  bar which represents  the t o t a l  error due 

t o  emission cu r ren t  d r i f t  and s t a t i s t i ca l  f luc tua t ions  i n  

t h e  p i e z o e l e c t r i c  t r i g g e r ,  diaphragm rupture ,  and a c t u a l  

gasdynamic exhaust pa t t e rn .  Although t h e  nature  of t h e  ion- 

i z a t i o n  gauge precluded i t s  opera t ion  during an a c t u a l  d i s -  

charge of t h e  a c c e l e r a t o r ,  t h e  chamber s t a t i c  pressure  a t  t h e  

t i m e  of electrical  b eakdown was e s t ab l i shed  as 0 - 1  t o r r  t o  

10 percent  accuracy by a Kerr-cell comparison of shock tube 

and ambient fill pinch times as discussed i n  Chap. 3. Re- 

f e r r i n g  t o  Fig. 4-3, it i s  evident  t h a t  t h e  electrical  break- 

down occurs with t h i s  conf igura t ion  approximately 560 p e c  

a f te r  t h e  pressure  f i r s t  begins t o  rise i n  the  chamber. 

Figure 4-4 shows t h e  a x i a l  p ressure  prof i le  a t  100 psec 

i n t e r v a l s  a f te r  t h e  pressure  f i r s t  begins t o  rise i n  the arc 

chamber, I n  Fig,  4-5, t h e  radial  pressure p r o f i l e  growth i n  

a plane perpendicular  t o  t h e  a x i s  and t w o  inches downstream 

of t h e  anode i s  a lso shown, It i s  apparent t h a t  a t  t h e  t i m e  
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of e lectr ical  breakdown, both t h e  ax ia l  and r a d i a l  p ressure  

decays are s u f f i c i e n t l y  rap id  so t h a t  t h e  tank  w a l l s  do not 

i n t e r f e r e  wi th  t h e  exhaust plume growth., 

The s t e e p  pressure-time h i s t o r y  observed with t h i s  

gas i n j e c t i o n  system w a s  appropr ia te  f o r  t h e  s h o r t e r  cu r ren t  

pu lses  used i n  conjunction wi th  it. However, f o r  pu lses  

longer than about 100 psec, as contemplated for MPD simula- 

t i o n  and quasi-steady th rus t ing ,  t h i s  system is  inadequate 

i n  t h a t  no s teady m a s s  flow phase occurs on a reasonable 

t i m e  scale. 

A f u r t h e r  complication surrounding t h e  m a s s  i n j e c t i o n  

system arises when t h e  i n t e r a c t i o n  between it and t h e  super- 

imposed cu r ren t  pu lse  is  considered. I f  t h e  mass pulse  i s  

proper ly  in j ec t ed ,  then t h e  pressure d i s t r i b u t i o n  awaiting 

t h e  cu r ren t  pu lse  w i l l  be some s teady value wi th in  t h e  d i s -  

charge chamber, corresponding t o  the  s teady m a s s  f l o w  rate,  

with a rapid decay obts ide  t h e  chamber t o  the  background 

value. When t h e  discharge i n i t i a t e s ,  t h e  propagation of t h e  

cu r ren t  dens i ty  d i s t r i b u t i o n  c h a r a c t e r i s t i c  of t h e  i n i t i a l  

t r a n s i e n t  phase w i l l  d i s t u r b  t h e  i n j e c t e d  mass d i s t r i b u t i o n  

t o  a c e r t a i n  ex ten t .  I n  t h e  extreme case of a p e r f e c t l y  

snowplowing cu r ren t  sheet ,  t h e  chamber would be evacuated 

completely. It follows t h a t  for  a s teady  acce le ra t ion  phase 

t o  occur, t h e  cu r ren t  pu lse  must be s u f f i c i e n t l y  long t o  

enable f r e s h  gas t o  be processed by t h e  subsequently s t a b i l i z e d  

cu r ren t  d i s t r i b u t i o n ,  i.e., t h e  current-mass flow i n t e r a c t i o n  
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must reach a s ta te  of  dynamic equilibrium. Since t h e  t i m e  

constant  f o r  a t t a i n i n g  t h i s  equi l ibr ium w i l l  scale l i k e  a 

c h a r a c t e r i s t i c  accelerator dimension divided by t h e  acous t i c  

speed of t h e  incoming gas, it could become comparable t o  t h e  

t o t a l  a v a i l a b l e  pulse  t i m e  from t h e  power supply, whereas i ts  

des i r ed  magnitude i s  less than or  equal  t o  the  t i m e  necessary 

f o r  t h e  cu r ren t  d i s t r i b u t i o n  t o  become steady. The s p e c i f i c  

value for t h i s  t i m e  constant  w i l l  obviously depend upon t h e  

loca t ion  of t h e  a n t i c i p a t e d  stable cu r ren t  d i s t r i b u t i o n .  Hence, 

t h i s  e f f e c t  can only be f u l l y  evaluated a f t e r  d e t a i l e d  exhaust 

plume probing has revealed t h e  na ture  and loca t ion  of t h e  

t r a n s i e n t  and s t a b i l i z e d  phases. 

IV .  OTHER CONSIDERATIONS 

One obvious change tha t  must be made between t h a t  geom- 

e t r y  shown i n  Fig. 3-6 and one resembling a s teady MPD config- 

u ra t ion  is  t h e  s i z e  and shape of t h e  cathode. I n  t h e  earlier 

conf igura t ion  where s t a b i l i z a t i o n  w a s  observed, t h e  cathode 

w a s  a l a r g e ,  f l a t  d i s c  ins tead  of a c y l i n d r i c a l  o r  conica l  

shape. Nevertheless,  for  many opera t ing  condi t ions,  t h e  en- 

c losed cu r ren t  contours w e r e  t i g h t l y  cons t r i c t ed  a t  t h e i r  cath- 

ode attachment g iv ing  t h e  impression of a v i r t u a l  c y l i n d r i c a i  

cathode [71]. N o t  only would a con ica l  cathode be better from 

a geometrical  s imulat ion poin t  of view, but t he  forced con- 

s t r i c t i o n  of a l l  t h e  cu r ren t  t o  a smaller a rea  may bear  

favorably on the  cathode emission factor, discussed below. 

It has been emphasized t h a t  proper quasi-steady opera- 
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t i o n  involves c e r t a i n  gasdynamic cons idera t ions  as w e l l  as 

cu r ren t  conduction p a t t e r n  s t a b i l i z a t i o n .  I n  addi t ion ,  one 

of  t h e  m o s t  important,  and perhaps t h e  m o s t  troublesome as- 

pec t  of t h i s  technique is t h e  proper s imulat ion of t h e  elec- 

trode processes--emission, p o t e n t i a l  fa l ls ,  and hea t  t r a n s f e r .  

The d e s i r a b i l i t y  of thermionic emission of  e l e c t r o n s  f r o m  t h e  

cathode, both f r o m  t h e  poin t  of view of MPD simulat ion as 

w e l l  as improved o v e r a l l  e f f i c i ency ,  has  been discussed i n  

Chap. 3 .  Attainment of t h i s  emission mechanism w i l l  u l t i -  

mately depend on t h e  length  of t h e  cu r ren t  pu lse  and on 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  over the cathode. 

Although t h e  cathode may g e t  ho t  enough on t h e  t i p  for 

thermionic emission, it i s  reasonable t o  expect t h a t  t h e  bulk 

of t h e  accelerator ( in su la to r s ,  anode, supporting s t r u c t u r e )  

w i l l  not  reach thermal equi l ibr ium condi t ions commensurate 

with t h e  arc opera t ing  power. This i s  unfortunate  from t h e  

poin t  of view of exa& simulat ion of t h e  s teady  state t h r u s t e r .  

However, t h i s  s a m e  c h a r a c t e r i s t i c  i s  a d i s t i n c t  advantage when 

consider ing quasi-steady opera t ion  a t  power l e v e l s  much higher  

than  s teady state operation. I n  fact ,  t h e  p r i n c i p l e  restric- 

t i o n  on t h e  maximum length of a high-current pu lse  may be 

based upon temperature l i m i t a t i o n s  of t h e  accelerator compo- 

nents.  This i s  a n t i c i p a t e d  t o  be of t h e  order of s eve ra l  m i l l i -  

seconds, which i s  considerably longer than  t h e  present  capac- 

i t o r  bank capab i l i t y .  
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V. SYSTEM REQUIREMENTS 

I n  t h e  above discussion,  f requent  re ference  has  been 

made t o  t h e  t i m e  cons tan t  of a p a r t i c u l a r  event or t h e  t i m i n g  

between s e v e r a l  events.  Since t h e  d i s t i n c t i o n  between a 

s teady  phenomenon and a t r a n s i e n t  one r e s i d e s  i n  t h e  t i m e  

scale by which t h e  event i s  observed, t h e  appropriate  t i m e  

cons tan ts  of  t h e  problem w i l l  now be def ined and t h e  experi-  

mental requirements f o r  proper quasi-steady operat ion ex- 

pressed i n  t h i s  framework. 

There are t h r e e  c h a r a c t e r i s t i c  t i m e s  assoc ia ted  with 

t h e  output of t h e  capac i to r  bank and t h e  subsequent e l ec t ro -  

dynamic plume development (see Fig. 4-6) : 

r = t h e  dura t ion  of  t h e  f l a t t o p  cu r ren t  pu lse  
I 

Tr = the rise t i m e  of t h e  cu r ren t  t o  i t s  s teady 

value 

rs = t h e  t e f r o m  c u r r e n t  i n i t i a t i o n  u n t i l  

stab il i z a t  ion occurs 

An a d d i t i o n a l  t i m e  o f  i n t e r e s t  associated with the  cur ren t  

pu l se  i s  

r = t h e  t i m e  which relates t o  t h e  onset  of 
C 

thermionic emission f r o m  t h e  cathode 

I n  comparison t o  these ,  t h e  following gasdynamic t i m e s  

are of i n t e r e s t :  

2" = t h e  i n t e r v a l  over which t h e  m a s s  flow rate M 

i n t o  t h e  arc chamber is  constant  
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rR = t h e  t i m e  required f o r  t h e  m a s s  flow rate  i n t o  

t h e  arc chamber t o  reach i t s  s teady  value 

r = t h e  t i m e  required t o  reach a s teady pressure  
A 

i n  t h e  arc chamber a f t e r  t h e  m a s s  f l o w  ra te  

i n t o  it has become constant ,  i ,e , ,  t h e  t i m e  

from when t h e  m a s s  flow rate i n t o  t h e  chamber 

is  constant  u n t i l  t h e  m a s s  flow out  of it i s  

also constant  

= t h e  t i m e  necessary t o  g e t  a d d i t i o n a l  m a s s  F 
through t h e  discharge region af ter  t h e  i n i t i a l  

m a s s  d i s t r i b u t i o n  has been d is turbed  by t h e  

t r a n s i e n t  phase 

rD = t h e  t i m e  f r o m  m a s s  flow i n i t i a t i o n  u n t i l  cur- 

r e n t  i n i t i a t i o n  

I n  t e r m s  of these,  t h e  requirements of t he  gas in- 

j e c t i o n  system can then be summarized: 

a 
r c z  so tha t  during the pressure  d is -  
R M R .  

t r i b u t i o n  i n  t h e  vacuum tank  does 

not  increase enough t o  compromise 

the  space environment requirement 

so t h a t  a f t e r  the arc chamber pres- 

sure  has  reached i t s  s teady value,  

t h e r e  i s  a constant  m a s s  flow rate 

for the  dura t ion  of t h e  cu r ren t  

pu lse  

A 
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so that the current pulse only occurs 

after the steady state arc chamber 

pressure has been reached. However, 

it is best to keep rD close to its 
lowest acceptable value in order to 

maintain the background pressure as 

low as possible. 

R + t;,)'fD 

Thus, if these several time constants are of commensurate 

magnitudes, there remains an interval ( rQ) during which 
reasonable simulation of steady operation should prevail. 

With these general requirements stipulated, the follow- 

ing chapter will describe the development of the experimental 

apparatus necessary for proper quasi-steady operation. 
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CHAPTER 5 

SYSTEM DESIGN 

With t h e  motivation and genera l  requirements for a 

quasi-steady accelerator es tab l i shed ,  t h e  following chap- 

t e r  w i l l  describe t h e  development of new techniques and 

t h e  extension of f a m i l i a r  ones t o  m e e t  t he se  requirements. 

Chapter subdivis ion i s  based on t h e  t h r e e  p r i n c i p l e  ele- 

ments which con t r ibu te  t o  t h e  f i n a l  configurat ion:  cu r ren t  

pulse-forming network, mass i n j e c t i o n  system, and accel- 

e r a t o r  geometry. 

I. C U m N T  PULSE-FORMING NETWORK 

The power supply used throughout t h e  experimental  

program is  t h e  same *bank of 40 x 3.2 pfarad  capac i to r s  

described previously.  This bank, which is phys ica l ly  

arranged i n  four l i n e s  of t e n  each, is  used as a t r ans -  

mission l i n e  r a t h e r  than a lumped capac i tor  supply i n  

order  t h a t  t h e  r e s u l t i n g  cur ren t  waveform be p ro t r ac t ed  

and f l a t .  Thus, for  an equal  s t a t ion - to - s t a t ion  inductance 

between each capac i tor ,  t h r e e  d i s t i n c t  pu l se  amplitudes and 

lengths  are provided depending on whether t h e  four  l i n e s  

are connected i n  p a r a l l e l ,  s e r i e s - p a r a l l e l ,  or series 

combinations. For t h e  i n i t i a l  set of inductors  used with 
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t h i s  capac i to r  bank, nominally 0.2 pHenry, each, t h e  a v a i l a b l e  

c u r r e n t s  are 138 kA, 78 kA, and 42  kA. However, i n  order  

t h a t  t h e  l o w e s t  cu r r en t  from t h e  capacitor bank overlap 

t h e  h ighes t  opera t ing  range of t h e  s teady  state accelerator, 

an a l t e r n a t e  set of inductors  are employed. With these un i t s ,  

nominally 18 JuHenry each, $he cu r ren t  range i s  extended 

down t o  values of 17.5 kA, 8.7 kA, and 4,4 kA. Hence, the 

complete d r i v i n g  cu r ren t  waveform c a p a b i l i t y  and assoc ia ted  

f l a t t o p  cur ren t  pu lse  length a are as shown i n  Fig. 5-1. 

The cu r ren t  rise t i m e s  are pr imar i ly  due t o  the connec- 

t i o n  inductance between capac i tor  bank and acce le ra to r ,  

and s ince  t h i s  value i s  ad jus ted  t o  produce t h e  f a s t e s t  

rise t i m e  without overshoot, it i n  t u r n  r e f l e c t s  t h e  i n t e r -  

stage inductance. Thus, each of t he  t h r e e  higher  c u r r e n t s  

has a 2 psec rise t i m e  while each of t he  t h r e e  lower cu r -  

r e n t s  has  a 15 psec rise time. 

r 

A t y p i c a l  cGrrent waveform de l ivered  by t h e  capac i tor  

bank t o  the  accelerator is  shown i n  Fig. 5-2a. This s i g n a l  

is  t h e  in t eg ra t ed  output of a Rogowski c o i l  1651 placed 

around t h e  i n s u l a t o r  between anode and cathode. Since t h e  

characteristic output of a Rogowski c o i l  i s  a voltage pro- 

p o r t i o n a l  t o  t h e  t i m e  rate of change of magnetic f l u x  

threading i t s  coils, it i s  thus  propor t iona l  t o  t h e  t i m e  

d e r i v a t i v e  of the cur ren t .  In t eg ra t ion  t o  d i sp l ay  t h e  t o t a l  

current is performed passively with an RC in tegra tor  at t h e  oscillo- 

scope, the integrator time constant producing the s l igh t  signal decay 
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observed i n  Fig. 5-2a. I n  a l l  cases, t h i s  t i m e  constant  

i s  ad jus t ed  t o  be t e n  t i m e s  longer than t h e  i n t e g r a t i o n  

t i m e  of i n t e r e s t .  

I n  Fig. 5-2b, t h i s  same 17.5 k A  pu l se  i s  shown on 

a much longer t i m e  scale. The ringdown behavior observed 

i n  t h i s  f i g u r e  i s  t h e  c h a r a c t e r i s t i c  p a t t e r n  when t h e  

source impedance is  much higher  than  t h e  load impedance. 

Although only t h e  f i r s t  half-cycle  of t h e  cu r ren t  waveform 

is of  i n t e r e s t  i n  t h i s  experiment, t h i s  o v e r a l l  ringdown 

p a t t e r n  reflects t h e  poor energy t r a n s f e r  from bank t o  d i s -  

charge t y p i c a l  of such a n  impedance mismatch. For t h e  case 

shown, t h e  load impedance is approximately 0.01 SZ and t h e  

source impedance i s  0.57 $2 , so t h a t  t h e  discharge repre- 

s e n t s  nea r ly  a s h o r t  c i r c u i t  t o  t h e  power supply. I n  t h i s  

s i t u a t i o n ,  t h e  pu l se  l i n e  performs as a f ixed  cur ren t  source,  

independent of t h e  discharge development: i.e., t h e  mismatch 

provides t h e  advantdqe of allowing a prescr ibed f l a t t o p  cu r -  

r e n t  pu lse  t o  be generated without t h e  complication of t h e  

discharge dynamics d i s t o r t i n g  t h i s  cur ren t  waveform. I f  

t h e  source and load impedances w e r e  comparable, t h e  r e s u l t -  

ing nonl inear  i n t e r a c t i o n  between t h e  power source and d i s -  

charge dynamics would n e c e s s i t a t e  extensive c i r c u i t  compli- 

c a t i o n  i n  order  t o  r e a l i z e  a des i r ed  cu r ren t  waveform. 

This l a t t e r  t o p i c ,  including t h e  effect of var ious source- 

to-load impedance r a t i o s ,  has been s tudied  i n  de t a i l  by 

o t h e r  experimenters [72,73 1. 
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SI. MASS SNJEGTION SYSTEM 

With s t a b i l i z a t i o n  of t h e  cu r ren t  conduction p a t t e r n  

on an appropr i a t e ly  sho r t  t i m e  scale c l e a r l y  demonstrated 

f o r  both ambient p r e f i l l  and in j ec t ed  gas modes of opera- 

t i o n ,  t h e  p r i n c i p l e  problem remaining i s  t h e  design of a 

gas  handling system t o  s a t i s f y  the previously enumerated 

requirements on m a s s  flow and t i m e  scale, 

A. E a r l y  Systems 

The r e s u l t s  of f a s t  i on iza t ion  gauge measurements 

w i t h  t h e  e a r l y  shock tube i n j e c t o r  shown i n  Fig. 3-6 can 

be used t o  a s s ign  l i m i t i n g  values t o  some of t h e  charac- 

t e r i s t i c  t i m e s .  These measurements i n d i c a t e  t h a t  t h e  cold 

gas pressure  p r o f i l e  propagates both r a d i a l l y  and a x i a l l y  

a t  the  approximate ra te  of 6 in./msec? I n  order  t h a t  t h e  

environmental  t ank  w a l l  does not  i n t e r f e r e  w i t h  t h e  n a t u r a l  

development of t h e  exhaust plume, t h e  f i r s t  half-cycle  o f  
s' 

t h e  bank ringdown should be completed before t h e  gas f r o n t  

can propagate t o  t h e  w a l l .  For the l a rge  P lex ig las  tank, 

'The mil l isecond t i m e  scale of t h i s  and o the r  gasdynamic 

processes  involved i n  the acce le ra to r  is  i n  sharp c o n t r a s t  

t o  t h e  microsecond t i m e  scale c h a r a c t e r i s t i c  of t h e  plasma- 

dynamic events.  This d i s t i n c t i o n  w i l l  be shown t o  be es- 

p e c i a l l y  important i n  connection wi th  t he  synchronization 

of discharge cu r ren t  and m a s s  i n j e c t i o n  pulses .  
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t h i s  l i m i t i n g  t i m e  is  3 m s e c .  Since the longest  a v a i l a b l e  

f l a t t o p  cu r ren t  pu l se  a t  present  is  approximately 600 psec ,  

it f o l l o w s  t h a t  t h e  longest  acceptable  de lay  t i m e  between 

gas  i n j e c t i o n  and cu r ren t  i n i t i a t i o n ,  %I is  2.4 msec. 

From t h e  d e f i n i t i o n s  of t h e  var ious de lay  t i m e s ,  t h i s  i m -  

p l i e s  t h a t  t h e  sum of t h e  m a s s  flow rise t i m e ,  rR, and t h e  

subsequent chamber pressure s t a b i l i z i n g  t i m e ,  

most 2.4 m s e c .  

than 2.4 m s e c ,  then 5 should be decreased a l s o  and not  kept 

a t  i t s  maximum allowable value. I n  t h i s  way, t h e  minimum 

amount of  n e u t r a l  gas w i l l  be admitted t o  t h e  tank  before  

t r i g g e r i n g  t h e  capac i to r  bank. 

5, be a t  

I f  t h e  sum of rR and 5 can be made less 

The shortcomings of electromagnetic valves i n  fu l -  

f i l l i n g  t h e  above requirements have a l ready  been discussed. 

I n  p a r t i c u l a r ,  long rise time and s t e a d i l y  decaying reser- 

v o i r  pressure  render these unacceptable f o r  a long-pulse 

mass i n j e c t o r .  
a 

The m o s t  e f f e c t i v e  means of sat is ' fying t h e  require-  

ments f o r  abrupt i n i t i a t i o n  of a constant  m a s s  flow rate  

has been shown t o  be a shock wave. Spec i f i ca l ly ,  it i s  

possible t o  u t i l i z e  t h e  pressure  r e s e r v o i r  behind t h e  head- 

on r e f l e c t i o n  o f  a shock wave from t h e  end w a l l  of a shock 

t u b e  t o  d r i v e  gas through i n j e c t i o n  p o r t s  i n  t h e  end w a l l  

a t  some constant  ra te  [74] .  The dura t ion  of t h i s  constant  

m a s s  flow rate  is usua l ly  l i m i t e d  by t h e  a r r i v a l  a t  t h e  

end w a l l  o f  t h e  wave r e s u l t i n g  from t h e  i n t e r a c t i o n  of t h e  
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reflected shock w i t h  t h e  contac t  surface.  It should be 

noted, however, t h a t  t h e  constant  m a s s  f l o w  t i m e  character-  

i s t i c  of t h e  continuum gas f l o w  r a p i d l y  decreases  i f  t h e  

i n i t i a l  p ressure  i n  t h e  dr iven  sec t ion  i s  continuously 

lowered due  t o  t h e  formation of a h ighly  d i f f u s e  i n i t i a l  

shock wave, Figure 5-3 shows t h e  x-t diagram f o r  an ideal,  

continuum gas i n  a one-dimensional shock tube .  The d r i v e r  

and dr iven  gas are assumed t o  be t h e  same and i n i t i a l l y  a t  

equal  temperatures,  The f i g u r e  shows t h e  conventional d i -  

v i s ion  of gasdynamic regions by number, and subsequent nu- 

merical subsc r ip t s  r e f e r  t o  these  flow regimes. Region 5 

i s  t h e  r e s e r v o i r  of  high pressure,  high temperature gas,  

processed by both the  inc ident  and reflected shock waves, 

which can be used t o  provide an inflow t o  t h e  discharge 

chamber. 

It should be recalled, however, t ha t  n e u t r a l  dens i ty  
* 

measurements performed on t h e  gas pulse  produced by t h e  e a r l y  

shock t u b e  conf igura t ion  revealed no s teady pressure  phase 

occurr ing i n  t h e  electrode region. Instead,  t h e  p r o f i l e  

rose s t e a d i l y  through the  pressure range of i n t e r e s t .  I n  

p a r t ,  t h i s  effect can be a t t r i b u t e d  t o  the d i f f u s e  wave 

s t r u c t u r e  assoc ia ted  w i t h  t h e  l o w  i n i t i a l  pressure i n  t h e  

dr iven  sec t ion ,  t h e  l a t te r  allowing mean free paths  l a r g e r  

than  t h e  tube dimensions. I n  addi t ion,  t h e  long, s m a l l  diam- 

eter connecting l i n e s  from the shock tube t o  the arc chamber 

introduced a s t rong  viscous effect which a t tenuated  and 
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d i f fused  any d i s t i n c t  propagating pressure  p r o f i l e .  

combined e f f e c t  of these  t w o  factors w a s  t h e  observed 

monotonically increas ing  pressure  h i s to ry .  

The 

B. Svstem Modification 

Two p o s s i b i l i t i e s  w e r e  considered f o r  modifying t h e  

i n i t i a l  shock tube conf igura t ion  t o  achieve t h e  des i r ed  

m a s s  i n j e c t i o n  characteristics. The f i r s t  of these  makes 

use of a shock tube whose i n i t i a l  d r iven  sec t ion  pressure  p, 

i s  maintained a t  a continuum leve l ,  about 1 t o r r .  I n  order  

t o  do t h i s  without s e t t i n g  t h e  same pressure  throughout t h e  

e n t i r e  system, t h e  i n j e c t i o n  holes  between t h e  shock tube 

and t h e  discharge chamber must  be kept s m a l l .  The speed of 

t h e  6-in. d i f f u s i o n  pump would then  be s u f f i c i e n t  t o  main- 

t a i n  a simulated space environment i n  t h e  discharge chamber 

and exhaust tank. This technique has t h e  advantages of a 

sho r t  m a s s  f l o w  r i s e a t h e  s ince  the shock wave w i l l  be t h i n  

and w e l l  defined, and i s  simpler t o  implement t echn ica l ly  

because it does not r equ i r e  an e x t e r n a l  switch i n  t h e  d i s -  

charge c i r c u i t .  However, it has t h e  disadvantages t h a t  t h e  

extremely l o w  back pressure  c a p a b i l i t y  of t h e  f a c i l i t y  w i l l  

be s a c r i f i c e d  due t o  the leakage flow, and t h a t  it cannot 

provide t h e  l a r g e  m a s s  flow l e v e l s  desired f o r  quasi-steady 

opera t ion  a t  high cu r ren t s  because the! i n j e c t i o n  p o r t s  must 

be kept very s m a l l .  

The a l t e r n a t e  approach i s  t o  pump out  completely the 
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dr iven  s e c t i o n  as w a s  done before and a l l o w  t h e  pressure  

pu l se  t o  propagate i n t o  an ambient vacuum. Such a system 

w i l l  have t h e  advantage of an improved space s imulat ion 

due t o  t h e  l o w  back pressure,  and because t h e  i n j e c t i o n  

hole  diameter is not constrained t o  be s m a l l  by leakage 

f l o w  cons idera t ions ,  a broader range of  mass flow rate i s  

accessible. The disadvantages are longer m a s s  flow rise 

t i m e  and t h e  consequent need f o r  a sepa ra t e  switch t o  de lay  

t h e  discharge u n t i l  t h e  flow reaches a s teady  leve l .  Addi- 

t i o n  of  a switch t o  t h e  discharge c i r c u i t  considerably com- 

p l i c a t e s  t h e  design and operat ion of  t h e  f a c i l i t y  because 

of t h e  requirement f o r  p r e c i s e  m a s s  and cur ren t  pu lse  

synchronization. 

Because of  t h e  t e c h n i c a l  s i m p l i f i c a t i o n  of avoiding 

a switch, and with t h e  hope t h a t  t h e  gasdynamic disadvantages 

would not be overr iding,  t h e  continuum shock tube  approach 

w a s  s e l ec t ed  f o r  t h e  f irst  attempt. The t u b e  cons is ted  

of  a 2.37-in. diameter by 7.5-ft long p l i x i q l a s  dr iven 

ta 

s e c t i o n  and a 2.37-in." diameter by 2.0-ft long aluminum 

d r i v e r  sec t ion .  The diameter w a s  s e l e c t e d  such t h a t  t h e  

a n t i c i p a t e d  flow rates would not dep le t e  t h e  pressure  i n  

t h e  r e s e r v o i r  of processed gas  by more than 2 percent.  The 

length of t h e  dr iven  s e c t i o n  w a s  chosen t o  provide a con- 

s t a n t  m a s s  flow rate f o r  a t  least  1 m s e c ,  based on i d e a l  

shock tube ca l cu la t ions .  The length of  t h e  d r i v e r  s e c t i o n  

is  unimportant i n  t h i s  app l i ca t ion  s i n c e  t h e  r a r e f a c t i o n  



92 

propagates too slowly t o  p a r t i c i p a t e  i n  e s t a b l i s h i n g  t h e  

r e s e r v o i r  condi t ions.  The d r iven  s e c t i o n  end cap contained 

s i x  0.31-in. diameter holes  equal ly  spaced on a 2-in. circle. 

By mounting t h e  shock tube d i r e c t l y  behind and coaxial wi th  

t h e  cathode, t h e  s ix  connection l i n e s  between these  holes  

and t h e  0,030-in. diameter i n j e c t i o n  orifices a t  t h e  d i s -  

charge chamber could be reduced t o  0,.75-in. lengths.  Thug;, 

any constant  r e s e r v o i r  condi t ions r e s u l t i n g  from t h i s  oper- 

a t i o n  could be t ransmi t ted  t o  t h e  discharge chamber wi th  

n e g l i g i b l e  d i s t o r t i o n .  

With a 35 psia d r i v e r  pressure,  the  diaphragm material 

found best w a s  a 3-mil soft-tempered aluminum f o i l .  This 

f o i l  w a s  t e s t e d  t o  withstand a maximum pressure  d i f f e r e n t i a l  

of 38 p s i ,  Thus, when t h e  d r i v e r  was pressur ized  t o  35 p s i a  

and the f o i l  mechanically ruptured, a repeatable ,  c lean  

p e t a l l i n g  of t h e  diaphragm w a s  produced. Although s o f t -  

tempered f o i l s  norma l y  d i d  not s h a t t e r ,  a coarse  mesh screen 

w a s  i n s t a l l e d  4 i n ,  downstream of t h e  diaphragm t o  prevent 

a c c i d e n t a l  plugging of t h e  i n j e c t i o n  o r i f i c e s .  A 2.25-in.- 

diameter ba l l  valve w a s  also i n s t a l l e d  immediately downstream 

of t h e  screen t o  a l l o w  diaphragm changes without venting t h e  

large vacuum tank, A schematic of t h e  complete shock tube 

assembly i s  shown i n  Fig,  5-4. 

Extensive t e s t i n g  w i t h  t h i s  system showed t h a t  it w a s  

inadequate f o r  t w o  reasons.  F i r s t ,  t h e  discharge chamber 

pressure  during the  constant  m a s s  flow phase of t h e  in j ec t ed  
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pulse  w a s  too l o w  f o r  s e l f - t r i g g e r i n g  t o  occur, i.e., when 

s e l f - t r i g g e r i n g  occurred (rD 2 m s e c ) ,  t h e  constant  m a s s  

f l o w  p l a t eau  of t h e  i n j e c t e d  mass pulse  had a l ready  passed 

(tR 2 psec and fM 500 psec) . I f  pr and t h e  diameter 

of t h e  i n j e c t i o n  ho le s  w e r e  increased t o  raise t h e  reser- 

v o i r  and chamber pressures  and thereby decrease t h e  de lay  

t i m e ,  the back pressure  a l s o  increased due t o  t h e  leakage 

flow, f u r t h e r  compromising t h e  space simulation. Second, 

even t h i s  de lay  t i m e w a s  found t o  be i r reproducib le  t o  2 1 

msec, whereas t h e  t o l e r a b l e  e r r o r  based on known values of 

e and 5 w a s  2 0.1 msec. This i r r e p r o d u c i b i l i t y  w a s  f e l t  

t o  be due t o  t h e  s e n s i t i v e  dependence of t h e  se l f - t r i gge r ing  

discharge i n i t i a t i o n  process on t h e  Paschen breakdown pres- 

sure  for t h i s  p a r t i c u l a r  e l ec t rode  geometry. The compound- 

ing of t hese  t w o  a d d i t i o n a l  problems with t h e  an t i c ipa t ed  

disadvantages of l o w  m a s s  flow rates and increased back 

pressures  completely grecluded f u r t h e r  u t i l i t y  of t h i s  

M 

system. 

One use fu l  r e s u l t  derived from t h i s  f i r s t  shock t u b e  

conf igura t ion  was the establishment of t he  c h a r a c t e r i s t i c  

t i m e  fo r  t h e  discharge chamber pressure t o  a d j u s t  t o  a new 

f l o w  ra te  i n  response t o  a change i n  r e s e r v o i r  pressure.  

Using t h e  same ion iza t ion  gauge, placed a t  t h e  anode o r i f i c e ,  

w a s  found t o  be 300 psec, a value appl icable  t o  t h e  f i n a l  

gas i n j e c t i o n  system s ince  t h e  chamber geometry remained the 

same. 

A 
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C. F i n a l  Csnfiqurat ion 

With t h e  "continuum" mode of shock tube i n j e c t i o n  

shown t o  possess  de lay  t i m e  problems as w e l l  as a funda- 

mental i n a b i l i t y  t o  s a t i s f y  t h e  mass flow requirements, t h e  

somewhat more cumbersome, b u t  basically more v e r s a t i l e  switch 

t r igge red  mode of  t h e  second shock t u b e  class discussed above 

w a s  undertaken. I n  t h i s  case, t h e  switch is  necessary be- 

cause t h e  larger m a s s  flow rates from t h i s  system produce 

chamber p re  s su re  s 11 above t h e  breakdown l i m i t  before  a 

s teady  f l o w  rate can be reached, Since t h e  use of  such a 

switch i n  previous experiments has provided a dependable and 

reproducible  operat ion,  i t s  proper implementation should a l s o  

e l imina te  t h e  de lay  time i r r e p r o d u c i b i l i t y  found i n  t h e  self-  

t r i gge red  mode, 

The shock tube used for t h i s  m a s s  i n j e c t i o n  config- 

u r a t i o n  w a s  t h e  same basic u n i t  used f o r  t h e  continuum system 

(see Fig,  5-4), although t h e  i n i t i a l  d r iven  sec t ion  pressure  

w a s  four  orders  of magnitude l o w e r ,  The only exceptions w e r e  

t h e  opening of  t h e  i n j e c t i o n  holes  t o  pass  a larger mass flow 

r a t e  and t h e  add i t ion  of t h e  e x t e r n a l  switch,  Because of 

space l i m i t a t i o n s  imposed by t h e  large diameter shock t u b e  

mounted d i r e c t l y  behind t h e  cathode, t h e  switch w a s  located 

e x t e r n a l  t o  t h e  accelerator i n  series wi th  t h e  ho t  conductor 

f r o m  t h e  capac i to r  bank. Both t h e  switch and i t s  funct ion 

as t h e  synchronizing u n i t  between cur ren t  and m a s s  pu l se s  

are discussed i n  more d e t a i l  l a te r  i n  t h i s  chapter.  
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The performance of  t h i s  system, as w e l l  as t h e  pre- 

vious system, w a s  evaluated by using an  in su la t ed  piezo- 

c r y s t a l  p ressure  sensor mounted f l u s h  with t h e  end w a l l  o f  

t h e  shock tube dr iven  section. This p i ezoc rys t a l  probe con- 

s t r u c t i o n  i s  based on t h e  design innovations incorporated i n  

R e f .  75 wi th  dimensions of  t h e  PZT-5 sensing element of 0.25- 

in .  diameter by 0,040-in. thickness.  The o v e r a l l  probe as- 

sembly, of dimensions 0.5-in. diameter by 0.5-in. long, is 

shown i n  Fig. 5-5 along wi th  t h e  shock tube dr iven sec t ion  

end cap i n  which it is mounted. Using e s t ab l i shed  r e l a t i o n s  

f o r  the output of a p i ezoc rys t a l  [75], t h e  c a l i b r a t i o n  f a c t o r  

f o r  t h e  probe and assoc ia ted  coaxia l  cab le  i s  found t o  be 

2.0 volts/atm with a rise t i m e  of approximately 1 psec. Be- 

cause of t h e  input  r e s i s t a n c e  of t h e  osc i l loscope  (1 M 52 ),, 

t h e  probe has an RC decay t i m e  constant  of 600 psec. I n  order  

t o  observe sus ta ined  pressure histories,  t h i s  t i m e  constant  

w a s  increased t o  s vera1 t ens  of mil l iseconds by connecting 

a large r e s i s t o r  i n  series w i t h  the pressure  sensing c i r c u i t .  

For very l o w  i n i t i a l  pressures ,  t h e  inc ident  shock be- 

comes very d i f fuse ,  and t h e  e a r l y  pressure  h i s t o r y  on t h e  end 

w a l l  has no constant  phase l i k e  the ''continuum" case. It i s  

thus  necessary t o  make u s e  of an e n t i r e l y  d i f f e r e n t  por t ion  
% 

of t h e  pressure  response curve from t h a t  which w a s  used  i n  

t h e  f i r s t  system. T o  i l l u s t r a t e  t h e  change,' Fig. 5-6a shows 

a typical t r i p l e  overlay of t h e  p iezo  probe response t o  t h e  

pressure  on t h e  shock tube end w a l l  f o r  the "continuum" m a s s  

i n j e c t i o n  system with p = 1 to r r  and a diameter of t h e  1 
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i n j e c t i o n  holes  of  0.030 inches.  It is seen t h a t  t h e r e  is a rap- 

i d  rise (rR C.5 2 psec) t o  a pressure  p la teau  which lasts for ap- 

proximately 500 sec, The magnitude of t h i s  r e s e r v o i r  pressure  

p la teau  i s  20-40 t o r r ,  depending on t h e  value of pl. 

shows t h e  p i ezoc rys t a l  response f o r  t he  same shock tube condi t ions,  

but  on a g r e a t l y  compressed t i m e  scale (series r e s i s t a n c e  = 80 m). 
N o t e  t h a t  t h e  t o t a l  t i m e  depicted i n  Fig. 5-6a now occupies only 

2 mm (one s m a l l  d iv i s ion )  on t h i s  photograph and t h a t  t h e  pres- 

s u r e  l e v e l  a f t e r  10 msec i s  nea r ly  constant  a t  a value more than 

an order  of magnitude g r e a t e r  than t h e  earlier p l a t eau  shown i n  

Fig,  5-6a, The i n i t i a l  shock wave bounces back and f o r t h  i n  t h e  

tube, with subsequent r e f l e c t i o n s  o f f  t h e  dr iven sec t ion  end w a l l  

registered by t h e  piezo gauge a s  d i s c r e t e  pressure  jumps a t  2 1  

msec and 39 msec as shown i n  Fig. 5-6b. 

Figure 5-6b 

Referr ing t o  Fig. 5-3, it is apparent t h a t  t h e  gradual  com- 

press ion  observed i n  Fig. 5-6b a f t e r  1 msec i s  due t o  t h e  a r r i v a l  

of t h e  t a i l  of  t h e  i n i t i a l  r a r e f a c t i o n  which, i n  t h e  labora tory  

frame, convects downstream f o r  a s u f f i c i e n t l y  large i n i t i a l  pres- 

sure  r a t i o  ac ross  t h e  diaphragm. When t h e  r e f l e c t i o n  of t h e  rare- 

f a c t i o n  head o f f  t h e  d r i v e r  end w a l l  reaches t h e  dr iven sec t ion  end 

wal l ,  calculated t o  occur a t  approximately 7.4 msec, i t s  superpo- 

s i t i o n  with the i n i t i a l  r a r e f a c t i o n  t a i l  con t r ibu t ion  produces 2 
region of e s s e n t i a l l y  constant  r e s e r v o i r  pressure.  This ep fec t  is 

shown more c l e a r l y  i n  Fig. 5-7 which d i sp lays  a s i m i l a r  x-t dia-  

gram for  t h e  case of p approaching zero,  

t h e  supersonic ve loc i ty  of the gas a r r i v i n g  a t  the dr iven  sec t ion  

N o t e  t h a t  because of 1 

end of the  tube,  no waves are reflected u n t i l  a s u f f i c i e n t l y  s t rong  
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hock wave is  assembled, igures  5-3 

e a r l y  pressure  h i s t o r y  a t  t h e  dr iven  sec t ion  end 

is  governed by t h e  i n i t i a l  shoc 

i t h  t h e  end w a l l  and contact sur faceI  t h e  late pressure  h i s t o  

2 msec) i s  governed by t h e  i i t i a l  and r e f l e c t e d  rar 

aves 

ing now t o  the  second shock tube scheme (pl 

reasonable t o  expect t h a t  f o r  very l o w  i n i t i a l  p r  

r iven  s e c t i o n  ( ere t h e  mean f r e e  pa th  e ceeds t u b e  dimensi 

t h e  i n i t i a l  p ressure  h i s t o r y  on t h e  endwall  w i l l  be s u b s t a n t i  

d i f f e r e n t  s ince  t h e  inc ident  "shock wave" w i l l  be q u i t e  d i f fuse ,  

The l a t e r  po r t ions  of  t h e  long t i m e  p r o f i l e ,  h ever ,  should 

e s s e n t i a l l y  t h e  same. Figure 5-6c shows t h e  p iezo  gauge r e s p  

f o r  t h e  same tube geometry as descr ibed f o r  t h e  "continuum" in- 

jector, but  t o r r  and t h e  diameter 

t h e  i n j e c t i o n  holes  increased from 0,030 i n ,  t o  0.063 inches,  

i t h  p1 now lowered t o  

t h a t  no se rv iceab le  uniform phase such as seen i n  Fig. 5-6a i s  

v a i l a b l e  here.  However, on t h e  longer t i m e  base (Fig,  5-6d) it 
a 

a r e n t  t h a t  t h e  po r t ion  of t h e  response a f t e r  t h e  f i r s t  m i l -  

l i second i s  e s s e n t i a l l y  i d e n t i c a l  t o  Fig,  5-6b. Thus, by evacu- 

a t i n g  t h e  dr iven  s e c t i o n  t o  a low pressure  comparable t o  t h a t  i 

t h e  environmental tank, t h e  i n j e c t i o n  holes  ca be opened up tacl 

pass  l a r g e  m a s s  f l o w  rates and an adequately uniform high pressur  

r e s e r v o i r  can be produced la te  i n  t h e  shock tube flow, 

The rise t i m e  t o  t h e  pressure  l a t eau  i n  t h e  previohs 

f igu re  w a s  seen t o  be 10 msec, but on t h e  basis of t h e  cold 

gas p r o f i l e  propagation speed, t h e  maximum tolerable value 

s been shown t o  be 2.4 msec - .1 m s e c ,  S inc  
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set of  t h i s  p l a t eau  i s  due t o  t h e  r e f l e c t e d  r a r e f a c t i o n  

a r r i v i n g  a t  t h e  downstream end of  t h e  shock tube,  shortening 

t h e  dr iven  and d r i v e r  s ec t ions  should reduce t h e  p r o h i b i t i v e l y  

long 5 value. Figure 5-8 shows t h e  e f f e c t s  of  such changes. 

I n  Fig. 5-8a, t h e  p i ezoc rys t a l  response f o r  t h i s  second shock 

tube  conf igura t ion  i s  shown (dr iven s e c t i o n  length  = L1 = 7.5 

ft .8 d r i v e r  s e c t i o n  length  L4 = 2.0 ft .8 and i n i t i a l  d r iven  

torr) .  Note t h a t  t h i s  is j u s t  s e c t i o n  pressure  

Fig. 5-6d seen on an expanded t i m e  scale. Figure 5-8b shows 

t h e  e f f e c t  of shortening t h e  dr iven  s e c t i o n  from 7.5 f t .  t o  

2.5 f t .  while r e t a i n i n g  t h e  o r i g i n a l  d r i v e r  sec t ion .  The rise 

t i m e  t o  a pressure  p l a t eau  has decreased from 10 m s e c  down t o  

4 m s e c  a t  t h e  expense of decreasing t h e  p la teau  l e v e l  by ap- 

proximately 50 percent .  It i s  reasonable t o  expect t h a t  s h o r t e r  

dr iven  sec t ions  would produce f u r t h e r  decreases  i n  the  mass flow 

rise t i m e .  However, t h e  2.5 f t .  length i s  t h e  minimum length 

which allows i n s t a l  a t i o n  d i r e c t l y  behind t h e  cathode with t h e  

l a r g e  vacuum tank. On t h e  same t i m e  and vol tage scales, Fig. 

5-8c shows t h e  e f f e c t  of  r e t a i n i n g  t h e  2.5 f t .  shortened dr iven  

s e c t i o n  while decreasing t h e  d r i v e r  s e c t i o n  length from 2.0 f t .  

t o  0.5 ft. As expected, t h e  rise t i m e  t o  a p l a t eau  has been 

f u r t h e r  reduced accompanied by an  a d d i t i o n a l  p l a t eau  magnitude 

reduction. Figure 5-9a shows t h i s  l a s t  trace on amplified vol t -  

age and t i m e  scales and i n  a negat ive d i r e c t i o n .  It i s  apparent 

t h a t  t h e  r e f l e c t e d  r a r e f a c t i o n  a r r i v e s  a f t e r  approximately 1 

m s e c  wi th  t h e  p l a t eau  then  being constant  t o  within 10 percent  

- 

P1 

-\ 

f o r  a t  least an a d d i t i o n a l  3 msec. 
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The loss of p l a t eau  pressure  caused by shortening t h e  

d r iven  and d r i v e r  s e c t i o n  lengths  can be offset  by increas ing  

t h e  d r i v e r  diameter.  Figure 5-9b shows t h e  e f f e c t  of doubling 

t h i s  diameter bu t  keeping the length  t h e  same i n  o rde r  not  t o  

change t h e  a r r i v a l  t i m e  of t h e  r e f l e c t e d  r a re fac t ion ,  N o t e  

t h a t  t h e  p l a t eau  is  approximately 50 percent  g r e a t e r  with t h i s  

increased diameter but t h e  mass flow rise t i m e  does not change. 

Further  d r i v e r  s e c t i o n  diameter increases  w e r e  not  attempted 

due t o  stress l i m i t a t i o n s  i n  t h e  P lex ig l a s  dr iven  sec t ion ,  

A secondary problem of  t h i s  mode of shock tube i n j e c t i o n  

i s  a s l i g h t  overshoot i n  t h e  r e s e r v o i r  pressure  as shown i n  

Fig,  5-loa. To e l imina te  t h i s  overshoot,  a s m a l l  copper d i s c  

w a s  mounted on t h e  plunger used t o  rupture  t h e  diaphragm. The 

funct ion of t h i s  d i s c  i s  t o  provide a s m a l l  r e f l e c t e d  rare- 

f a c t i o n  which a r r i v e s  a t  t h e  dr iven  s e c t i o n  end w a l l  s l i g h t l y  

before  t h e  p r i n c i p l e  r e f l e c t e d  r a r e f a c t i o n  a r r i v e s  from t h e  

d r i v e r  end w a l l ,  H ce, varying t h e  s i z e  and loca t ion  of  t h e  

d i s c  on t h e  plunger provides a sens i t ive’ad jus tment  mechanism 

by which t h e  knee of the r e s e r v o i r  pressure  p r o f i l e  can be 

tailored, 

(1.5-in. diameter) too close t o  the  i n i t i a l  diaphragm loca t ion  

(1.5 in .  back);  l oca t ions  too far from t h e  diaphragm do not 

remove t h e  overshoot. The p r o f i l e  for a 1-in. d i s c  mounted 

Figure 5-lob shows t h e  effect of too large a d i s c  

“i 

3 in .  behind t h e  diaphragm is shown i n  Fig. 5-1Oc. This is 

t h e  p r o f i l e  used during a l l  subsequent discharge data acqui- 

s i t i o n .  A schematic of t h e  f i n a l  m a s s  i n j e c t i o n  system i s  

shown i n  Fig. 5-11. 



I06 

a) NO OfSC D4= 2.37 in 

e DISC, 1.5 in. BACK 
04 t4.75 in. 

P 
(0.6atm / DIV) 

C) I.Oin.QlA.DlSC, 3. 
D 4 =  4.75 in. 

EFFECT OF VARI 
PRESSURE HIST 

LI =2.5 f t ;  L 4 = 0 . 5 f t ; 5 0 0 p s e c / D I V  
FIGURE 5-10 



107 

o 
W 

FIGURE 5 - 1 1  



198 

The c a l i b r a t e d  p i ezoc rys t a l  y i e l d s  t h e  pressure  l e v e l  

of t h e  p l a t eau  which, when combined w i t h  t h e  appropr ia te  d i s -  

charge c o e f f i c i e n t  and r e s e r v o i r  temperature,  permits calcu- 

l a t i o n  of t h e  mass flow rate i n t o  t h e  arc chamber for  a given 

i n j e c t o r  ho le  s i ze .  The discharge c o e f f i c i e n t s  w e r e  taken 

f r o m  Ref. 1761 and r e s e r v o i r  temperatures w e r e  based on an 

i s e n t r o p i c  expansion f r o m  t h e  d r i v e r  pressure  t o  t h e  measured 

r e s e r v o i r  value. I n  accordance with t h e  previously measured 

value of t h e  discharge chamber pressure  adjustment t i m e ,  5, 
300 psec af ter  t h i s  pressure  p l a t eau  has been reached, t h e  

mass f l o w  rate out  of t h e  discharge chamber w i l l  reach t h i s  

s a m e  calculated value. Figure 5-12 shows t h e  achievable  mass 

flow rates for var ious i n j e c t o r  s i z e s  wi th  pressure i n  t h e  

d r i v e r  s ec t ion  as a parameter. Comparing t h i s  with Fig. 4-1, 

it i s  evident  t h a t  from gasdynamic considerat ions,  t h e  present  

system i s  capable of supplying t h e  appropr ia te  m a s s  flow rate 

f o r  MPD simulat ion over t h e  cur ren t  range f r o m  60 kA down t o  

less than 1 kA, which w e l l  over laps  t h e  s teady s ta te  MPD arc 

domain. I n  addi t ion ,  t h i s  m a s s  i n j e c t i o n  system provides 

s teady  f l o w  rates for  t i m e s  considerably longer than t h e  

longest  cur ren t  pu l se  a v a i l a b l e  with t h e  present  capac i tor  

bank and inductors.  As such, it w i l l  remain serv iceable  when 
“k 

t h e  s imulat ion program i s  extended t o  t h e  longer pu l se s  which 

eventua l ly  w i l l  be required f o r  i nves t iga t ion  and eva lua t ion  

of t h e  long pulse  mode of opera t ion  as an optimum pulsed 

plasma t h r u s t e r  technique. 
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111, GEOMETRY 

This new mass i n j e c t i o n  system w a s  f irst  tested wi th  

t h e  f l a t  cathode conf igura t ion  used for t h e  e a r l y  exhaust 

experiments, descr ibed i n  Chap, 3, Sec, IV, wi th  t h e  d i f f e r -  

ence t h a t  gas w a s  i n j e c t e d  through s ix  p o r t s  i n  t h e  cathode’ 

in s t ead  of through t w o  p o r t s  i n  t h e  chamber s i d e  w a l l s ,  This 

d i f f e rence  i n  gas i n j e c t i o n  geometry could be s i g n i f i c a n t  s i n c e  

t h e  i n j e c t e d  m a s s  i s  constrained t o  pass through only t h a t  frac- 

t i o n  of t h e  t o t a l  cu r ren t  which terminates  on t h e  cathode a t  a 

r ad ius  less than t h e  i n j e c t i o n  hole  radius .  Thus, t h e  de te r -  

mination of t h e  cu r ren t  d i s t r i b u t i o n  on t h e  cathode provides 

some measure of t h e  e f f ec t iveness  with which t h e  given geom- 

e t r y  i s  acce le ra t ing  t h e  supplied mass. Magnetic probes showed 

t h a t  only about 5 percent  of  t h e  cu r ren t  w a s  p a r t i c i p a t i n g  i n  

a c c e l e r a t i n g  t h e  i n j e c t e d  m a s s  wi th  t h i s  configurat ion;  the 

rest reached t h e  cathode a t  rad i i  e x t e r i o r  t o  t h e  i n j e c t i o n  

p o r t s ,  I n  an  a t tempts to  improve t h i s ,  a 0.75-in. diameter by 

l , l - i n ,  long, 2 percent  t ho r i a t ed  tungsten cone w a s  a f f ixed  

t o  t h e  c e n t e r  of  t h e  cathode p l a t e ,  but  t h i s  w a s  found t o  in- 

crease t h e  p a r t i c i p a t i n g  cu r ren t  f r a c t i o n  t o  only 10 percent.  

To force t h e  des i r ed  discharge l o c a l i z a t i o n  t o  cathode 

center ,  t h e  aluminum cathode d i s c  w a s  covered by a P lex ig l a s  

d isc ,  on which t h e  cathode cone w a s  mounted. D e t a i l s  of t h i s  

conf igura t ion  are sketched i n  Fig. 5-13, which a lso shows t h e  

shock tube-discharge chamber i n t e r f a c e  as w e l l  as the i n t e r -  

changeable m a s s  i n j ec to r s .  A photograph of t h e s e  components 
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which comprise the-cathode and mass injection assemblies are 

shown i n  Fig, 5-14a. The assembled discharge chamber, in- 

cluding the glass insulator r ing  and par t  of the anode face 

plate,  are shown i n  the perspective view i n  Fig. 5-14b. 

The s ize  of the anode or i f ice  can be established by 

various scaling arguments applied t o  pulsed and steady s t a t e  

accelerators, Since high t h r u s t  per u n i t  exhaust area has 

been c i ted  as  an interesting feature of the steady s t a t e  MPD 

arcjet ,  it i s  reasonable t o  require that  the corresponding 

quasi-steady accelerator have a comparable value. For a purely 

electromagnetic thrust  mode, the thrust  scales w i t h  the  square 

of the current, as  has been stated previously. Thus, scaling 

thrust  per u n i t  exhaust area i s  the same as scaling the param- 

e t e r  J/Da, where Da i s  the diameter of the anode or i f ice ,  

Since steady s t a t e  operation is l i m i t e d  t o  operation below ap- 

proximately 3000 A, and since t h e  available quasi-steady mass 

flow ra tes  l i m i t  pulsed operation t o  currents less than 60,000 A 

for an interesting range of specific impulse values, then t o  

f i r s t  order, the or i f ice  diameter of the pulsed accelerator 

should be approximately 10 t i m e s  that  of the steady s t a t e  de- 

vice. For typical steady s t a t e  configurations [77,42], t h i s  

implies an or i f ice  diameter of 5 in .  or less  i n  order t o  achieve 
's, 

a t  leas t  a comparable t h r u s t  per u n i t  exhaust area. By t h i s  

scaling parameter, it appears that  t h e  4-in. o r i f ice  employed 

i n  the  early plasma exhaust experiments i s  suitable. 

Alternatively, the s ize  of the chamber or i f ice  can also 
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be prescr ibed  by r equ i r ing  t h e  orifice mass f l u x  i n  t h e  s teady 

and pulsed conf igura t ions  t o  be s i m i l a r .  For t h e  s a m e  s teady 

state devices  referenced above, t h e  average or i f ice  m a s s  f l u x  

covers t h e  range from 0.16 kg/m sec t o  1.95 kg/m sec. 

shown i n  Fig. 4-1, t h e  requirement of producing an i n t e r e s t i n g  

range of  s p e c i f i c  impulse values for t h e  ava i l ab le  cu r ren t  

range of 4 t o  140 kA implies  t h e  necessary mass throughput. 

(It should again be noted t h a t  t hese  ca l cu la t ions  are based 

2 2 As 

on a prescr ibed  value of t h e  anode-to-cathode r ad ius  ra t io .  

Since t h e  cathode attachment r a d i u s  i s  not  necessa r i ly  equal  

t o  i t s  geometric r ad ius ,  t h e  r ad ius  ra t io  value used i n  t h e  

c a l c u l a t i o n s  must be v e r i f i e d  a f t e r  t h e  cu r ren t  conduction 

p a t t e r n s  have been measured. As s t a t e d  previously,  however, 

t h e  c a l c u l a t i o n s  are not s e n s i t i v e  t o  t h i s  r a t i o  due t o  t h e  

logari thmic dependence.) Again using t h e  4-in. o r i f i c e  with 

t h e  m a s s  flow rates produced by t h e  quasi-steady i n j e c t i o n  

system i n d i c a t e s  ansaverage or i f ice  m a s s  f l u x  of 0.10 kg/m sec 

t o  4.31 kg/m sec, a range which encompasses t h e  corresponding 

s teady  s ta te  values.  Thus, t h e  4-in. or i f ice  also appears 

s a t i s f a c t o r y  when t h e  average o r i f i c e  m a s s  f l u x  i s  considered 

2 

2 

t o  be t h e  sca l ing  parameter. 
'a, 

Perhaps t h e  m o s t  meaningful sca l ing ,  however, is  pro- 

vided by t h e  magnetic i n t e r a c t i o n  parameter, / ,  which is the ratio 

of t h e  electromagnetic body force t o  t h e  gasdynamic i n e r t i a .  

O f  t h e  various forms of t h i s  parameter which might be used [43], 

t h e  m o s t  appropr ia te  f o r  t h i s  accelerator t akes  t h e  f o r m  
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j B 2 / 2 ) d  dA 
/ =  -r where t h e  magnetic f i e l d ,  B, t h e  dens i ty ,  , 

( fu  )dA P 
and t h e  ve loc i ty ,  u, are local values.  For an a x i s y m e t r i c  

cu r ren t  d i s t r i b u t i o n ,  t h e  numerator t akes  t h e  f o r m  
- I 

r 

7 'a , and t h e  denominator reduces t o  
r- 

d 
41T r 41T 

u r 
C 

GI 

a f ixed  value of t h e  i n t e r a c t i o n  parameter implies 

g for a f ixed  exhaust v e l o c i t y  u = Ispg. It follows t h a t  
SP 

J2 b". &I g = T  
r SP C 

Thus, for a f ixed s p e c i f i c  impulse, each of t h e  s c a l i n g  param- 

eters invoked ( t h r u s t  dens i ty  and the re fo re  power dens i ty ,  

mass f l u x  densi ty ,  and t h e  magnetic i n t e r a c t i o n  parameter) 

ra . For approximately t h e  reduces t o  a s c a l i n g  of A /efL - 
same r a t i o  of  anodesto-cathode radii ,  t h e  i n s e n s i t i v e  loga- 

r i thmic  t e r m  i s  not  i n f l u e n t i a l ,  and the ' abso lu t e  value of 

J2 
rC 

t hese  r a d i i  should be sca led  with t h e  cur ren t .  A s  a l ready  

shown, t h i s  suggests  t h a t  an anode orifice'diameter of 4 in .  

i s  s u i t a b l e  f o r  t h e  extended cur ren t  range ava i lab le .  Other 

than a f f i x i n g  t h i s  absolute dimension and t h e  cathode modi- 

f i c a t i o n s  discussed earlier, no f u r t h e r  e f f o r t  w a s  made t o  

optimize t h e  chamber geometry o r  e l ec t rode  s i z e s ,  t h e  anode 

r e t a i n i n g  i t s  34-in. anode face diameter t o  a l l o w  free de'- 

velopment of t h e  exhaust plume. 



116 

The gas- t r iggered discharge switch necessary t o  delay 

t h e  discharge i n i t i a t i o n  u n t i l  t h e  appropr ia te  m a s s  d i s t r i -  

bu t ion  i s  reached i s  i d e n t i c a l  t o  t h e  2-in. high by 5-in. 

diameter design shown i n  Figs.  3-3 and 3-6, However, space 

l i m i t a t i o n s  behind t h e  arc chamber caused by t h e  large shock 

tube and s m a l l  i n j e c t o r  lengths  have d i c t a t e d  t h a t  t h e  switch 

not be coax ia l  wi th  t h e  discharge chamber but  i n s t ead  be 

mounted i n  series with t h e  hot  lead from t h e  capac i tor  bank. 

Synchronization of t h e  cu r ren t  pu l se  wi th  t h e  m a s s  

pu lse  i s  accomplished by bleeding a s m a l l  amount of gas from 

t h e  shock tube i n t o  t h e  switch through a 0.37-in. diameter 

nylon tube.  The shock tube entrance t o  t h i s  l i n e  i s  i n  the 

form of a s m a l l  scoop (0.37-in. diameter) protruding i n t o  t h e  

tube as shown i n  Fig. 5-11. Piezo measurements have shown no 

de tec t ab le  change i n  t h e  pressure  h i s t o r y  a t  t h e  dr iven  s e c t i o n  

end w a l l  because of t h i s  s m a l l  bleed flow. Figure 5-15 shows 

a photograph of t h e  ? w i t c h ,  shock t u b e ,  and bleed l i n e  arrange- 

ment a t  t h e  back of t h e  pulsed arc f a c i l i t y .  

Recal l ing t h a t  t he  m a s s  f l o w  rise t i m e  t o  a s teady 

value i s  1 m s e c ,  as shown i n  Fig. 5-9, and- t h a t  an add i t iona l  

300 psec i s  necessary t o  a l l o w  t h e  chamber pressure t o  a d j u s t  

t o  t h i s  m a s s  f l o w  ra te ,  then t h e  required de lay  t i m e ,  r,, i s  

approximately 1.3 m s e c ,  By sys temat ica l ly  varying t h e  length 

% 

of t h e  bleed l i n e  f r o m  t h e  shock tube t o  t h e  switch, t h e  de- 

sired de lay  t i m e  can be achieved. Figure 5-16 d i sp lays  t h e  

r e s e r v o i r  pressure  and t o t a l  cu r ren t  t o  t h e  chamber when t h e  



117 

PLE XlGL AS 
DRIVER 
SECTION 

BLEED 
LINE 

SWITCH 

\ 
9 
v 

4 
i 

PHOTOGRAPH OF MASS INJECTION SYSTEM AND GAS-TRIGGERED 
SWITCH AT BACK OF FACILITY N 

FIGURE 5-15 



118 

e 

m 
( 2 0 g I s e c )  

DIV 
P 

( 0.6 a tm /DIV ) 

1 1 
J 

1 (15.9 ka / DIV ) 

t ( 200 p sec  / DIV 1 
a 

% 

CURRENT PULSE SYNCHRONIZED TO INJECTED MASS PULSE 

FIGURE 5-16 



119 

appropr ia te  length  is reached. (A second p iezoc rys t a l  pres- 

su re  probe wi th  a s p e c i a l l y  p r o t e c t i v e  i n s u l a t i o n  has  been 

used i n  the shock tube when t h e  capac i to r  bank is  f i r e d  t o  

prevent t h e  probe c i r c u i t  from p a r t i c i p a t i n g  i n  t h e  discharge.  

The r e s u l t i n g  stress o s c i l l a t i o n s  i n  t h e  probe body due t o  

t h i s  i n s u l a t i o n  d i s t o r t  somewhat t h e  pressure  record as seen 

i n  t h e  upper trace i n  t h i s  f igure .  However, t h e  funct ion of  

t h i s  c r y s t a l  i s  only t o  give a t i m e  re fe rence  on t h e  oscillo- 

scope from which t h e  de lay  t i m e  u n t i l  d ischarge i n i t i a t i o n  

can be accu ra t e ly  measured. The t r u e  pressure  h i s t o r y  on 

t h i s  and a l l  sho t s  i s  t h a t  shown i n  Fig.  5-9b.) It i s  seen 

from Fig. 5-16 t h a t  approximately 1.3 msec a f t e r  t h e  pressure 

wave reaches t h e  end of t h e  shock tube ,  cu r ren t  i n i t i a t i o n  

occurs,  t h e  ringdown waveform r e f l e c t i n g  t h e  impedance m i s -  

match discussed earlier.  Thus, during t h e  f i r s t  half-cycle  

of t h e  cu r ren t  waveform, both cur ren t  and m a s s  flow rate  are 

s teady i n  a discharge chamber geometry c l o s e l y  resembling the 

s teady s ta te  MPD arc configurat ions,  and ' the  i n i t i a l  goa ls  

of developing a quasi-steady accelerator have been m e t .  
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CHAPTER 6 

RESULTS I: TERMINAL MEASUREMENTS 

I. INTRODUCTION 

With t h e  proper ly  synchronized app l i ca t ion  of  quasi-  

s teady gas and cu r ren t  pu lses  assured, c e r t a i n  of t h e  oper- 

a t i n g  c h a r a c t e r i s t i c s  of t h e  a c c e l e r a t o r  can now be s tudied.  

These can be broadly divided i n t o  te rmina l  c h a r a c t e r i s t i c s ,  

e.g. cur ren t ,  m a s s  flow rate,  voltage,  t h r u s t ,  and s p e c i f i c  

impulse, and i n t e r i o r  p rope r t i e s ,  such as cur ren t  dens i ty  

d i s t r i b u t i o n ,  chamber pressure,  e lectr ic  f i e l d  pa t t e rn ,  etc.  

This chapter d i scusses  t e r m i n a l  measurements; Chap. 7 dea l s  

with t h e  i n t e r i o r  d iagnos t ics .  

Of t h e  te rmina l  p r o p e r t i e s  l i s t e d  above, cur ren t  and 
a 

m a s s  flow rate are con t ro l l ed  inputs .  Measurement of t h r u s t  

and s p e c i f i c  impulse r equ i r e  extreme care and soph i s t i ca t ion  

[79] and are not attempted i n  t h e  scope of .  t h i s  t h e s i s .  The 

remaining te rmina l  property,  t h e  discharge vol tage,  can be 

p a r t i c u l a r l y  i n s t r u c t i v e ,  however. The i d e n t i f i c a t i o n  and 

magnitude of  i t s  various components, such as t h e  u x B or  
A 4  

"back EMF" acce le ra t ion  t e r m ,  and t h e  r e s i s t i v e  cont r ibu t ion ,  

about which l i t t l e  i s  known f o r  c u r r e n t s  g r e a t e r  than 10 A, 
4 

should i n d i c a t e  t h e  e f f i c i e n c y  of t h e  electromagnetic accel- 

e r a t i o n  throughout t h e  operat ing range. I n  addi t ion,  t h e  
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func t iona l  dependence of vol tage on cu r ren t  and m a s s  flow 

rate should allow some discr imina t ion  among t h e  seve ra l  

t h e o r e t i c a l  models of t h e  acce le ra t ion  process.  

11. VOLTAGE DATA 

I n  order  t o  inves t iga t e  t h e  a r c  opera t ion  over a wide 

range of opera t ing  condi t ions,  vol tage measurements w e r e  re- 

corded for f l a t t o p  cu r ren t s  from 4.4 t o  138 kA and f o r  mass 

flow rates f r o m  1 . 2  t o  36.0 g/sec. Figure 6-1 shows t h e  lo- 

c a t i o n  of each d a t a  poin t  on the map of required m a s s  flow 

rate f o r  a p a r t i c u l a r  cu r ren t  and exhaust ve loc i ty  as pre- 

v ious ly  displayed i n  Fig. 4-1. These d a t a  w e r e  acquired by 

a t t ach ing  a s u i t a b l y  compensated Tektronix P6013A vol tage 

probe d i r e c t l y  across t h e  chamber e lec t rodes .  The s igna tures  

w e r e  displayed on a Tektronix Type 555 osc i l loscope  which w a s  

enclosed i n  a screen room a t  t h e  downstream end of t h e  vacuum 

tank  away from t h e  capac i tor  bank i n  order t o  minimize elec- 

tromagnetic noise.  To maintain t h e  screen room ground a t  t h e  

a 

s a m e  p o t e n t i a l  as t h e  acce le ra to r  ground during t h e  discharge,  

a 3-f t .  wide by 15-ft .  long copper ground plane connected t h e  

screen  room t o  t h e  anode ground. The vol tage probe lead 

c l o s e l y  f o l l o w e d  t h e  ground plane t o  e l imina te  induct ive 

pickup i n  t h e  probe c i r c u i t .  A complete schematic of t h e  ac- 

c e l e r a t o r  e lectr ical  c i r c u i t  and t h e  probe c i r c u i t  i s  shown 

i n  Fig. 6-2. N o t e  t h a t  a bal las t  resistor, s, is used t o  

keep the  cathode a t  ground p o t e n t i a l  while t h e  s w i t c h  is being 
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charged t o  10 kV. This  resistor i s  s u f f i c i e n t l y  large-- 

1000 f2 compared-to the 0.01 s1 discharge impedance--so t h a t  

v i r t u a l l y  a l l  of t h e  cu r ren t  flows through t h e  plasma af ter  

switch t r igge r ing .  

The des i r ed  cur ren t  waveforms w e r e  provided by t h e  

appropr ia te  combination of i n t e r u n i t  inductances and series- 

p a r a l l e l  connections wi th in  t h e  capac i to r  bank. The m a s s  

f l o w  ra te  was e s t ab l i shed  by a given d r i v e r  pressure  and in- 

j e c t i o n  hole  diameter.  Fine scale v a r i a t i o n  of t h e  m a s s  flow 

rate  w a s  achieved by varying t h e  shock t u b e  d r i v e r  pressure  

t o  avoid t i m e  consuming i n j e c t o r  changes. Thus, t h e  mass 

flow rate  w a s  var ied over t h e  quoted range by using only 

t h r e e  d i f f e r e n t  i n j e c t o r  sets, of diameters 0.0355 in., 0.0625 

in., and 0,152 in . ,  and t h e  t h r e e  d r i v e r  pressures  shown i n  

Fig. 5-12. Ver i f i ca t ion  of t h i s  technique w i l l  be shown with 

t h e  presented data .  
a 

Figure 6-3 d i sp lays  a t y p i c a l  cu r ren t  and vol tage h i s -  

t o r y  for t h e  first half-cycle  of a discharge properly syn- 

chronized t o  t h e  mass pulse.  The cur ren t  l e v e l  i s  17.5 kA 

and t h e  m a s s  flow rate i s  3.8 g/sec. The s l i g h t  droop i n  t h e  

cu r ren t  i s  due t o  t h e  t i m e  constant  of t h e  i n t e g r a t i n g  c i r c u i *  

l a r g e r  t i m e  cons tan ts  y i e l d  p e r f e c t l y  f l a t  p r o f i l e s ,  but have 

less s e n s i t i v i t y .  The voltage,  which is  negative s ince  it is  

t h e  cathode p o t e n t i a l  re la t ive  t o  t h e  anode ground, i s  sgen t o  

have a l a r g e  sp ike  i n i t i a l l y ,  corresponding t o  t h e  app l i ca t ion  

of t h e  f u l l  10 kV bank vol tage t o  t h e  chamber by t h e  switch. 
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The sp ike  is  r a p i d l y  followed by a sharp drop t o  a value of 

180 v o l t s  which remains constant  for  t h e  dura t ion  of t h e  

pulse.  This drop i s  in t e rp re t ed  as s ign i fy ing  t h e  attainment 

of thermionic emission by t h e  cathode, s ince  any o t h e r  mech- 

anism would r equ i r e  s u b s t a n t i a l l y  higher  vol tages  t o  support  

t h i s  cu r ren t  dens i ty .  

Steady vol tage traces of t h i s  sor t  are observed over 

almost t h e  e n t i r e  range of cur ren t  and m a s s  f l o w  rate. A l -  

though some opera t ing  condi t ions  produce more i r r e g u l a r  e a r l y  

h i s t o r i e s  ( for  reasons shown la te r ) ,  they  too eventua l ly  reach 

a plateau.  Voltages quoted o r  p l o t t e d  throughout t h i s  chapter  

are these  p l a t eau  values.  

I n  Fig. 6-4, t h e  measured p la teau  vol tages  are presented 

as a funct ion of mass flow rate for t h e  s i x  d i f f e r e n t  cur ren t  

l eve l s .  The i n j e c t e d  m a s s  flow r a t e s ,  accura te  t o  approxi- 

mately 10 percent ,  are shown a t  t h e  bottom of t h i s  f i gu re  as 

s m a l l  arrows. When many da ta  po in t s  are c l o s e l y  grouped a t  a 

given opera t ing  condition, they are spread out  f o r  c l a r i t y .  

A t  t h e  higher  cur ren t  levels, the  l o w  i n t e r s t a t i o n  inductance 

and t h e  p a r t i c u l a r  bank configurat ion ( p a r a l l e l ,  s e r i e s - p a r a l l e l ,  

or series) combine t o  g ive  a reproducible r i p p l e  i n  t h e  cu r ren t  

of approximately 10 percent  about t h e  nominal value. Since 
12 

t h i s  generates  a t i m e  dependent voltage,  t h e  data is reduced 

by only reading t h e  vol tage and cu r ren t  a t  those t i m e s  f o r  

which J = 0. This technique e l imina tes  an induct ive component 

of t h e  voltage,  LJ, which i s  spurious t o  t h i s  measurement. 
. 
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These d a t a  p o i n t s  then y i e l d  an  average arc impedance which 

i s  mul t ip l ied  by t h e  nominal cur ren t  t o  produce t h e  vol tage 

recorded i n  Fig. 6-4. A t  t h e  l o w  cu r ren t  l e v e l s ,  which d i s -  

p lay  no v a r i a t i o n  i n  t h e  f l a t t o p  cu r ren t ,  t h e  p r i n c i p l e  e r r o r  

i s  a reading e r r o r ,  The r e s u l t i n g  uncer ta in ty  of each d a t a  

poin t  i s  ind ica ted  by a s m a l l  v e r t i c a l  l i n e ,  i f  t h i s  exceeds 

t h e  symbol s i ze .  These da t a  c l e a r l y  d i sp l ay  t h e  increase  i n  

voltage with cu r ren t  and decrease with mass flow rate a n t i c i -  

pated from t h e  electromagnetic t h r u s t  model, This e f f e c t  i s  

shown more c l e a r l y  i n  a c ros s  p l o t  of t h e  d a t a  f o r  t h e  extreme 

m a s s  flow condi t ions,  as shown i n  Fig. 6-5. These voltage- 

cur ren t  c h a r a c t e r i s t i c s  i l l u s t r a t e  a p a t t e r n  observed f o r  a l l  

voltage da ta ,  namely, t h e  s lope of t h e  p a r t i c u l a r  character-  

i s t i c  i s  dependent upon the  operat ing regime. Note t h a t  a t  

t h e  h ighes t  value of t h e  magnetic i n t e r a c t i o n  parameter, 

(high cu r ren t  and l o w  mass flow r a t e )  t h e  s lope of t h e  char- 

acter is t ic  becomes increas ingly  p o s i t i v e  a t  higher  cu r ren t s  

cons i s t en t  with the  presence of t h e  s e l f - f i e l d  t h r u s t  mecha- 

1, 

nism. 

Returning t o  Fig. 6-4, two checks on t h e  r e l i a b i l i t y  

of t h e  da t a  are displayed the re in ,  I n  t h e  f irst  of these,  t h e  

c h a r a c t e r i s t i c  impedance of t h e  capac i tor  bank i s  shown t o  have 

no e f f e c t  on t h e  vol tage da t a ,  s i n c e  t h e  same cur ren t  l e v e l  

supplied with t w o  d i f f e r e n t  bank configurat ions y i e l d  indis-  

t inguishable  voltages.  I n  t h e  usual  configurat ion ( the  open 

da ta  p o i n t ) ,  t h e  vol tage f o r  a cur ren t  of 8.7 k A  and a m a s s  

2 

flow rate of 23.0 g/sec w a s  measured with t h e  capac i tor  bank 
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arranged t o  provide 8.7 kA when charged t o  an i n i t i a l  voltage 

of 10 kV. I n  t h e  check, t h e  bank w a s  a l t e r e d  t o  provide 17.5 

k A  when charged t o  10 kV, a reduct ion i n  t h e  e f f e c t i v e  bank 

impedance by a f a c t o r  of t w o ,  but w a s  i n  f a c t  only charged t o  

5 kV, thereby providing a cu r ren t  of 8.7 kA. The shaded da ta  

poin t  a t  t hese  condi t ions  shows t h a t  t h e  terminal  vol tage i s  

not dependent on t h e  bank impedance--only on t h e  cu r ren t  which 

it suppl ies .  

The second check concerned t h e  method of supplying var i -  

ous m a s s  flow r a t e s .  It has  been previously mentioned t h a t  i n  

order  t o  avoid time-consuming i n j e c t o r  changes, d i f f e r e n t  m a s s  

flow rates w e r e  obtained by varying t h e  d r i v e r  pressure with 

t h e  same i n j e c t i o n  hole  s i z e .  Thus, t h e  t h r e e  highest  m a s s  

flow r a t e s  (11.5, 23.0, and 36.0 g/sec) w e r e  obtained with a 

common set  of i n j e c t o r s  (0.152-in. diameter) b u t  with d r i v e r  

pressures  of 15, 35, and 60 ps i a ,  respec t ive ly .  S imi la r ly ,  

mass flow rates of  L 9 ,  3.8, and 5.9 g/sec w e r e  obtained with 

t h e  same d r i v e r  pressures  but  a smaller set of i n j e c t o r s  

(0.0625-in. diameter) .  The l o w e s t  mass f l o w  rate, 1 . 2  g/sec, 

w a s  provided by an i n j e c t o r  set of 0.0355-in. diameter and a 

d r i v e r  pressure of 35 ps ia .  Increasing t h i s  pressure t o  60 

p s i a  with the  same i n j e c t o r s  then provides a mass flow rate  

of 1.9 g/sec, which should be the  same a s  produced by t h e  

0.0625-in. diameter i n j e c t o r s  with a 15 p s i a  d r i v e r  pressure.  

The shaded vol tage da t a  poin t  a t  17-5  kA and 1.9 g/sec r e su l t ed  

from t h e  high pressure,  s m a l l  i n j e c t o r  combination while t h e  

open poin t  w a s  achieved with the  l o w  pressure ,  l a rge  i n j e c t o r  
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configurat ion.  The good agreement between these  two voltage 

measurements v e r i f i e s  t h e  r e l i a b i l i t y  of t h i s  technique, and 

supports  t h e  o r i f i c e  mass flow ca lcu la t ions .  

111. DISCUSSION 

There a r e  many ways i n  which r a w  t e r m i n a l  vol tage da t a  

such as shown here can be analyzed. I n  t h e  following d i s -  

cussion, one example technique based on a comparison of t h e  

measured values with a n a l y t i c a l  values constructed from t h e  

various cont r ibu t ing  components is  out l ined.  Naturally,  t h e  

ex ten t  t o  which such an ana lys i s  can be considered q u a n t i t a t i v e  

i s  d i r e c t l y  dependent upon t h e  accuracy with which t h e  o r i g i n a l  

d a t a  i s  known. This p a r t i c u l a r  method has  been se l ec t ed  be- 

cause it i l l u s t r a t e s  some i n t e r e s t i n g  q u a l i t a t i v e  conclusions 

regarding various regimes of a r c  operat ion.  

Precise c o r r e l a t i o n  between measured and a n a l y t i c a l l y  

constructed v o l t a g e  i s  complicated by t h e  various power loss 

mechanisms a c t i n g  i n  t h e  discharge.  Spec i f i ca l ly ,  t h e  measured 

vol tage must  r e f l e c t  not only t h e  electromagnetic acce le ra t ion  

process,  but a l s o  t h e  energy t r a n s f e r  t o  t h e  e l ec t rode  sur faces  

and t h e  e lec t ro thermal  depos i t ion  of  energy i n t o  t h e  gas stream, 

Thus, a power balance can be w r i t t e n  as 
% 

V J  = VbJ + VaJ  + V J + V t J  
C 

where V J  = t o t a l  e lectr ical  input power 

VbJ  = electromagnetic t h r u s t  power 

V a J  = power de l ivered  t o  anode hea t ing  
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VcJ  = power de l ivered  t o  cathode hea t ing  

V t J  = e lec t ro thermal  p o w e r  t o  gas 

The electromagnetic component of t h e  t o t a l  voltage,  

r e f l e c t s  t h e  acce le ra t ion  of t h e  mass f l o w  through t h e  vb a 

discharge electric and magnetic f i e l d  d i s t r i b u t i o n s  by t h e  

j x B body force.  The assoc ia ted  t h r u s t  power can be given 

by t h e  i n t e g r a l  of j x B u over t h e  e n t i r e  discharge volume, 

o r ,  i n  t e r m s  of te rmina l  p rope r t i e s ,  

2 -  

A A A  

2 
V J = -  Tb 
b 2A 

from which 

- - p2J3 [ p.- (>) +$I2 
vb 32n2i C 

(6-3) 

by v i r t u e  of t h e  familiar s e l f - f i e l d  electromagnetic t h r u s t  

expression d i s c u s s e d  ear l ier  IEq.  (2-1) ] . 
Values of t h e  anode and cathode f a l l  voltages,  Va and 

and t h e i r  dependence on cur ren t  and m a s s  flow rate are 

not w e l l  known. However, c e r t a i n  electric-a1 probe s t u d i e s  of 

s i m i l a r  d ischarges i n  t h i s  labora tory  [80] show t h a t  the cath- 

ode f a l l  vol tage is of t h e  order of  t h e  work funct ion of tung- 

vC * 

*I 

s t e n ,  about 5 vo l t s ,  and t h e  anode f a l l  voltage i s  i n  t h e  

v i c i n i t y  of 15 v o l t s  f o r  cu r ren t s  up t o  300 kA. The depend- 

ence of t hese  values on cur ren t  and m a s s  f l o w  rate, although 

not  c a r e f u l l y  s tud ied ,  appears t o  be weak. These measurements 

are c o n s i s t e n t  with t h e  extension of the  voltage-current char- 
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ac ter i s t ic  a t  f ixed  mass f l o w  (Fig. 6-4) t o  zero current.which 

y i e l d  a t o t a l  f a l l  vol tage of 10 t o  30 vo l t s .  I n  addi t ion ,  m e a -  

surements on a s teady s t a t e  s e l f - f i e l d  MPD acce le ra to r  have 

shown an anode f a l l  vol tage of  15-18 v o l t s  and a cathode f a l l  

vol tage of about 3 v o l t s  over a la rge ,  but  l o w e r  range of cur- 

r e n t  and m a s s  f l o w  r a t e  [81]. Thus, for purposes of a n a l y t i -  

c a l l y  approximating the t o t a l  voltage,  it w i l l  be assumed t h a t  

t h e  sum of Va and Vc i s  f ixed  a t  20 vo l t s ,  independent of m a s s  

flow rate and cur ren t .  Such an assumption w i l l  not g r e a t l y  in- 

f luence analyses  based on vol tage measurements a t  the higher  

c u r r e n t s  s i n c e  t h i s  component represents  only approximately two 

percent  of t h e  t o t a l  vol tage drop a t  those condi t ions.  However, 

as t h e  cu r ren t  i s  decreased, t h i s  component becomes proportion- 

a l l y  l a r g e r  reaching 10 percent  of the terminal  value f o r  a cur- 

r e n t  of 17.5 kA and a m a x i m u m  of 50 percent  of it a t  t h e  extreme 

condi t ions of 4.4 kA curren t  and 36.0 g/sec m a s s  flow r a t e .  

The electrot  ermal voltage component, which i s  present  

i n  any arc discharge,  corresponds t o  t h e  'deposit ion of  energy 

i n t o  t h e  gas stream v ia  Joule  heating, j /a per  u n i t  volume 

(where a i s  t h e  local e lectr ical  conduct ivi ty)  p a r t  of which 

provides t h e  r e q u i s i t e  i on iza t ion  of t h e  gas. I n  an electro- 

magnetic a c c e l e r a t o r ,  t h i s  r e s i s t i v e  component i s  a l s o  r e l a t e d  

t o  t h e  inherent  m i s m a t c h  of t h e  appl ied f i e l d  E with t h e  back 

EMF generated by t h e  accelerated gas ,  uB, a m i s m a t c h  which arises 

f r o m  t h e  need f o r  simultaneous s a t i s f a c t i o n  of Maxwell's re- 

l a t i o n s  on t h e  f i e ld  p r o p e r t i e s  and t h e  plasmadynamic momentum 

equation [82]. This d i s s i p a t i o n  accounts for t h e  local d i f f e r -  

2 

's, 
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a 4  
ence between t h e  t o t a l  e lectr ical  input ,  J E, and t h e  use fu l  

e - .  work, given by t h e  s c a l a r  product of t h e  body force  J x B and 
2 

t h e  v e l o c i t y  u. The "dynamic ine f f i c i ency"  inherent  i n  t h i s  

mismatch i s  much l i k e  t h e  i n e f f i c i e n c y  discussed ear l ier  i n  

r e l a t i o n  with t h e  accumulation of m a s s  by a snowplowing cur- 

r e n t  shee t  i n  a pulsed plasma accelerator. The power thus  d i s -  

s ipa t ed  encompasses t h e  ion iza t ion  of t h e  f l o w ,  and a l l  i n t e r n a l  

exc i t a t ion ,  random thermal,  and r a d i a t i o n  processes which accom- 

pany it. A portion of t h i s ,  m o s t  probably j u s t  tha t  amount i n  

random thermal modes, can be recovered by an expansion t o  pro- 

duce a u s e f u l  t h r u s t  component, Tt, but t h e  remainder con- 

s t i t u t e s  a frozen flow loss, i .e. ,  

V ~ J  = 't + frozen flow loss 
2fi 

This d i v i s i o n  of  e lec t ro thermal  input power is immaterial in- 

s o f a r  a s  i t s  con t r ibu t ion  t o  t h e  te rmina l  voltage is concerned, 

but t h e  t o t a l  t h r u s t p  as would  be measured on a t h r u s t  stand, 

would r e f l e c t  it, i.e., 

where Tcf = cold flow t h r u s t  

Tm = t h r u s t  losses due t o  a nonuniform ve loc i ty  

p r o f i l e ,  viscous drag on t h e  nozzle w a l l ,  

and divergence of t h e  acce lera ted  gas 

Since only Tb can be r e a d i l y  evaluated, w e  w i l l  employ 

an  e f f i c i e n c y  def ined as 

electromaqnetic t h r u s t  p o w e r  - - 'b ? =  electrical  input  power - v  (6-6) 
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which w i l l  be conservat ive by t h e  amount wi th  which Tt ex- 

ceeds TI. 

Since t h e  dependence of t h e  r e s i s t i v e  component of t h e  

vol tage on m a s s  flow rate  and cu r ren t  i s  unknown, it i s  in- 

s t r u c t i v e  t o  compare t h e  measured te rmina l  voltage with t h e  

a n a l y t i c a l l y  constructed vol tage,  exclusive of t h i s  component. 

Figure 6-6 shows an example of t h i s  comparison for a f ixed cur- 

r e n t  of 17.5 kA, The measured values,  V, are shown by t h e  da t a  

p o i n t s  and the  dashed average l i n e  through them: t h e  ca l cu la t ed  

vol tage,  composed of t h e  acce le ra t ion  component Vb as ca lcu la ted  

f r o m  (6-3) and a f ixed t o t a l  electrode f a l l  vol tage of 20 v o l t s ,  

i s  shown by t h e  curve marked Vb + 20. 

these curves should then be Vt, as shown on t h e  s a m e  f igure .  

A s  t h e  m a s s  f l o w  r a t e  i s  decreased from t h e  higher  values,  t h e  

e f f i c i ency ,  a s  previously defined, increases  s ince  V increases  

faster than V. Eventually a poin t  i s  reached where t h e  curves 

c ros s ,  y i e ld ing  the untenable r e s u l t s  of an a n a l y t i c a l  vol tage 

g r e a t e r  than t h e  measured value, i nd ica t ing  an e f f i c i e n c y  

g r e a t e r  than one and a thermal component which is  negative.  

The d i f f e rence  between 

b 

The problem of l o w  m a s s  flow operat ion i n  a s teady  s ta te  

MPD arc i s  a familiar one, discussed previously i n  Chap. 2, 

Brief ly ,  t h i s  regime has been shown t o  involve entrainment 

and r eacce le ra t ion  of t h e  ambient gas, aided by extension 

of t h e  cur ren t  conduction region o u t  i n t o  t h e  exhaust plume 

1321. Other experiments have demonstrated the  a d d i t i o n a l  

problem of e ros ion  of electrode material i n  t h i s  operat ing 

regime [33]. Spectroscopic measurements on a long pulse  
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p a r a l l e l - p l a t e  accelerator i n  t h i s  labora tory  have also shown 

t h a t  as t h e  suppl ied mass f l o w  rate is decreased, t h e  presence 

of e l ec t rode  and i n s u l a t o r  ma te r i a l s  i n  t h e  exhaust increases  

[67]. I n  fact, t h e  d a t a  po in t  f o r  zero  m a s s  flow rate i n  Fig,  

6-6 o f f e r s  an e x c e l l e n t  example of  t h i s  extraneous m a s s  process 

i n  t h e  present  accelerator. The vol tage i s  measured a t  t h i s  

condi t ion by completely blocking t h e  m a s s  i n j e c t o r s  i n t o  t h e  

chamber, p r e f i l l i n g  t h e  chamber and tank  t o  a pressure g r e a t e r  

than t h e  Paschen l i m i t  a t  10 kV, say lo-’ torr :  and t r i g g e r i n g  

t h e  switch by an e x t e r n a l l y  supplied puff  of  gas.  The r e s u l t -  

ing vol tage s igna tu re  across  t h e  arc chamber i s  shown i n  Fig,  

6-7, The vol tage rises during t h e  f i r s t  80 sec, cons i s t en t  

wi th  t h e  dep le t ion  of m a s s  w i th in  t h e  arc chamber, eventua l ly  

reaching a s u f f i c i e n t l y  high p l a t eau  w h e r e  the discharge sus- 

t a i n s  i t s e l f  on vaporized e l ec t rode  and i n s u l a t o r  mater ia l .  

Comparison of t h i s  s igna ture  with t h a t  shown i n  Fig, 6-3 re- 

vea ls  t h a t  t h e  ze ro  in j ec t ed  m a s s  case i s  less steady, indic- 

a t i v e  of  t h e  increased d i f f i c u l t y  experienced by t h e  arc i n  

providing cur ren t  carriers. 

a 

To correct for  t h i s  spurious mass, -data po in t s  which in- 

volve entrainment or e ros ion  e f f e c t s  should be moved t o  the 

r i g h t  i n  Fig,  6-6 but  t h e  ex ten t  of t h i s  co r rec t ion  is, of 

course, unknown. (The experimental  determination of m a s s  los t  

from t h e  i n s u l a t o r s  and e l ec t rodes  of a pulsed plasma accel- 

e r a t o r  i s  complicated by two effects: F i r s t ,  t h e  rate of loss 

of absorbed m a s s  i s  a s e n s i t i v e  funct ion of t h e  material out-  

gassing p r o p e r t i e s  and t h e  number of shots ,  I n  addi t ion ,  d i f -  
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f e r e n t i a l  weight measurements a f t e r  a series of sho t s  i s  d i f -  

f i c u l t  i n  t h a t  t h e  absorbed m a s s  can be g r e a t e r  than both t h e  

eroded or ablated m a s s  and t h e  in j ec t ed  n e u t r a l  m a s s  [83]. 

Second, t h e r e  i s  an unce r t a in ty  surrounding t h e  t i m e  dependence 

of m a s s  los t  during any given pulse.  Consequently, t o  properly 

deduce t h e  rate of t o t a l  mass inges t ion  during t h e  quasi-steady 

phase r equ i r e s  a c a r e f u l l y  con t ro l l ed  experiment beyond t h e  

scope of t h i s  t h e s i s . )  The next paragraph dea l s  with correc- 

t i o n  of t h e  t h e o r e t i c a l  vol tage by a n  amount cons i s t en t  with 

an estimate of the thermal component which improves t h e  agree- 

ment with measured vol tages  a t  high mass flow rates. I n  t h e  

" s t a rva t ion"  region, however, t h i s  same co r rec t ion  worsens t h e  

discrepancy and s h i f t s  t h e  cross-over poin t  toward higher  values 

of A. 
of discharge cu r ren t ,  below which mass inges t ion  e f f e c t s  d i s -  

t o r t  a p p r a i s a l  of arc operation. su re ly  l i e  

somewhere above t h e  cross-over poin t ,  perhaps where t h e  d i f f e r -  

ence curve V r eve r ses  i t s  s lope (+) or curvature  (V, Fig. 6-6). 

I n  any event,  it now appears t h a t  t h e  upper l e f t  region i n  

Fig. 6-1 is  inaccess ib le  t o i d e a l  acce le ra to r  operation. 

A s t a r v a t i o n  m a s s  f l o w ,  k may be def ined as a funct ion 
S' 

These values of k~ 
S 

t 

The m a s s  flow dependence of t h e  r e s i s t i v e  voltage com- 
, , %  

ponent i s  b a s i c a l l y  unknown, but it i s  i n t e r e s t i n g  t o  pos tu l a t e  

an e q u i p a r t i t i o n  of  input power between it and t h e  acce le ra t ion  

t e r m ,  exclusive of t h e  f a l l  voltages.  Such an e q u i p a r t i t i o n  

arises i n  t h e o r e t i c a l  t reatments  of one-dimensional, exte ' rnal  

f i e l d  accelerators; s l i g h t l y  more favorably d i v i s i o n  can be 

der ived f o r  i d e a l  one-dimensional s e l f - f i e l d  accelerators 1821. 
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I n  addi t ion ,  a s i m i l a r  approach has  been empir ica l ly  p r o f i t -  

able for c o r r e l a t i n g  s teady state e x t e r n a l  f i e l d  r e s u l t s ,  t h e  

so-called c r i t i ca l  v e l o c i t y  model [17]. The a n a l y t i c a l  vo l t -  

age curve r e s u l t i n g  from t h i s  e q u i p a r t i t i o n  assumption i s  

shown i n  Fig. 6-6, l a b e l l e d  2Vb + 20. A s  mentioned, t h i s  cal- 

cu la t ed  vol tage increases  t h e  quest ionable  opera t ion  region a t  

t h e  l o w e r  mass flow rates while decreasing only s l i g h t l y  t h e  

disagreement t o  t h e  r i g h t  of t h e  i n t e r s e c t i o n  po in t ,  

Terminal vol tage measurements i n  s teady s ta te  MPD ac- 

celerators d i sp lay  the same i n s e n s i t i v i t y  t o  m a s s  flow r a t e ,  

and thus  t h e  same type of d i s p a r i t y  wi th  t h e o r e t i c a l  vol tage 

estimates i n  t h e  high m a s s  flow regime. The disagreement be- 

tween high mass flow, s teady s t a t e  t h e o r e t i c a l  and measured 

vol tages  i s  commonly explained i n  t e r m s  of s l ippage between 

t h e  ion and n e u t r a l  species i n  t h e  acce le ra t ion  region. This 

argument i s  supported by spec ies  ve loc i ty  measurements i n  t h e  

exhaust of e x t e r n a l  f i e l d  acce le ra to r s  which show t h e  ion ve- 

l o c i t y  an order  of magnitude g r e a t e r  than  the n e u t r a l  atom 

ve loc i ty  [48], and by ion-neutral  mean f r e e  pa th  ca lcu la t ions .  

Thus, only a f r a c t i o n  of the supplied mass f l o w  may a c t u a l l y  

be acce lera ted ,  and data po in t s  t o  t h e  r i g h t  of t h e  i n t e r s e c t i o n  

of t h e  t h e o r e t i c a l  and experimental  vol tage l i n e s  should be 

moved t o  a l o w e r  m a s s  f l o w  rate appropr ia te  t o  t h e  a c t u a l  m a s s  

flow accelerated. 

*% 

For t h e  quasi-steady measurements presented here,  t h i s  

s l ippage hypothesis is  less acceptable  because of t h e  substan- 

t i a l l y  l a r g e r  number of c o l l i s i o n s  i n  t h e  acce le ra t ion  zone. 
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The mean free pa th  f o r  ion-neutral  momentum t r a n s f e r  c o l l i s o n s  

can be ca l cu la t ed  f r o m  

MVioA 

noQio ' *io 
- - 1 A =  (6-7) 

where no = n e u t r a l  number d e n s i t y  

M = p a r t i c l e  m a s s  

= r e l a t i v e  v e l o c i t y  between ion and n e u t r a l  

A = cross-sec t iona l  area of acce le ra t ion  zone 

Qio = p e r t i n e n t  ion-neutral  cross section-in t h i s  

case, t h e  charge exchange c ross  s e c t i o n  

Since a conservat ive estimate of t h e  spec ies  coupling i s  de- 

sired,  i.e., t h e  maximum mean f r e e  path,  then  t h e  maximum ve- 

l o c i t y  should be incorporated.  A s  seen f r o m  t h e  electromag- 

n e t i c  t h r u s t  r e l a t i o n  

= mv 4n 
B 

increas ing  t h e  cu r ren t  for a given m a s s  f l o w  ra te  increases  t h e  

ve loc i ty  of t h e  acce lera ted  mass. However, t h e  extremely high 

v e l o c i t i e s  pred ic ted  by high cu r ren t s  are obviously s u b j e c t  t o  

t h e  ingestion-erosion cons idera t ions  discussed earlier (Fig. 

6-1). Thus, f o r  any given m a s s  flow rate ,  t h e r e  i s  a maximum 

cur ren t  and v e l o c i t y  cons i s t en t  with proper arc operation. This 

l i m i t i n g  v e l o c i t y  can be estimated from t h e  is l i m i t s  marked on 

t h e  var ious Vt curves p l o t t e d  i n  Fig. 6-8. 

t hese  m a s s  f l o w  rates aga ins t  t h e  cur ren t ,  as shown i n  Fig,  6-9, 

i n d i c a t e s  t h a t  a cu r ren t  squared dependence i s  s u i t a b l e  f o r  de- 

termining t h e  approximate maximum v e l o c i t y  condi t ions.  The 

A c ros s  p l o t  of 
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equat ion for t h e  dashed average l i n e  through these  data i s  

or 

f o r  i-~ i n  g/sec 

number dens i ty  

for iI i n  g/sec 

- 8 2  m = m  a 1.90(10 ) J min 5 

7 -  Jmax 5.25(10 )m (6-10) 

and J i n  amps. For t h i s  maximum ve loc i ty ,  t h e  

t h e r e f o r e  becomes 

and n i n  eme3, For  A = 81 c m 2  ( t h e  f u l l  anode 
4 or i f ice  area) and Q 

m / s e c  v e l o c i t y  r e s u l t i n g  f r o m  Fig. 6-9 E4318 t h e  r e s u l t i n g  range 

of A is 2.3 c m  f o r  t h e  l o w e s t  m a s s  flow rate and 0.07 c m  f o r  

2.8(10 -I5), i n  accord with t h e  1 , 4 (  10 

t h e  highest .  The s i g n i f i c a n t  quan t i ty  is t h e  r a t i o  of t h e  

length of t h e  acce le ra t ion  region, la ,  t o  t h i s  mean f r e e  path.  

Taking 1, % 6 c m  (as w i l l  be shown i n  Chap. 7 ) ,  t h e  minimum 

value of t h i s  r a t io  l i es  i n  the range 
a 

2.6 < [ >) < 79 
quasi-steady 

which, i n  view of  t h e  e f f i c i e n c y  of  equal  m a s s  c o l l i s i o n s 8  seems 

t o  deny any s i g n i f i c a n t  degree of ion s l i p .  N o t e  e s p e c i a l l y  

t h a t  a t  t h e  h ighes t  m a s s  f l o w  rates where t h e  vol tage observa- ’% 

t i o n s  and analyses  diverge m o s t ,  t h e  coupling is  m o s t  e f f e c t i v e .  

This may be compared wi th  a s imilar  c a l c u l a t i o n  f o r  t h e  

s teady  s ta te  accelerators using t h e  r e s u l t s  of recent  spec ies  

ve loc i ty  measurements [48,84]. Using a rad ius  of 1 c m ,  a mea-  

s u r e d  v e l o c i t y  of 1,5(10 ) m / s e c ,  and an e f f e c t i v e  acce le ra t ion  4 
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l ength  of 1 cm, t h i s  ra t io  l ies i n  t h e  range 

0.15 4 [ $1 4 0.9 [Ref. 481 
s teady  state 

0.15 4 ($1 < 0.3 [Ref. 841 
s teady  state 

Thus, ion-neutral  s l i p  may be marginally tenable  i n  t h i s  domain. 

Note t h a t  it is  t h e  s i z e  of t h e  acce le ra t ion  region which 

d i s t ingu i shes  the two classes of accelerator, r a t h e r  than t h e  

mean free paths ,  which are about t h e  same f o r  the  t w o  cases. 

The la t te r  r e s u l t  from similar  ion-neutral  cross sec t ions  and 

equivalent  ;/A values w h i c h  follow from the o r i g i n a l  dimen- 

s i o n a l  s c a l i n g  of t h e  quasi-steady experiment. The observed 

l a r g e r  acce le ra t ion  zone and t h e  r e s u l t i n g  improved ion-neutral  

spec ies  coupling must thus  be regarded as a d i s t i n c t  advantage 

of t h e  high-current acce le ra to r .  

Rather than d i s c u s s  f u r t h e r  empir ica l  modifications t o  
a 

t h e  t h e o r e t i c a l  voltage i n  accordance w i t h  o t h e r  assumptions 

concerning t h e  r e s i s t i v e  component m a s s  dependence, t h i s  com-  

ponent can be p l o t t e d  d i r e c t l y  from Vt = V--  (Vb + 20) as shown 

i n  Figs.  6-6 and 6-8. I n  each case, V reaches a constant  

asymptote, Vt, a t  high m a s s  flow rate implying no f u r t h e r  ther- 

m a l  input  regardless of t h e  increase  i n  m a s s  f l u x .  Unfortunately,  

V cannot be p l o t t e d  for t h e  high cu r ren t s  without ex t r apo la t ing  

t h e  data t o  very l a r g e  m a s s  f l o w  rates. For those  cu r ren t s  w h e r e  

t h e  asymptote Vt can be i d e n t i f i e d  (J 4 20 kA), it increases  

l i n e a r l y  with cu r ren t  a t  a s lope of 4.2 2 1.1 volts/kA, i.e., 

t 
A 

t 

A 
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t h e r e  i s  a l a r g e  domain i n  t h e  l o w e r  r i g h t  of Fig. 4-1 where 

t h e  plasma has  a constant  r e s i s t a n c e  of approximately 0,004 s1 

independent of cu r ren t  and m a s s  f l o w  rate. Since t h e  cu r ren t  

conduction p a t t e r n  during t h e  quasi-steady acce le ra t ion  phase 

remains e s s e n t i a l l y  unchanged throughout t h i s  domain (as w i l l  

be shown i n  t h e  next chapter ) ,  t h e  f ixed r e s i s t a n c e  implies  a 

f ixed conduct ivi ty .  For a f ixed  m a s s  flow r a t e ,  increasing 

t h e  cu r ren t  wi th  a cans tan t  conduct iv i ty  increases  t h e  thermal 

d i s s i p a t i o n  wi th in  t h e  gas. However, because of t h e  vulnera- 

b i l i t y  of e l e c t r o n s  t o  ion iz ing  c o l l i s i o n s  on neu t r a l s ,  almost 

a l l  of t h e  energy i s  deposi ted i n  t h i s  i on iza t ion  sink, i.e., 

t h e  bulk of t h e  energy appears i n  increased ion iza t ion ,  rather 

than i n  an increase  i n  temperature.  Thus, t he  observed con- 

s t a n t  e lectr ical  conduct iv i ty  appears i n s e n s i t i v e  t o  the frac- 

t i o n a l  i on iza t ion  or e l e c t r o n  number dens i ty  i n  t h i s  regime, 

A s  t h e  m a s s  flow rate  i s  increased f o r  a given cur ren t ,  

t h e  number dens i ty  drqps out of t h e  conduct ivi ty  expression i f  

coulomb c o l l i s i o n s  are assumed t o  dominate over e lec t ron-neut ra l  

c o l l i s i o n s  [85], and thus  t h e  observed constant  conduct iv i ty  

again implies t ha t  t h e  temperature is  e s s e n t i a l l y  unchanged. 

Knowing t h e  constant  plasma re s i s t ance ,  an estimate of 

t h e  plasma conduct iv i ty  can be formulated from 

(6-11) 

where z ,  the  a x i a l  ex ten t  of the cur ren t  conduction zone, is 
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assumed t o  vary l i n e a r l y  wi th  r, i n  close approximation t o  

t h e  measured cu r ren t  contours shown i n  Chap. 7. Assuming a 

s p a t i a l l y  uniform conduct ivi ty ,  and t ak ing  t h e  minimum cathode 

attachment rad ius ,  above which a t  least 25 percent  of t h e  cur- 

r e n t  can be found, as 0.25 c m ,  t h e  conduct iv i ty  becomes 

1 5 

\ 3 r  r (2 .5  + 0.5r) 2ITR 

0.25 1 
(6-12) 

0.23 50 - mho (1.00 + 0.45) = 7 1 - -  
- 2RR c m  

where t h e  i n t e g r a t i o n  l i m i t s  are i n  c m .  This f igu re  i s  accurate 

t o  approximately 40 percent  due t o  t h e  uncer ta in ty  i n  t h e  resis- 

tance  value and t h e  lower i n t e g r a t i o n  l i m i t  on t h e  f i r s t  t e r m  of 

Eq. (6-12). Since t h e  conduct ivi ty  i s  e s s e n t i a l l y  dependent 

only on the  electron temperature,  a rough es t imate  of t h i s  t e m -  

pe ra tu re  can be made. With reference t o  recent  ca l cu la t ions  of 

t h e  e l e c t r i c a l  conduct ivi ty  of argon with an a r b i t r a r y  degree 

of i o n i z a t i o n  [86] t h e  minimum e lec t ron  ‘temperature indicated 

( t h a t  f o r  complete s i n g l e  ion iza t ion)  i s  1.8 e V  2 0.5 eV. I n  

addi t ion,  t h i s  reference ind ica t e s  t h a t  t h e  m i n i m u m  f r a c t i o n a l  

i on iza t ion  which can support  t h e  observed conduct ivi ty  i s  

approximately 0.08, i n  which case t h e  temperature i s  a m a x i m u m  
PI 

a t  about 5.2 eV.  These l i m i t s  are i n  good agreement with m e a -  

surements i n  both pulsed acce le ra to r s  [75] and s teady s t a t e  

MPD a r c s  [41]. 

One o the r  r e s u l t  from these  vol tage measurements i s  of 

i n t e r e s t .  Recall ing t h a t  t h e  electromagnetic e f f i c i e n c y  has 
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been def ined [Eq. (6-6)] as t h e  r a t i o  of t h e  acce le ra t ion  

vol tage component t o  t h e  t o t a l  voltage,  and t h a t  Vb oc J3/& 

f r o m  ( 6 - 3 )  while t h e  t o t a l  vol tage V is  approximately pro- 

p o r t i o n a l  t o  J as shown i n  Fig. 6-5, then 

(6-13) 

Thus, f o r  a f ixed mass flow r a t e ,  the  e f f i c i e n c y  should i n -  

c rease  wi th  t h e  square of t h e  c u r r e n t .  From Fig. 6-6 and 

s i m i l a r  curves drawn f o r  o the r  a r c  cu r ren t s ,  it i s  found t h a t  

does i n  f a c t  increase  i n  the  pred ic ted  manner u n t i l  t h e  

" s t a rva t ion"  region i s  entered. 

mately by Eq. 6-10), t h e  e f f i c i e n c y  values are too  high be- 

cause t h e  a d d i t i o n a l  en t ra ined  mass i s  not included i n  t h e  

ca lcu la t ion .  Although higher  mass flow r a t e s  allow t o  in-  

c rease  over a g r e a t e r  range of J, t h e  e f f i c i e n c y  a t  any given 

cur ren t  i s  decreased, and t h e  r e s u l t i n g  m a x i m u m  e f f i c i e n c y  

before extraneous masq inges t ion  occurs w i l l  be f a r  less  sen- 

s i t i v e  t o  J than i s  ind ica ted  by Eq. (6-1'3). Figure 6-10 d i s -  

plays t h i s  maximum e f f i c i e n c y  a s  a funct ion of cur ren t .  The 

values are der ived a t  each cu r ren t  from t h e  r a t i o  of ca lcu la ted  

V t o  measured V a t  t h e  two m a s s  flow rates estimated a s  t h e  

l i m i t s  of  A . N o t e  t h a t  although t h e  exact c r i te r ia  f o r  t h e  

onset of m a s s  inges t ion  cannot as y e t  be e s t ab l i shed ,  an i n -  

c rease  of r( with J seems demonstrated. 

crease,  and the  p o s s i b i l i t y  of a l imi t ing  value, a r e  n o t  c l e a r l y  

e s t ab l i shed  by these  da t a ,  however, and extension of t h e  vol tage 

measurements t o  higher  mass flow rates is  indicated.  

Beyond Jmax (given approxi- 

b 

S 

The rate of t h i s  in- 
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CHAPTER 7 

RESULTS 11: DISCHARGE STRUCTURE 

I. INTRODUCTION 

The preceding chapter  descr ibed how te rmina l  vol tage 

measurements on t h e  quasi-steady accelerator provide an  in- 

d i c a t i o n  of t h e  a c c e l e r a t i o n  mode and o v e r a l l  e f f ic iency .  

S i m i l i a r  techniques have been employed i n  s teady  s ta te  MPD 

experiments a t  considerably l o w e r  powers, I n  ne i the r  case, 

however, do such te rmina l  d a t a  y i e l d  much i n s i g h t  i n t o  t h e  

d e t a i l s  o f  t h e  discharge s t r u c t u r e  and acce le ra t ion  mecha- 

nisms. I n  t h e  s teady  experiments, l i t t l e  more can be done 

t o  determine l o c a l  plasma p rope r t i e s  due t o  t he  environmental 

and probe s i z e  r e s t r i c t i o n s  discussed previously;  with t h e  

present  quasi-steady operat ion,  s eve ra l  techniques are a v a i l -  

able. Of these,  t h e  s implest  and m o s t  d i r e c t  are t h e  photo- 

graphic  s t u d i e s  and iqagnetic f i e l d  mappings which have been 

shown i n  o t h e r  pulsed plasma experiments t o  y i e l d  r e l i a b l e  

information about t h e  o v e r a l l  discharge development and cur- 

r e n t  d i s t r i b u t i o n .  This chapter  descr ibes  t h e  r e s u l t s  of 

these  t w o  measurements. 

11. PHOTOGRAPHIC STUDIES 

Photographs of the  discharge luminosity a t  various 

t i m e s ,  and with var ious operat ing condi t ions w e r e  taken with 

a Crown Graphic camera through a Kerr-cell s h u t t e r  [78 ] ,  
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Two d i f f e r e n t  s h u t t e r s  w e r e  used: For t h e  t h r e e  high-current,  

s h o r t e r  pulses ,  a s h u t t e r  wi th  a 50 nsec nominal open t i m e  

provided proper exposure wi th  good r e so lu t ion ;  for  cu r ren t s  

of 17.5 kA and l o w e r ,  a 5 psec s h u t t e r  w a s  used i n  order  t o  

expose t h e  f i l m  s u f f i c i e n t l y ,  The 35 kV power supply f o r  

e i t h e r  s h u t t e r  w a s  t r i gge red  f r o m  an osc i l loscope  whose sweep 

w a s  synchronized t o  t h e  discharge by t h e  Rogowski c o i l  s igna l .  

The i n t e r n a l  delayed t r i g g e r  network of t h e  osc i l loscope  allowed 

p r e c i s e  s e t t i n g  of t h e  p a r t i c u l a r  t i m e  i n t e r v a l  which corre- 

sponded t o  t h e  f i l m  exposure. The photographs w e r e  found t o  

be m o s t  informative when taken from a perspec t ive  angle of 

about 45O t o  t h e  c e n t e r l i n e  s ince  t h e  l a r g e  anode o r i f i c e  then 

allowed observat ion of t h e  cathode t i p  as w e l l  as of p a r t  of 

t h e  chamber i n t e r i o r .  

A t y p i c a l  luminosity h i s t o r y  from breakdown through 

t h e  establishment of  a s t a b i l i z e d  phase i s  shown i n  Fig. 7-1 

f o r  a cu r ren t  of  17,.5 kA and an argon m a s s  flow rate of 5.9 

g/sec. Figure 7-la shows t h e  discharge i n i t i a t i n g  i n  t h e  

form of s e v e r a l  spokes from t h e  base of t h e  cathode cone t o  

t h e  i n t e r i o r  r i m  of t h e  anode. With re ference  t o  Fig. 5-14b 

(a perspec t ive  view of t h e  discharge chamber a t  a s l i g h t l y  

d i f f e r e n t  angle) ,  t hese  spokes l i e  i n  r-z planes a t  azimuths 
\ 

b i s e c t i n g  adjacent  m a s s  i n j ec to r s .  By 10 psec (Fig. 7-lb),  

which i s  less than t h e  rise t i m e  of t h e  cu r ren t  t o  i t s  f l a t -  

t o p  value t h e  spokes have disappeared and a near ly  axisymmetric 

luminosity p a t t e r n  i s  confined t o  t h e  region i n  t h e  v i c i n i t y  
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a) 2 psec d) 30psec 

b) IO p sec e) 4 0 p s e c  

c) 20p sec f)  140 psec 

KERR CELL PHOTOGRAPHS OF DISCHARGE LUMINOSITY 
TRANSITION TO STEADY PHASE 

Jt17.5 kA;  61 = 5.9 g/sec 

FIGURE 7-1 
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of t h e  cathode, It is  importapt t o  note  t h a t  t h e  cathode 

t i p ,  which appears dark  a t  2 psec, is  now very b r i g h t  with 

a s m a l l  attached luminous plume. I n t e r p r e t a t i o n  of t h i s  as 

t h e  onset  of thermionic emission agrees  wi th  t h e  rap id  over- 

a l l  vol tage drop observed a t  t h i s  t i m e  (see Fig. 6-31. Figure 

7-lc shows t h a t  by 20 psec, a l a r g e  plasma b a l l  i s  emerging 

f r o m  t h e  chamber, Drawing on previous experience with com- 

p l e t e l y  unsteady discharges,  t h i s  i n i t i a l  phase is  i n t e r -  

p re ted  as a "sweeping" of t h e  i n i t i a l  r e s iden t  m a s s  i n  t h e  

chamber by a propagating cu r ren t  d i s t r i b u t i o n .  I n  t h i s  geom- 

e t r y ,  t h e r e  i s  cu r ren t  p a t t e r n  propagation i n  both t h e  inward 

r a d i a l  and a x i a l  outward d i r e c t i o n s  which sweeps t h e  plasma 

toward t h e  c e n t e r  of t h e  anode or i f ice .  

I n  Figures 7-ld,e and f ,  t h i s  e j e c t e d  plasma propagates 

f u r t h e r  downstream leaving i n  i t s  wake a luminosity dis t r i -  

but ion which remains unchanged f o r  t h e  balance of  t h e  pulse.  

Thus, based on t h e  l w i n o s i t y  pa t t e rns ,  t h e  discharge i n  t h e  

arc chamber and near exhaust appears s t a b i l i z e d  f r o m  30 psec 

u n t i l  t h e  end of t h e  pulse  a t  160 psec, 

I n  i t s  s t a b i l i z e d  configurat ion,  t h e  discharge e x h i b i t s  

c e r t a i n  f e a t u r e s  which are c h a r a c t e r i s t i c  of a l l  operat ing 

condi t ions.  

1. As i n  s e l f - f i e l d  MPD arcs a t  an order  of 

magnitude l o w e r  cu r ren t ,  tQe discharge i s  invar iab ly  

axisymmetric wi th in  t h e  r e so lu t ion  of a l l  experimental  

techniques,  I n  p a r t i c u l a r ,  there i s  no experimental  

evidence t o  suggest t h e  presence of a spoke. 
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2. The tungsten cathode t i p  achieves a 

luminosity i n d i c a t i v e  of thermionic emission, 

a content ion t h a t  i s  re inforced  by observat ions 

of l o c a l  melting and s l i g h t  sur face  damage t o  

t h e  t i p  of t h e  cathode. 

3 .  A sharp demarcation l i n e  between l i g h t  

and dark  e x i s t s  a t  t h e  upstream edge of t h e  l u -  

minosity.  The e f f e c t  i s  most pronounced a t  t h e  

t i g h t l y  confined region near t h e  cathode t i p  

and, as shown la ter ,  i s  not  d i r e c t l y  co r re l a t ed  

with t h e  cu r ren t  conduction pa t t e rn .  There i s  

a p o s s i b i l i t y  t h a t  t h i s  l i n e  i s  i n d i c a t i v e  of a 

shock wave caused by t h e  focussing a c t i o n  of  t h e  

electromagnetic forces; but t h i s  hypothesis can- 

not  be checked by any simple measurement. 

Although these  genera l  f ea tu re s  of t h e  luminosity 
R 

development are preserved when opera t ing  a t  condi t ions o the r  

than 17.5 kA and 5.9 g/sec, c e r t a i n  q u a n t i t a t i v e  d i f f e rences  

are noted. For f ixed cur ren t  the t i m e  f o r  completion of t h e  

t r a n s i e n t  phase increases  with t h e  m a s s  flow rate. Some de- 

t a i l s  of t h e  s t a b i l i z e d  p a t t e r n  are also a f f ec t ed  by mass f l o w .  

Figure 7-2 shows a group of photographs each taken 80 psec 

a f t e r  the 17.5 kA discharge i n i t i a t e d ,  but  with d i f f e r e n t  m a s s  

flows. Figure 7-2b d i sp lays  t h e  nominal condi t ion  discussed 

above; Fig.  7-2a,c show p a t t e r n s  f o r  s u b s t a n t i a l l y  l o w e r  and 

higher  m a s s  flow, respec t ive ly .  It is seen t h a t  as the flow 
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ra te  is  decreased i n t o  a regime where entrainment or  erosion 

may occur, t h e  cathode t i p  luminosity and t h e  d i s t i n c t i o n  be- 

tween l i g h t  and dark a reas  i n  f ront  of t h e  cathode become more 

d i s t i n c t .  I n  add i t ion ,  as  the  mass flow rate is decreased from 

36 g/sec, a new region of  luminosity appears i n  t h e  rear cf t h e  

chamber which may be r e l a t e d  t o  t h e  need f o r  an a d d i t i o n a l  

source of m a s s  t o  s u s t a i n  t h e  discharge.  This e f f e c t  appears 

m o s t  in tense  a t  a m a s s  flow rate  of 5.9 g/sec, but  i s  exhib i ted  

most c l e a r l y  a t  t h e  l o w e s t  flow rate as shown i n  Fig. 7-2a. A 

s i m i l a r  set of observat ions p r e v a i l  when t h e  m a s s  f l o w  rate i s  

f ixed  and t h e  discharge cu r ren t  i s  varied,  decreased cur ren t  

a t  f ixed  m a s s  f l o w  r a t e  corresponding t o  increased mass flow 

rate a t  f ixed  cu r ren t  and v ice  versa.  That is ,  t h e  discharge 

luminosity p a t t e r n s  appear t o  be influenced by t h e  combination 

of cu r ren t  and m a s s  f l o w  r a t e ,  r a t h e r  than by e i t h e r  separa te ly ,  

suggesting t h a t  the magnetic i n t e r a c t i o n  parameter, / (see 

p. 114),  i s  t h e  p e r t i n e n t  var iab le .  Referring t o  Fig. 4-1, 

l i n e s  of constant  / are p a r a l l e l  t o  the’d isp layed  l i n e s  of 

constant  s p e c i f i c  impulse. Thus, f o r  a f ixed s p e c i f i c  impulse, 

t h e  low ,8 regime toward t h e  l o w e r  r igh t  may def ine  one d i s -  

charge mode, and t h e  h i g h j r e g i o n  i n  t h e  upper l e f t ,  q u i t e  

another  mode, which d i sp lay  t h e  c h a r a c t e r i s t i c s  discussed abovb. 

a 

111, CONDUCTION CURRENT DISTRIBUTION 

The cu r ren t  d i s t r i b u t i o n  i n  t h e  arc chamber and exhaust 

plume and i t s  v a r i a t i o n  with a r c  opera t ing  condi t ions w e r e  de- 

termined by magnetic probes. Br ie f ly ,  t hese  probes are s m a l l  
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mult i - turn c o i l s  which generate  a vol tage across  t h e i r  w i r e  

leads propor t iona l  t o  t h e  t i m e  ra te  of change of t h e  magnetic 

f l u x  threading the c o i l  opening. In t eg ra t ion  of t h i s  s i g n a l  

then provides a h i s t o r y  of t h e  magnetic f i e l d  a t  t h e  c o i l  lo- 

ca t ion .  With an assumption of azimuthal symmetry, Ampere’s 

l a w  a l l o w s  t ransformation of t h i s  measurement i n t o  t h e  t o t a l  

cu r ren t  enclosed wi th in  a c i rc le  whose rad ius  is  equal  t o  t h e  

probe pos i t ion .  Cross p l o t t i n g  a family of these  l o c a l  records 

then y i e l d s  t h e  cur ren t  conduction p a t t e r n  i n  t h e  discharge 

a t  any given time. 

Two sets of four  magnetic probes each w e r e  used t o  de- 

termine t h e  desired d i s t r i b u t i o n s  over t h e  discharge operat ing 

range. The f i r s t  set u t i l i z e d  coi ls  made by winding 17  t u r n s  

of #32 Formvar w i r e  i n t o  t w o  l aye r s  on a 0.125-in. mandrel. 

The r e s u l t i n g  probes have a rise t i m e  considerably less than 

1 psec,  b u t  a lso have a r e l a t i v e l y  l o w  s e n s i t i v i t y ,  l i m i t i n g  

t h e i r  u s e  t o  cu r ren t s  above 30 kA. For probing t h e  cu r ren t  

range down t o  4 kA, a more s e n s i t i v e  set  of probes w a s  made 

by winding 125 t u r n s  of #38 Formvar i n t o  6 l aye r s  on a 0.25-in. 

mandrel. Although t h e  rise t i m e  of t h e s e  u n i t s  is  approxi- 

mately 7 psec,  t h i s  i s  t o l e r a b l e  s ince  t h e  r ise  t i m e  of t h e  

l o w e r  cu r ren t  pu l se s  (17.5, 8.7, and 4.4 kA) i s  15 psec, and 

local t r a n s i e n t s  assoc ia ted  with t h e  e a r l y  phase of t h e  d i s -  

charge development have been found t o  scale with t h i s  rise 

t i m e ,  Each probe w a s  i n se r t ed  i n t o  t h e  end of a 2 - f t ,  long 

closed g l a s s  tube t o  p r o t e c t  it from t h e  discharge.  Both sets 

‘Fs 
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of probes w e r e  c a l i b r a t e d  with an axisymmetric ringdown cir- 

c u i t  c o n s i s t i n g  of  s e v e r a l  capac i to r s  and a 2-in. long by 

1-in. diameter aluminum pos t  enclosed between t w o  8-in. diam- 

eter p l a t e s .  The c a l i b r a t i o n  f a c t o r  w a s  der ived by a com-  

par i son  of  t h e  probe output vol tage with t h e  magnetic f i e l d  

a t  t h e  probe radius  as ca l cu la t ed  from t h e  known cur ren t .  

To fac i l i t a te  acqui r ing  a given matr ix  of  data with t h e  

fewest poss ib l e  shots ,  a given set of four  probes w a s  mounted 

on a movable c a r r i a g e  wi th in  t h e  P lex ig l a s  tank and t h e i r  out- 

pu t s  simultaneously recorded on two Tektronix Type 555 dual-  

b e a m  osc i l loscopes .  A gear  and pu l l ey  mechanism allowed remote 

placement of t he  probe assembly wi th in  t h e  ho r i zon ta l  r-z plane. 

Two probes placed a t  equal  r ad i i  but on opposi te  s i d e s  of t h e  

c e n t e r l i n e  showed t h a t  t h e  discharge w a s  axisymmetric t o  wi th in  

10 percent .  The poss ib l e  d i s t o r t i o n  of t h e  exhaust plume de- 

velopment by a given probe obs t ac l e  and i t s  consequent e f f e c t  

on t h e  s i g n a l  of any o the r  probe was shown t o  be neg l ig ib l e  by 

comparing two probe s i g n a l s  i n  d i f f e r e n t  cases:  I n  the  f i r s t  

case, one probe w a s  mounted j u s t  ou t s ide  the anode o r i f i c e  while 

a second probe w a s  posi t ioned a t  a sma l l e r ' r ad ius  and extended 

a 

i n t o  t h e  arc chamber so t h a t  any plume d i s t o r t i o n s  caused by 

it would be sensed by t h e  ou te r  probe. I n  the  second case,  th%s 

i n t e r i o r  probe w a s  removed leaving the  undisturbed plasma t o  

sweep over the  ou te r  probe. I n  both cases, t h e  magnetic f i e l d  

records a t  the  o u t e r  probe p o s i t i o n  w e r e  i d e n t i c a l  wi th in  t h e  

shot-to-shot r e p r o d u c i b i l i t y  of  the discharge (see below), in- 

d i c a t i n g  t h e  absence of probe in te rp lay .  To restrict e l e c t r o -  
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magnetic noise  t o  a minimum, t h e  coax ia l  l eads  f r o m  t h e  probes 

w e r e  dressed t i g h t l y  along t h e  same ground plane described 

earlier.  I n t e g r a t i o n  of t h e  s i g n a l s  w a s  performed pass ive ly  

a t  t h e  scope face with a t i m e  constant  always 10 t i m e s  longer 

than the  cu r ren t  pulse .  

Typical  oscil lograms of  t h e  magnetic f i e l d  h i s t o r y  both 

wi th in  t h e  arc chamber and i n  t h e  exhaust plume are shown i n  

Fig. 7-3. A t  t hese  loca t ions ,  t h e  probes exh ib i t  a s teady in- 

crease i n  magnetic f i e l d  t o  some p la teau  value which remains 

constant  f o r  t h e  dura t ion  of t h e  pulse.  The s l i g h t  decay i n  

Fig,  7-3a i s  due t o  the i n t e g r a t o r  t i m e  constant  and does not 

represent  an a c t u a l  decay i n  magnetic f i e l d  s t r eng th  i n s i d e  t h e  

chamber. These oscil lograms are ind ica t ive  of t h e  degree of 

r e p r o d u c i b i l i t y  of these measurements. In s ide  t h e  chamber, t h e  

smooth trace i s  reproducible t o  wi th in  5 percent  and only s i n g l e  

discharges a r e  necessary t o  achieve t h e  desired data. Outside 

the chamber i n  t h e  gxhaust plume, t h e  s t a b i l i z e d  phase i s  rea- 

sonably smooth and reproducible  ( t o  approximately 10 percent ) ,  

bu t  t h e  t r a n s i e n t  phase i s  d i s t o r t e d  somewhat by random o s c i l -  

l a t i o n s .  I n  t h i s  l a t t e r  case, seve ra l  sho t s  w e r e  taken a t  each 

p o s i t i o n  i n  order t o  determine an average f i e l d  s t r e n g t h  a t  any 

given t i m e .  The inf luence of  t h e  observed i r r e p r o d u c i b i l i t y  on 

t h e  cons t ruc t ion  of t he  enclosed cur ren t  contours w i l l  be shown 

‘uz 

a f t e r  t hese  contours are displayed, 

The discharge development t o  i t s  s t a b i l i z e d  phase, i n  

t h e  f o r m  of enclosed cur ren t  contours as reduced from t h e  mag- 

n e t i c  probe data, i s  shown i n  Fig. 7-4. Both t h e  operat ing 
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condi t ions (J = 17.5 kA, h = 5.9 g/sec) and t h e  sequence t i m e s  

are i d e n t i c a l  t o  t h e  Kerr-cell d a t a  displayed i n  Fig,  7-1 t o  

f a c i l i t a t e  comparison between discharge luminosity and conduc- 

t i o n  cu r ren t  d i s t r i b u t i o n .  The enclosed cu r ren t  contours are 

p l o t t e d  as percentages of t h e  t o t a l  cur ren t  t o  expedi te  com-  

par i son  among var ious opera t ing  conditions.  

Figure 7-4a shows t h a t  i n  t h e  breakdown phase, t h e  cur- 

r e n t  appears t o  c l o s e l y  follow t h e  rear P lex ig l a s  i n s u l a t o r  out  

t o  t h e  chamber g l a s s  w a l l  and along t h i s  w a l l  t o  t h e  in s ide  of 

the anode l i p .  It should be recalled, however, t h a t  t hese  da t a  

have been reduced w i t h  an assumption of azimuthal symmetry which 

obviously cannot e x i s t  i n  po r t ions  of t h e  extreme rear of t h e  

arc chamber due t o  t h e  m a s s  i n j e c t o r s .  Y e t ,  magnetic probe rec- 

ords  a t  locat ions adjacent t o  t h e  rear i n s u l a t o r ,  but  a t  a l a r g e r  

rad ius ,  v e r i f y  t h e  presence of v i r t u a l l y  t h e  e n t i r e  cu r ren t  i n  

t h i s  region, It i s  thus  f e l t  t h a t  t h e  i n j e c t o r s  poke s m a l l  

"holes" i n  t h e  otherwise uniform cur ren t  shee t ,  t h e  r e s u l t i n g  

d i s t o r t i o n  ind ica ted  symbolically by t h e  broken l i n e s  i n  Figs,  
a 

7-4a and b, Despite t h i s  e f f e c t ,  t h e r e  w e r e  no i r r e g u l a r i t i e s  

i n  t h e  da t a ,  such as large negat ive s i g n a l s  during t h e  e a r l y  

t i m e s ,  t o  suggest t h e  presence of spokes as observed i n  t h e  l u -  

minosity p a t t e r n  a t  t h i s  t i m e  (Fig. 7 - l a ) .  By 10 psec (Fig,  

7-4b), t h e  discharge has propagated toward t h e  chamber or i f ice ,  

and t h e  contours have spread s o m e w h a t  i nd ica t ing  a decrease i n  

t h e  local cur ren t  dens i ty .  From experience with high-current 

dens i ty  f r o n t s  propagating i n t o  ambient d i s t r i b u t i o n s o f  gas, 

t h i s  movement of t h e  cu r ren t  f r o n t  should be accompanied by a 
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sweeping of t h e  ambient chamber gas toward t h e  o r i f i c e .  This 

i s  v e r i f i e d  by t h e  luminous concentrat ion i n  t h e  region near  

t h e  cathode t i p  i n  Fig,  7-lb. I n  Fig,  7-4c, t h e  contours have 

propagated out  f u r t h e r  but  must be r a p i d l y  slowing s ince  Figs.  

7-4d through 7-4f e x h i b i t  a s t a b i l i z e d  d i s t r i b u t i o n  of t h e  cur- 

r e n t  contours f r o m  30 p e c  u n t i l  t h e  end of t h e  pulse.  

p l e t i o n  of t h e  expulsion sequence of t h e  i n i t i a l  ambient gas 

proceeds downstream of these  contours as shown i n  t h e  corre- 

sponding Kerr-cell frames, 

The com- 

The s t a b i l i z e d  conf igura t ion  displayed i n  Fig. 7-4f, 

e x h i b i t s  s e v e r a l  c h a r a c t e r i s t i c  fea tures :  

1. Unlike m o s t  pulsed plasma acce le ra to r s  where t h e  

luminosity provides a good ind ica t ion  of the  high-current den- 

s i t y  regions,  comparison of Fig. 7-1 wi th  Fig. 7-4 r evea l s  t h a t  

t h e r e  i s  l i t t l e  c o r r e l a t i o n  here between t h e  exhaust plume l u -  

minosity and t h e  cu r ren t  pa t t e rn .  I n  f ac t ,  t h e  m o s t  luminous 

region (near  t h e  cathode t i p )  appears t o  coincide with only 

about 10 percent  of the t o t a l  cur ren t .  
3& 

2. N o  s i g n i f i c a n t  amount of cu r ren t  extends more than 

one o r i f i c e  diameter i n t o  t h e  exhaust plume, e i t h e r  r a d i a l l y  

o r  a x i a l l y .  

3 .  Only t h a t  por t ion  of t h e  cu r ren t  which i s  attache% 

t o  t h e  cathode t i p  appears t o  bow out  through t h e  o r i f i c e  and 

a t t a c h  t o  t h e  downstream edge of the anode. 

4. The remaining majori ty  of t h e  cur ren t  chooses t o  d i s -  

t r i b u t e  i t s e l f  nea r ly  uniformly throughout t h e  arc chamber. 

5, The e n t i r e  exposed cathode sur face  p a r t i c i p a t e s  i n  
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t h e  cu r ren t  conduction process.  E s t i m a t e s  of t h e  cathode s u r -  

face l o c a l  cu r ren t  dens i ty  based on t h e  measured contour lo- 

c a t i o n s  i n d i c a t e  t h a t  t h i s  value i s  constant  t o  wi th in  a f a c t o r  

of t w o .  

The unce r t a in ty  i n  pos i t i on ing  t h e  contours of enclosed 

cu r ren t  i s  shown i n  Fig. 7-5 for  t h e  s t a b i l i z e d  discharge a t  

a cu r ren t  of  4.4 kA and a m a s s  flow rate of 36.0 g/sec. This 

uncer ta in ty ,  shown by t h e  shaded band surrounding t h e  heavy 

contour l i n e ,  r ep resen t s  t he  cumulative e f f e c t  of shot-to-shot 

i r r e p r o d u c i b i l i t y  and t h e  accuracy with which the  data can be 

reduced from t h e  osc i l loscope  traces. A s  ind ica ted  by Fig. 7-3b, 

a s i m i l a r  f i gu re  drawn f o r  the t r a n s i e n t  phase would have w i d e r  

(but  not overlapping) uncer ta in ty  bands, e s p e c i a l l y  i n  the near 

exhaust region. 

Varying the operat ing condi t ions from t h e  example case 

shown i n  Fig,  7-4 inf luences both t h e  t r a n s i e n t  phase and t h e  

later s t a b i l i z e d  phase. A s  w a s  observed wi th  t h e  Kerr-cell 
a 

photographs, it i s  again t h e  combination of cur ren t  and mass 

flow rate  which determine t h e  ex ten t  of  t h i s  e f f e c t ,  r a t h e r  

than e i t h e r  of  t hese  parameters ind iv idua l ly .  For condi t ions 

of low magnetic i n t e r a c t i o n  parameter ,d, i .e. ,  toward t h e  

l o w e r  r i g h t  i n  Fig,  4-1, t h e  t r a n s i t i o n  occurs i n  t h e  same way 

as described above, but  r equ i r e s  a longer t i m e .  However, for 

condi t ions of high p , i.e., condi t ions where m a s s  s t a r v a t i o n  

e f f e c t s  may become evident ,  t h e  t r a n s i t i o n  phase c o n s i s t s  of 

a r e l a t i v e l y  high-current f r o n t  t r a v e l l i n g  far down t h e  
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vacuum tank, un ro l l i ng  behind it t h e  l o w e r  cu r ren t  p r o f i l e s  

c h a r a c t e r i s t i c  of t h e  s t a b i l i z e d  state.  The probe records 

of Fig. 7-6, taken with a t o t a l  cu r ren t  of 17.5 kA and a 

m a s s  f l o w  rate of 1 . 2  g/sec, e x h i b i t  t h e  magnetic f i e l d  h i s -  

t o r y  for t h i s  type of t r a n s i t i o n .  In s ide  t h e  arc chamber, 

Fig. 7-6a, t h e  magnetic f i e l d  i s  less s teady  ind ica t ing  t h e  

increased d i f f i c u l t y  experienced by t h e  discharge i n  conduct- 

ing t h e  necessary cu r ren t ,  but t h e  trace shows e s s e n t i a l l y  t h e  

same behavior as i n  Fig. 7-3a where the  m a s s  flow rate  w a s  

nea r ly  5 t i m e s  greater: .  Out i n  t h e  exhaust plume, however, 

the  cha rac t e r  of t h e  s i g n a l  has changed f r o m  a monotonic in- 

crease t o  t h e  p la teau  value (Fig,  7-3b), t o  a large overshoot 

followed by a decay t o  t h e  p l a t eau  value (Fig. 7-6b). These 

exhaust plume f i e l d  h i s t o r i e s  w e r e  not recorded a t  t h e  same 

pos i t ion ,  which accounts f o r  t h e  d i f f e rence  i n  t h e  a r r i v a l  

t i m e  of t h e  s igna l ,  T h i s  overshoot type of  t r a n s i t i o n  mani- 

fests i t s e l f  i n  t h e  farm of enclosed cu r ren t  contours which 

propagate r a p i d l y  both a x i a l l y  and r a d i a l l y  along the  anode 

face, overshoot t h e i r  eventua l  equi l ibr ium pos i t i ons  outs ide  

t h e  chamber, and slowly r e t u r n  t o  them i n  a re t rograde  d i rec-  

t i on .  For very high condi t ions,  the  exhaust plume contours 

do not completely r e t u r n  t o  t h e i r  equi l ibr ium pos i t i ons  by t h e  

t i m e  of cu r ren t  r eve r sa l .  However, even i n  t h i s  case, t h e  

contours i n  t h e  arc chamber and near exhaust region, which 

c o n s t i t u t e  the majori ty  of t h e  t o t a l  cur ren t ,  are stable so 

t h a t  t h e  d i f f e rence  i n  t h e  s t a b i l i z e d  conf igura t ion  for  d i f -  

f e r e n t  opera t ing  condi t ions can be determined. 
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The observat ions regarding t h e  s tabi l ized cu r ren t  d i s -  

t r i b u t i o n  i n  Fig,  7-4 are i n  genera l  v a l i d  f o r  t hese  o t h e r  

opera t ing  condi t ions;  on ly  absolu te  amounts appear t o  vary. 

For example, only about 25 percent  of t h e  t o t a l  cu r ren t  ex- 

tends  out  t h e  anode o r i f i c e  f o r  any running condi t ion except 

for m a s s  s t a r v a t i o n  cases where up t o  50 percent  can f l o w  t o  

t h e  ou t s ide  face of t h e  anode, Low condi t ions genera 1 l y  

r e s u l t  i n  cu r ren t  contours s l i g h t l y  withdrawn i n t o  t h e  cham- 

be r  whereas high / condi t ions y i e l d  contours s l i g h t l y  more 

extended downstream i n t o  t h e  plume. F ina l ly ,  as m a s s  s ta rva-  

t i o n  condi t ions are reached, t he  cur ren t  d i s t r i b u t i o n  on t h e  

cathode sur face  becomes peaked toward t h e  cathode t ip .  

337, DISCUSSION 

The Kerr-cell and magnetic probe data provide t h e  in- 

formation necessary t o  determine t h e  dura t ions  of t h e  remain- 

ing unknown t i m e  conBtants and thus  e s t a b l i s h  t h e  degree t o  

h ich  t h e  a c c e l e r a t o r  opera tes  i n  a t r u e  quasi-steady mode. 

The t i m e  t o  reach a s t a b i l i z e d  phase, r s 8  has been shown t o  

be 20 t o  30 psec f o r  t h e  17.5 kA x 160 psec pulse.  This t i m e  

increases  as p decreases and v ice  versa,  remaining approxi- 

mately a t  15 percent  of t h e  t o t a l  pu lse  length  f o r  t h i s  partic’: 

u l a r  capac i to r  bank. The t i m e  u n t i l  t h e  onset  of thermionic 

emission, 

and Kerr-cell photographs t o  be less than  10 percent  of t h e  

t o t a l  pu l se  length.  

rc, has been shown by both t h e  voltage measurements 
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The t i m e  necessary t o  ge t  a d d i t i o n a l  m a s s  through t h e  

discharge region a f te r  t h e  i n i t i a l  m a s s  d i s t r i b u t i o n  has been 

d is turbed  by the t r a n s i e n t  phase, rF, i s  related t o  t h e  posi- 

t i o n  of t h e  enclosed cu r ren t  contours during t h e  t r a n s i e n t  and 

s t a b i l i z e d  phases. Since t h e  cur ren t  conduction region f i l l s  

t h e  e n t i r e  a r c  chamber a t  a l l  t i m e s ,  then t h e  i n j e c t e d  gas 

immediately e n t e r s  i n t o  t h e  acce le ra t ion  zone. From t h e  p l o t s  

of t h e  enclosed cu r ren t  contours,  t h i s  zone i s  approximately 

6(10'-2) m long. 

the zone of 6(10 ) rn/sec implies rF 
spec t ,  it may be regarded as f o r t u i t o u s  t ha t  t h e  discharge 

f i l l s  t h e  chamber avoiding a long pa th  between i n j e c t i o n  or i -  

f i c e  and acce le ra t ion  zone. However, t h e  residence of sub- 

s t a n t i a l  cur ren t  near t h e  rear chamber i n s u l a t o r  may i n  fact  

be due t o  t h e  discharge searching f o r  a d d i t i o n a l  m a s s .  

Thus, assuming an average ve loc i ty  through 
3 25 10 psec, I n  t h i s  re- 

With a l l  c h a r a c t e r i s t i c  t i m e s  now evaluated, it i s  

apparent t h a t  f o r  e%ch pulse  employed, there e x i s t s  a par t icu-  

lar  i n t e r v a l ,  u sua l ly  t h e  second h a l f  of t h e  pulse  o r  g rea t e r ,  

which f u l f i l l s  a l l  of t h e  requirements set f o r t h  i n  Chap. 4 

for quasi-steady accelerators. 

It i s  i n t e r e s t i n g  t o  note t h a t  i n  a l l  cases, t h e  e n t i r e  
*, 

exposed cathode sur face  p a r t i c i p a t e s  i n  the discharge.  Thus, 

for purposes of t h e  a n a l y t i c a l  t h r u s t  r e l a t i o n  used throughout, 

t h e  e f f e c t i v e  r ad ius  of attachment i s  the maximum material 

radius .  This i s  t h e  value used i n  ca l cu la t ions  related t o  t h e  

opera t ing  range m a p  (Fig. 4-1) and t h e  vol tage da t a  ana lys i s .  
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Since the cathode radius appears t o  be a r t i f i c i a l l y  res t r ic t -  

ing the  s i z e  of the cathode attachment, it is  interesting t o  

speculate tha t  smaller diameter cathodes may lead t o  a greater 

electromagnetic t h r u s t  component due t o  the increase i n  the 

logarithmic radius r a t i o  term. T h i s  approach may be limited 

by the  rapidly decreasing surface area and therefore increasing 

local current density which may lead t o  more severe erosion. 
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CHAPTER 8 

SUMMARY AND FUTURE WORK 

I. SUMMARY 

The t rend  of  the  s teady-s ta te  MPD a r c  program toward 

i n t e r m i t t e n t  h igher  power opera t ion ,  and the  simultaneous 

progression of pulsed plasma t h r u s t e r s  toward longer-pulse 

opera t ion ,  provides a b a s i s  f o r  development of a quasi-steady 

a c c e l e r a t o r ,  a s  def ined i n  Chapter 4. One motivation f o r  

such development is  an ind ica t ion  of high e f f i c i e n c y  for 

s e l f - f i e l d  electromagnetic acce le ra t ion  i n  the high power 

dens i ty  range. Equally a t t r a c t i v e  a r e  the  a b i l i t y  t o  probe 

such an in tense  discharge without cool ing problems or space 

l i m i t a t i o n s ,  t he  p o s s i b i l i t y  of observing the opera t ing  

c h a r a c t e r i s t i c s  of an electromagnetic acce le ra to r  i n  the  
a 

power range pro jec ted  for fu tu re  electric propulsion missions,  

and the  study of quasi-steady t h r u s t  generat ion techniques i n  

t h e i r  own r i g h t ,  

To implement the  quasi-steady acce le ra to r  has  required 

the synchronization of t a i l o r e d  pulses  of  m a s s  flow and cur- 

r en t .  A shock tube m a s s  i n j e c t i o n  system has  been developed 

w h i c h  provides s teady argon flow r a t e s  of up t o  50 g/sec for 

3 m s e c  wi th  a risetime of 1 m s e c .  T h i s  l a t t e r  technique 
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preserves  a lo-' t o r r  p ressure  i n  t h e  d i e l e c t r i c  vacuum chamber 

which a l l o w s  t h e  mean f r e e  path t o  be greater than t h e  tank  d i -  

mensions. F l a t t o p  cu r ren t  pu lses  ranging from 138 kA x 20 rsec 

t o  4.4 kA for  600 psec are provided by a 132 pfarad  capac i tor  

bank whose t r i g g e r i n g  i s  delayed r e l a t i v e  t o  t h e  m a s s  pu lse  by 

a s p e c i a l  gas discharge switch. 

The r e s u l t i n g  arc discharge has been shown t o  lapse  i n t o  

an opera t ing  mode where a l l  p e r t i n e n t  arc processes are essen- 

t i a l l y  steady, i.e., t h e  rap id  propagation of in tense  sweeping 

cu r ren t  shee t s  t y p i c a l  of short-pulse accelerators is fo l -  

lowed by a d i f f u s e  s teady  cur ren t  p a t t e r n  through which t h e  

i n j e c t e d  mass i s  acce lera ted .  For all cur ren t  and m a s s  flow 

combinations, t h e  i n i t i a l  t r a n s i e n t  per iod occupies less 

than h a l f  of t h e  t o t a l  t e s t  t i m e .  I n  addi t ion ,  vol tage 

measurements and Kerr-cell photographs have ind ica ted  t h a t  

thermionic emission of e l ec t rons  from t h e  cathode, t y p i c a l  

of t h e  s teady state MPD arcs p r e v a i l s  throughout t h e  quasi-  

s teady phase. 
a 

Terminal vol tage measurements and time-resolved mag- 

n e t i c  f i e l d  d i s t r i b u t i o n s  have been valuable i n  determining 

t h e  arc acce le ra t ion  c h a r a c t e r i s t i c s .  I n  p a r t i c u l a r ,  t h e  

voltage measurements show a cur ren t  and mass flow dependence 

which i s  not i n  agreement w i t h  a n a l y t i c a l  estimates based on 

t h e  i d e a l l y  an t i c ipa t ed  voltage components. A t  l o w  m a s s  

flow rates, t h i s  discrepancy may be a t t r i b u t e d  t o  the  inges- 

t i o n  and r eacce le ra t ion  of extraneous m a s s ,  perhaps vaporized 

"\ 
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from t h e  e l ec t rodes  or in su la to r s .  A t  high mass flow rates, 

t h e  vol tage d i sp lays  an i n s e n s i t i v i t y  t o  t h e  mass f l o w  which 

cannot be explained by an ion-neutral  s l i p  hypothesis l i k e  

t h a t  commonly invoked for  t h e  s teady state accelerators. The 

m a x i m u m  e f f i c i ency ,  as ca l cu la t ed  from t h e  vol tage measure- 

ments a t  t h e  l o w e s t  m a s s  f l o w  before eros ion  and entrainment 

e f f e c t s  become important,  i s  found t o  increase  s t e a d i l y  over 

t h e  observable range, reaching a value of about 25 percent  a t  

17.5 kA. 

Magnetic f i e l d  measurements show t h a t  t h e  s t a b i l i z e d  

cur ren t  zone completely f i l l s  t he  arc chamber and covers t h e  

exposed cathode sur face  with a near ly  uniform cur ren t  densi ty .  

Y e t ,  l i t t l e  of t h i s  d i s t r i b u t i o n  spreads outs ide  t h e  anode 

o r i f i c e  and v i r t u a l l y  none extends beyond one o r i f i c e  diam- 

eter e i t h e r  r a d i a l l y  or ax ia l ly .  

11. FUTURE WORK 
a 

Based on these  f i r s t  s t u d i e s  on t h e  quasi-steady accel- 

erator f a c i l i t y ,  many a d d i t i o n a l  experiments and extensions of 

t h e  primary measurements suggest themselves: 

1, The vol tage measurements should be extended i n  

seve ra l  d i r ec t ions :  F i r s t ,  because t h e  ion iza t ion  energy, 

p a r t i c l e  m a s s ,  and molecular composition p l ay  an important 

r o l e  i n  some t h e o r i e s  of t h e  acce le ra t ion  process [44,47]# 

t h e  same matr ix  of measurements performed on argon should 

be repeated with o t h e r  gases,  e.g., xenon, which has a l o w e r  
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i o n i z a t i o n  energy, and ni t rogen,  which r equ i r e s  expenditure 

of t h e  d i s s o c i a t i o n  energy before ion iza t ion  can be achieved. 

Second, t h e  s a m e  vol tage measurements should be extended t o  

higher  m a s s  flow rates t o  see whether t h e  voltage e f f i c i e n c y  

w i l l  continue t o  increase  as shown i n  Fig. 6-10 o r  whether 

some fundamental l i m i t  w i l l  be reached. This w i l l  r equ i r e  a 

s u b s t a n t i a l  modif icat ion t o  t h e  m a s s  i n j e c t i o n  system t o  pro- 

vide an  order  of magnitude higher  flow rates. Third,  s i n c e  

it has been shown t h a t  t h e  discharge attachment a t  t he  cathode 

covers t h e  e n t i r e  exposed sur face  a rea ,  i n s t a l l i n g  a smaller  

diameter cathode should increase  the  t h r u s t  by v i r t u e  of t h e  

logari thmic t e r m  i n  t h e  electromagnetic t h r u s t  equation. This  

should be r e f l e c t e d  i n  an increase  i n  t h e  acce le ra t ion  vol tage 

component and the re fo re  i n  t h e  t o t a l  voltage.  

2. A m o s t  important measurement f o r  eva lua t ing  t h e  

a c c e l e r a t i o n  characterist ics is t h e  exhaust ve loc i ty .  I f  

t h i s  could be determined f o r  t h e  various acce lera ted  species ,  

e.g., A+, A++, Ao, etc., it could reso lve  ' the  content ion of  

spec ies  coupling i n  t h e  exhaust,  i nd ica t e  t h e  s e v e r i t y  of 

erosion,  and provide independent information on t h e  th rus t .  

Steady state experiments are l imi ted  by t h e i r  i n a b i l i t y  t o  

i n s t a l l  a probe d i r e c t l y  i n  t h e  exhaust plume. Thus, t h e  

measurement of ve loc i ty  i n  these  fac i l i t i es  is  t y p i c a l l y  

attempted by a) t i m e  of f l i g h t  of plasma f luc tua t ions  between 

t w o  o p t i c a l  sensors,  which may not represent  t h e  a c t u a l  
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streaming v e l o c i t y ,  b) t h e  measured t h r u s t  divided by t h e  

suppl ied mass flow r a t e ,  which au tomat ica l ly  incorpora tes  

any spurious e f f e c t  caused by entrainment o r  e ros ion ,  and 

c) a Doppler s h i f t  determinat ion involving l a r g e  experi-  

mental apparatus  and long exposure t i m e s .  I n  t h e  quasi- 

s teady  case ,  s eve ra l  o t h e r  methods of v e l o c i t y  measurement 

may be considered, none of which can be simply applied.  

One of  t hese  i s  an ion  energy analyzer ,  which c o n s i s t s  of 

a gridded electric probe which screens o u t  e l e c t r o n s  and 

measures the  f l u x  of i ons  having an energy g r e a t e r  than an 

appl ied p o t e n t i a l .  The probe must be c a r e f u l l y  designed, 

s ince  l i m i t a t i o n s  on g r i d  spacings a r e  determined by the 

l o c a l  plasma p rope r t i e s .  A second method c o n s i s t s  of 

measuring the  l o c a l  x $  vol tage  generated by the e j ec t ed  

p a r t i c l e  stream spec ies  passing through a small  appl ied 

magnetic f i e l d ,  b u t  here  again,  c a r e  must be exercised t o  

maintain the  plasma d is turbance  a t  a minimum, Attempts a t  

t i m e  , resolved Doppler s h i f t  methods for v e l o c i t y  determina- 
a 

t i o n  involve Kerr-cell s h u t t e r s  t o  expose the  spectrographic  

equipment only during t h e  s t a b i l i z e d  phase. and it i s  highly 

ques t ionable  t h a t  s u f f i c i e n t  l i g h t  i s  a v a i l a b l e  for the  

necessary short exposures. 

3 .  The e f f e c t  of  e l ec t rode  geometry on t h e  vol tage  

e f f i c i e n c y  can be s tudied  sys temat ica l ly .  A s  d iscussed 

previously,  the  e f f i c i e n c y  is related t o  the  p r o f i l e  of 

E-UB through t h e  acce le ra t ion  zone, s i n c e  JE-JUB represents  
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the energy dissipated electrothermally. Since U is small 

at the inlet to the acceleration zone, and B is small at 

the outlet, the profile of UB must be peaked. Thus, for 

high efficiency, E should also be peaked. The effect of 

empirical variation of the electrode geometry, by altering 

size of electrodes, anode to cathode spacing, and chamber 

and orifice configurations, can be monitored by the same 

sequence of measurements pursued earlier. Note that the 

present configuration may itself be one of relatively high 

efficiency since its electrostatic field profile has the 

desired characteristics of low magnitude at the inlet and 

outlet portions of the flow. This problem of electrode 

geometry optimization may also provide some interesting 

analytical possibilities, since there is an essential non- 

linearity associated with the establishment of the actual 

profiles of u, j, B, and E. 

4. As the accelerator progresses toward a useful 
a 

thruster, direct measurement of thrust becomes more im- 

perative. This measurement is not only important for 

correlating the velocity and mass flow values for the 

steady phase, but also for determining the overall im- 

pulse bit when investigating the optimim quasi-steady 

accelerator. Thrust measurement for a small total impulse 

system usually invo lve s a sophisticated counterbalanced 

pendulum or null-suspension, where extreme care must be 

taken to negate all disturbances from the electrical, 
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mechanical, and gas-flow connections, and from spurious 

interactions between the electromagnetic fields and the 

test facility [79]. Recently, a technique which utilizes 

a piezo crystal as the thrust transducer has been developed 

which may also be serviceable for  this purpose [ 8 7 ] .  
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