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SUMMARY 

E l e c t r o s t a t i c  (Langmuir )  probes o f  b o t h  s p h e r i c a l  and c y l i n d r i c a l  
geometry have been used t o  o b t a i n  e l e c t r o n  number d e n s i t y  and tempera ture  i n  
t h e  exhaust  o f  a l a b o r a t o r y  a r c j e t .  The a r c j e t  t h r u s t e r  ope ra ted  on n i t r o g e n  
and hydrogen m i x t u r e s  t o  s i m u l a t e  f u l l y  decomposed hyd raz ine  i n  a vacuum 
envi ronment  w i t h  background p ressu res  l e s s  than 5 ~ 1 0 - ~  Pa. 

The exhaust appears t o  be o n l y  s l i g h t l y  i o n i z e d  ( l e s s  than  1 p e r c e n t )  
w i t h  l o c a l  plasma p o t e n t i a l s  near  f a c i l i t y  ground.  The c u r r e n t - v o l t a g e  
c h a r a c t e r i s t i c s  o f  t h e  probes i n d i c a t e  a Maxwe l l i an  temperature d i s t r i b u t i o n .  
Plume d a t a  a re  presented  as a f u n c t i o n  o f  a r c j e t  o p e r a t i n g  c o n d i t i o n  and a l s o  
p o s i t i o n  i n  the  exhaust .  

INTRODUCTION 

An a r c j e t  t h r u s t e r  i s  an e l e c t r o t h e r m a l  p r o p u l s i o n  d e v i c e  which heats  a 
p r o p e l l a n t  by means o f  a h i g h  tempera ture  a r c  d i scha rge  and then  expands t h e  
h o t  gas th rough a nozz le  t o  produce t h r u s t .  Because i t  o f f e r s  r e l a t i v e l y  h i g h  
s p e c i f i c  impulse a t  moderate t h r u s t  l e v e l s ,  t he  a r c j e t  i s  an a t t r a c t i v e  
cand ida te  f o r  a u x i l i a r y  p r o p u l s i o n  a p p l i c a t i o n s .  A t  p resen t ,  t h e  power 
r e a l i s t i c a l l y  a v a i l a b l e  f o r  s a t e l l i t e  p r o p u l s i o n  requ i rements  i s  between 0 .5  

t h e  a r c j e t  can p r o v i d e  s p e c i f i c  impulses o f  400 sec and h i g h e r ,  o f f e r i n g  

communication s a t e l l i t e s .  Recent ly ,  e f f o r t s  have been i n i t i a t e d ,  both a t  NASA 
and i n  i n d u s t r y ,  t o  demonstrate t h e  technology read iness  o f  a low power (700 
t o  1500 W ) ,  dc a r c j e t  w i t h  s t o r a b l e  p r o p e l l a n t s  for such m i s s i o n s .  Technology 
i ssues  c u r r e n t l y  b e i n g  addressed i n c l u d e d  a r c  s t a r t - u p  and s t a b i l i t y ,  
per formance,  l i f e t i m e ,  power p rocess ing  and s p a c e c r a f t  i n t e g r a t i o n  ( r e f s .  1 t o  
4 ) .  I n  c o n j u n c t i o n  w i t h  the  above e f f o r t s ,  research  programs t o  i n v e s t i g a t e  
the plumes o f  a r c j e t  t h r u s t e r s  have a l s o  begun. 

Cr) and 1 .5  kW. When opera ted  w i t h  s t o r a b l e  p r o p e l l a n t s  a t  these power l e v e l s ,  
a3 
03 
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w 
I p o t e n t i a l l y  l a r g e  b e n e f i t s  f o r  m i s s i o n  a p p l i c a t i o n s  such as s t a t i o n k e e p i  ng on 

A d e t a i l e d  d e s c r i p t i o n  o f  t h e  a r c j e t  exhaust  i s  r e q u i r e d  for  n o t  o n l y  a 
fundamental unders tand ing  of t h e  plume c h a r a c t e r  b u t  a l s o  an a c c u r a t e  
assessment o f  t h e  p o t e n t i a l  impacts  t h a t  t h e  plume may have on t h r u s t e r  
per formance and to  t h e  spacecra f t  upon i n t e g r a t i o n .  The p r i m a r y  i n t e g r a t i o n  
concern i s  t he  p o t e n t i a l  impact  due t o  EM1 or induced env i ronment  e f f e c t s  on 
communications. Th rus ts  l o s s e s  and thermal  l o a d i n g  may a l s o  be o f  concern,  
depending on the  s p a c e c r a f t / t h r u s t e r  c o n f i g u r a t i o n .  The exhaust  o f  an a r c j e t  
can be desc r ibed  as a low d e n s i t y ,  h i g h  tempera ture ,  supersonic  flow f i e l d  
t h a t  i s  s l i g h t l y  i o n i z e d  ( l e s s  than a f e w  p e r c e n t )  and c h e m i c a l l y  r e a c t i v e  i n  
n a t u r e .  Because o f  t h i s  complex combina t ion  o f  plume p r o p e r t i e s  and a l s o  t h e  



f a c t  t h a t  a r c j e t  nozz les  a r e  t y p i c a l l y  v e r y  sma l l ,  i t  i s  d i f f i c u l t  t o  o b t a i n  
l o c a l  q u a n t i t a t i v e  i n f o r m a t i o n  on t h e  f low f i e l d  w i t h  conven t iona l  probe 
techn iques .  

However, exper imenta l  i n v e s t i g a t i o n s  o f  t h e  a r c j e t  exhaust  have been 
conducted p r e v i o u s l y .  I n  t h e  e a r l y  1960 's ,  t h e  Plasmadyne C o r p o r a t i o n  
( r e f .  5 )  measured t h e  shape and r a d i a t i o n  i n t e n s i t y  o f  a 1 kW, hydrogen a r c j e t  
u s i n g  mot ion  p i c t u r e  photography and a t h e r m o p i l e  r a d i o m e t e r .  
t he  McDonnell A i r c r a f t  C o r p o r a t i o n  ( r e f s .  6 t o  7 )  a p p l i e d  a v a r i e t y  o f  
d i a g n o s t i c  techn iques  near  t h e  e x i t  p lane  o f  h i g h  power (10 t o  50 kW>, 
hydrogen a r c j e t s .  The measurements i n c l u d e d :  probe surveys t o  o b t a i n  
e l e c t r o n  number d e n s i t y  and tempera ture ,  mass f l u x ,  impact  p ressu re ,  and 
s t a g n a t i o n  en tha lpy  p r o f i l e s ;  p h o t o m e t r i c  techn iques  t o  measure exhaust  
v e l o c i t y ;  and spec t rophotometer  o b s e r v a t i o n s  t o  de termine e x c i t a t i o n  
temperature.  A l though a g r e a t  dea l  o f  e f f o r t  was expended i n  deve lop ing  the  
above-mentioned techn iques ,  much o f  the  i n f o r m a t i o n  ga ined i n  the  p rev ious  
exper iments was q u a l i t a t i v e  i n  n a t u r e  and n o t  d i r e c t l y  t r a n s p o r t a b l e  t o  
p resen t  analyses.  

d i s t r i b u t i o n  w i t h i n  t h e  f r e e l y  expanding plume o f  an argon a r c j e t  (150 A ,  
20 V I .  
p o p u l a t i o n  o f  e x c i t e d  s t a t e  number d e n s i t i e s  and t h a t  t he  e l e c t r o n  t e m p e r a t u r e  
w a s  much g r e a t e r  than the  s t a t i c  gas tempera ture .  
a b s o r p t i o n  and emiss ion  measurements, e l e c t r o n  number d e n s i t i e s  o f  1 t o  
4 ~ 1 0 ~ ~ / c r n 3  

A d d i t i o n a l l y ,  

L a s t l y ,  Limbaugh ( r e f .  8)  de termined t h e  e x c i t e d  s t a t e  d e n s i t y  

He found the  energy d i s t r i b u t i o n  d i d  n o t  f i t  a Maxwell-Boltzmann 

Us ing  s p e c t r a l  l i n e  

were o b t a i n e d  a t  tempera tures  o f  app rox ima te l y  0 .6  eV. 

Th is  t h e s i s  p resen ts  i n i t i a l  r e s u l t s  i n  the  exper imen ta l  i n v e s t i g a t i o n  o f  
low power, dc a r c j e t  p lumes. The p r i m a r y  research  goa ls  a r e  t o  o b t a i n  plasma 
number d e n s i t y  and tempera ture  as a f u n c t i o n  o f  p o s i t i o n  i n  t h e  plume and 
t h r u s t e r  o p e r a t i n g  c o n d i t i o n  and t o  e v a l u a t e  vacuum f a c i l i t y  p ressu re  e f f e c t s  
on t h e  measurements. U l t i m a t e l y ,  t he  above exper imen ta l  r e s u l t s  may be used 
t o  assess the  a r c j e t  plume impacts .  For example, once t h e  plume e l e c t r o n  
number d e n s i t y  d i s t r i b u t i o n  i s  known, e s t i m a t e s  of t h e  impacts  t o  
communications s i g n a l s  t r a n s m i t t e d  th rough  the  plume can be c a l c u l a t e d .  The 
Langmuir probe i s  t h e  p r i m a r y  d i a g n o s t i c  techn ique used i n  t h i s  i n v e s t i g a t i o n .  

The f i rst  p o r t i o n  o f  t h i s  d i s s e r t a t i o n  p r o v i d e s  a d i s c u s s i o n  o f  t h e  
theo ry  and o p e r a t i o n  o f  Langmuir probes f o r  measur ing plasma p r o p e r t i e s .  
D e t a i l s  o f  probe des ign  and f a b r i c a t i o n ,  a l o n g  w i t h  f a c t o r s  which govern the  
da ta  a n a l y s i s ,  w i l l  be p r o v i d e d .  The exper imenta l  hardware and vacuum 
f a c i l i t y  f o r  t h e  probe surveys a r e  a l s o  d iscussed.  

The major  p o r t i o n  o f  t h i s  t h e s i s  p resen ts  i n i t i a l  expe r imen ta l  d a t a  i n  
the  plume o f  a low power, dc a r c j e t .  
l a b o r a t o r y  t h r u s t e r ,  o p e r a t i n g  on a p r o p e l l a n t  m i x t u r e  o f  n i t r o g e n ,  t o  
s imu la te  f u l l y  decomposed hyd raz ine .  
p o s i t i o n  i n  the  exhaust ,  a r c  power, and mass f low r a t e .  
between probes o f  d i f f e r e n t  s i z e  and geometry.  F i n a l l y ,  recommendations fo r  
f u t u r e  work a re  proposed.  

The a r c j e t  used i n  t h i s  s tudy  i s  a 

Data a r e  presented  as a f u n c t i o n  o f  
Comparisons a r e  made 
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NOMENCLATURE 

probe su r face  area ,  m2 

we t ted  s u r f a c e  a rea  o f  s p h e r i c a l  probe ( 2 n  

nozz le  e x i t  a rea ,  m2 

nozz le  t h r o a t  a rea ,  m2 

probe d iameter ,  m 

e l e c t r o n  charge, C 

a r c  gap s e t t i n g ,  m 

c u r r e n t ,  A 

e l e c t r o n  s a t u r a t i o n  c u r r e n t ,  A 

s p e c i f i c  impu lse ,  sec 

Boltzmann c o n s t a n t ,  J /K  

l e n g t h ,  m 

c y l i n d r i c a l  probe l e n g t h ,  m 

n e u t r a l  mass, k g  

charged species mass, kg  

number d e n s i t y ,  p a r t i c l e s / m 3  

Maxwel l ian  averaged cross s e c t i o n ,  

radius ,  rn 

nozz le  e x i t  r a d i u s ,  m 

nozz le  t h r o a t  r a d i u s ,  m 

temperature,  K 

v o l t a g e  or p o t e n t i a l ,  v 

nozz le  h a l f  ang le ,  deg 

mean f r e e  pa th ,  m 

Debye l e n g t h ,  m 

cm3/sec 
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LANGMUIR PROBE THEORY AND OPERATION 

The Langmuir probe i s  one o f  t h e  m o s t  w i d e l y  used and accepted means o f  
o b t a i n i n g  i n f o r m a t i o n  on plasma p r o p e r t i e s .  I n  i t s  s i m p l e s t  form, i t  c o n s i s t s  
o f  a smal l  conduc t i ve  element and an assoc ia ted  power supp ly  which i s  capable 
o f  b i a s i n g  t h e  probe to  v a r i o u s  v o l t a g e s ,  b o t h  p o s i t i v e  and n e g a t i v e ,  w i t h  
respec t  to  the  plasma t o  be i n v e s t i g a t e d .  The c u r r e n t  drawn t o  the  probe as a 
f u n c t i o n  o f  v o l t a g e ,  or t h e  "probe c h a r a c t e r i s t i c , "  y i e l d s  two p r i m a r y  
q u a n t i t i e s ,  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  tempera ture .  

The t h e o r y  t h a t  governs i n t e r p r e t a t i o n  o f  t h e  probe c h a r a c t e r i s t i c  i s  
q u i t e  compl ica ted .  E x c e l l e n t  rev iews of genera l  probe t h e o r y  i n  b o t h  t h e  
presence and absence o f  c o l l i s i o n s  may be found i n  ( r e f s .  9 t o  1 1 ) .  
Laf ramboise ( r e f .  12) e s t a b l i s h e d  b o t h  s p h e r i c a l  and c y l i n d r i c a l  probe t h e o r y  
i n  a c o l l i s i o n l e s s ,  s t a t i o n a r y  plasma. F u r t h e r ,  t h e  a p p l i c a t i o n  o f  the  
Langmuir probe t o  f l o w i n g ,  c o l l i s i o n l e s s  plasmas has been i n v e s t i g a t e d  by 
French ( r e f .  13) ,  Son in  ( r e f .  14) ,  and Clayden ( r e f .  15) .  

An i d e a l  probe c h a r a c t e r i s t i c  i s  i l l u s t r a t e d  i n  f i g u r e  1 .  I f  the  probe 
i s  b iased s u f f i c i e n t l y  n e g a t i v e  w i t h  r e s p e c t  t o  t h e  plasma p o t e n t i a l ,  a l l  
e l e c t r o n s  w i l l  be r e p e l l e d  and o n l y  i o n s  w i l l  be c o l l e c t e d  by t h e  probe.  A 
l a y e r  o f  p o s i t i v e  charge,  c a l l e d  an " i o n  sheath," b u i l d s  up around t h e  probe. 
I t s  f o r m a t i o n  i s  p r i m a r i l y  dependent upon t h e  i o n  mass and tempera ture .  A s  
t he  probe v o l t a g e  i s  inc reased p o s i t i v e l y ,  e l e c t r o n s  a re  a l s o  a t t r a c t e d  to  the  
probe su r face .  A t  t h e  f l o a t i n g  p o t e n t i a l ,  V f ,  t h e  magnitude o f  the  i o n  and 
e l e c t r o n  c u r r e n t s  a r e  equa l .  I n c r e a s i n g  the  probe v o l t a g e  f u r t h e r  draws s t i l l  
more e l e c t r o n s  t o  t h e  probe.  I f  t h e  v e l o c i t y  d i s t r i b u t i o n  o f  e l e c t r o n s  i n  the  
plasma i s  Maxwel l ian ,  t h i s  t r a n s i t i o n  r e g i o n  w i l l  be marked by an exponen t ia l  
inc rease i n  e l e c t r o n  c u r r e n t .  A t  some p o i n t ,  V,, t h e  probe p o t e n t i a l  i s  equal 
t o  t h a t  o f  t h e  plasma. There i s  s t i l l  a smal l  i o n  c o n t r i b u t i o n  a t  V,. 
B i a s i n g  the  probe beyond V, causes e l e c t r o n s  to  be r e p e l l e d .  I n  t h i s  
reg ion ,  t he  excess o f  n e g a t i v e  charge near the  probe sur face aga in  forms a 
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sheath. A s  l o n g  as the  probe s i z e  i s  l a r g e  i n  comparison w i t h  t h e  Debye 
l e n g t h ,  t h e  sheath t h i c k n e s s  may be assumed t o  be r e l a t i v e l y  c o n s t a n t  w i t h  
p o t e n t i a l  and equal t o  t h a t  o f  t h e  probe d imensions.  

Prov ided t h a t  t h e  probe does n o t  d i s t u r b  t h e  plasma (or t h e  macroscopic  
f low f i e l d )  and t h a t  t h e  e l e c t r o n s  e x h i b i t  a Maxwe l l i an  d i s t r i b u t i o n ,  
i n t e r p r e t a t i o n  o f  t h e  c h a r a c t e r i s t i c  i s  reasonab ly  s t r a i g h t f o r w a r d .  I n  t h e  
t r a n s i t i o n  r e g i o n ,  t h e  e l e c t r o n  c u r r e n t  c o l l e c t e d  by t h e  probe w i l l  be g i v e n  by 

Ie = A en r~ [ exp-e(~p-~, ) ]  

p e 2ame kTe 

Taking t h e  l o g a r i t h m  of Eq ( 1 )  and d i f f e r e n t i a t i n g  w i t h  r e s p e c t  
t o  t h e  probe v o l t a g e  g i v e s  

d -e - ( I n  1,) = - 
dV kTe 

( 2 )  

Consequent ly ,  t h e  s lope o f  a semi- log p l o t  o f  e l e c t r o n  c u r r e n t  as a 
f u n c t i o n  o f  probe v o l t a g e  y i e l d s  e l e c t r o n  tempera ture .  Plasma p o t e n t i a l  i s  
g e n e r a l l y  o b t a i n e d  by e x t r a p o l a t i n g  t h e  l i n e a r  p o r t i o n  o f  t h e  t r a n s i t i o n  and 
e l e c t r o n  a c c e l e r a t i n g  r e g i o n s  o f  t h i s  same p l o t .  
t h i n  sheath a n a l y s i s ,  

A t  plasma p o t e n t i a l ,  u s i n g  a 
. -  

The s a t u r a t i o n  e l e c t r o n  c u r r e n t ,  Io, i s  t h e  e l e c t r o n  c u r r e n t  a t  plasma 
p o t e n t i a l  ( V  = V,). Rearranging Eq. ( 3 )  g i v e s  t h e  e l e c t r o n  number d e n s i t y  
i n  t e r m s  o f  I: nown q u a n t i t i e s ,  as,  

n = ( 3 . 7 3 ~ 1 0 ~ ~ )  2 4 7  1 1  600 

P 
e ( 4 )  

The above a n a l y s i s  i s  p r e d i c a t e d  on the  assumption t h a t  

where t h e  Debye l e n g t h  i s  

'D - - 6.9xlO3& (6) 

and X rep resen ts  t h e  c o l l i s i o n  mean f r e e  pa ths .  A d i s c u s s i o n  o f  t h e  
r e l e v a n t  c o l l i s i o n  phenomena and t h e ' a s s o c i a t e d  mean f r e e  pa ths  may be found 
i n  the  Appendix. 

For low d e n s i t y  plasma f l o w s ,  p rev ious  i n v e s t i g a t o r s  ( r e f s .  13 and 14) 
have used c y l i n d r i c a l  probes a l i g n e d  w i t h  the  f low s t r e a m l i n e s  t o  a v o i d  t h e  

5 



e f f e c t s  o f  b u l k  f l u i d  ( n e u t r a l )  mo t ion .  S p h e r i c a l  probes a re  p romis ing  
because t h e y  do n o t  have t h i s  a l i gnmen t  c o n s t r a i n t .  Clayden ( r e f .  15) has 
o b t a i n e d  reasonab le  r e s u l t s  u s i n g  s p h e r i c a l  probes i n  a low d e n s i t y  plasma 
j e t ;  however, a "wet ted"  c u r r e n t  c o l l e c t i o n  area  (one -ha l f  o f  the  s p h e r i c a l  
su r face  area)  was used i n  t h e  c a l c u l a t i o n  of ne (eq .  (4)). Th is  m o d i f i c a t i o n  
was made t o  account  f o r  t h e  e x i s t e n c e  of a wake beh ind  the  probe which 
e l e c t r o n s  a r e  unable t o  p e n e t r a t e .  

EXPERIMENTAL APPARATUS 

Langmu i r Probes 

Langmuir probes of b o t h  s p h e r i c a l  and c y l i n d r i c a l  geometry were  used i n  
t h i s  i n v e s t i g a t i o n .  
probes.  The s t a t i o n a r y  probes were made from c a r b i d e  s t e e l  b a l l  bea r ings  w i t h  
r a d i i  o f  0.562 cm.  
S t a i n l e s s  s t e e l  t u b i n g  was used as t h e  i n s u l a t o r  between t h e  w i r e  and t h e  
s h i e l d .  I t  was recessed 0.16 cm from t h e  end o f  t h e  s t a i n l e s s  s h i e l d .  Kapton 
tape covered the  s h i e l d  i n  the  v i c i n i t y  of t h e  sphere.  A l a r g e r  s p h e r i c a l  
probe ( r a d i u s  of 0.794 cm) was i n s t a l l e d  a t  t h e  o f f - a x i s  s t a t i o n a r y  l o c a t i o n  
f o r  l a t e r  measurements. 

F i g u r e  2 d i s p l a y s  sketches o f  t h e  s t a t i o n a r y  and movable 

Each b e a r i n g  was welded t o  a 0.76 mm tungs ten  w i r e .  

The support assembly for the movable probes had a U-shaped geometry 

Both probes used 

because t h e y  had t o  sweep across  t h e  plume. The s p h e r i c a l  probe was a c a r b i d e  
s t e e l  b a l l  b e a r i n g  o f  r a d i u s  0.316 cm. The c y l i n d r i c a l  probe was made o f  
tungs ten  w i r e  o f  r a d i u s  0.114 cm and l e n g t h  0.952 cm. 
ceramic i n s u l a t i o n  as t h e  main suppor t  a t  t h e  l o c a t i o n  of  t h e  measurement. 

F i g u r e  3 d i s p l a y s  an e l e c t r i c a l  schemat ic  o f  t h e  probe b i a s  c i r c u i t r y .  
The b i a s  supp ly  cou ld  l i n e a r l y  ramp t h e  probe v o l t a g e  from a p r e s e l e c t e d  
n e g a t i v e  va lue  to  a p o s i t i v e  va lue  o v e r  a 5 sec t i m e  p e r i o d .  The ramp v o l t a g e  
ranges which c o u l d  be s e l e c t e d  were: -10 t o  +10 V,  -50 t o  +50 V ,  and -100 to  
+lo0 V.  The probe v o l t a g e  was measured by a h i g h  impedance d i v i d e r  network 
w h i l e  the  probe c u r r e n t  was o b t a i n e d  by measur ing t h e  v o l t a g e  across  a 1.00 R 
r e s i s t o r .  The two s i g n a l s  were sen t  t h rough  i s o l a t i o n  a m p l i f i e r s  t o  an X-Y 
r e c o r d e r .  Because the  c u r r e n t  c o l l e c t e d  by t h e  probe inc reases  e x p o n e n t i a l l y  
near plasma p o t e n t i a l ,  t h e  probe b i a s  supp ly  ramped slowly enough so t h a t  t h e  
X-Y r e c o r d e r  cou ld  keep up. A s  l o n g  as t h e  a r c j e t  e x h i b i t e d  a s t a b l e  
o p e r a t i n g  c o n d i t i o n  t h e  dc c u r r e n t  change w i t h  t ime  v a r i e d  by l e s s  t han  one 
pe rcen t  when t h e  probe was b i a s e d  a t  l a r g e  p o s i t i v e  or l a r g e  n e g a t i v e  v o l t a g e s  
w i t h  r e s p e c t  t o  plasma p o t e n t i a l .  However, a s l i g h t  d i f f e r e n c e  i n  anode 
p o t e n t i a l  cou ld  have a marked e f f e c t  i n  c u r r e n t  c o l l e c t e d  near  plasma 
p o t e n t i a l .  Thermal and t i m e  dependent o f f s e t s  i n  t h e  a m p l i f i e r s  were zeroed 
o u t  p r i o r  t o  probe sweep. 
measurements was approx ima te l y  0.3 mA. 

The es t ima ted  u n c e r t a i n t y  i n  t h e  c u r r e n t  

A r c j e t  T h r u s t e r  

Two d i f f e r e n t  l a b o r a t o r y  a r c j e t s  o f  s i m i l a r  components were  used i n  t h i s  
i n v e s t i g a t i o n .  A schematic o f  t h e  a r c j e t  des ign  i s  shown i n  f i g u r e  4. The 
main body o f  the  t h r u s t e r  i s  s t a i n l e s s  s t e e l  w i t h  boron n i t r i d e  i n s u l a t i o n .  
The t h r u s t e r  d ischarge r e g i o n  i n c o r p o r a t e s  a v o r t e x  s t a b i l i z e d ,  conven t iona l  
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c o n s t r i c t e d  a r c  des ign .  The tungs ten  i n s e r t  shown i n  t h e  f i g u r e  serves  bo th  
as anode and expansion n o z z l e .  Vortex s t a b i l i z a t i o n  i s  e s t a b i l i s h e d  by means 
o f  a gas i n j e c t i o n  d i s k  which i n p u t s  t h e  p r o p e l l a n t  f low t a n g e n t i a l l y  i n t o  t h e  
arc  d ischarge r e g i o n .  The a r c  gap s e t t i n g ,  d e f i n e d  as t h e  d i s t a n c e  between 
t h e  upstream end of t h e  c o n s t r i c t o r  and t h e  f a c e  o f  t h e  cathode,  may be s e t  t o  
a predetermined d i s t a n c e  th rough  use o f  a m o d i f i e d  Swagelok f i t t i n g  a t  t he  
r e a r  o f  the  t h r u s t e r .  
t h e  low power a r c j e t  may be found  i n  r e f e r e n c e  1 .  The major  d i f f e r e n c e  
between the  two t h r u s t e r s  used i n  t h i s  plume i n v e s t i g a t i o n  was i n  t h e  amount 
of l a b o r a t o r y  use t h a t  i n d i v i d u a l  components had r e c e i v e d .  The i n s u l a t i o n  and 
conduc t i ve  elements of f i r s t  t h r u s t e r  (des igna ted  as T h r u s t e r  A >  had been used 
e x t e n s i v e l y  i n  a r c j e t  t e s t s  p r i o r  t o  t h i s  exper iment .  T h r u s t e r  6 ,  however, 
c o n s i s t e d  of  t h e  same i n s u l a t o r  hous ing  and e x t e r i o r  p r o p e l l a n t  f e e d  b u t  had a 
p r e v i o u s l y  unused anode hous ing  and i n s e r t .  
to  supp ly  the  v o r t e x  p r o p e l l a n t  flow. 
c o n s t r i c t o r  and nozz le  geometry for t h e  two a r c j e t s  a r e  l i s t e d  i n  t a b l e  I .  

A complete d e s c r i p t i o n  of t h e  major  des ign  f e a t u r e s  o f  

I t  a l s o  had a new i n j e c t o r  d i s k  
Major  c h a r a c t e r i s t i c s  o f  t h e  a r c  

, A r c j e t  power was p r o v i d e d  from a w e l l  r e g u l a t e d ,  p u l s e  w i d t h  modulated 
The des ign  c o n s i s t s  o f  a s t a r t i n g  c i r c u i t  which p r o v i d e s  supp ly  ( r e f .  2 ) .  

b r i e f ,  h i g h  v o l t a g e  pu lses  t o  i n i t i a t e  t h e  a rc  d i scha rge  v i a  Paschen breakdown 
and a second c i r c u i t  f o r  a w e l l  r e g u l a t e d ,  c u r r e n t - c o n t r o l l e d  mode o f  
o p e r a t i o n .  I n  normal o p e r a t i o n ,  a r c j e t  c u r r e n t  ranged from 8 t o  12 A ,  
a l t h o u g h  most o f  the  t e s t s  r e p o r t e d  h e r e i n  were conducted a t  1 1  A .  The a r c  
c u r r e n t  was measured w i t h  a commerc ia l l y  a v a i l a b l e  c u r r e n t  probe w h i l e  a rc  
v o l t a g e  was measured w i t h  a h i g h  impedance d i v i d e r  ne twork .  
was i s o l a t e d  w i t h  anode p o t e n t i a l s ,  d u r i n g  a r c j e t  o p e r a t i o n ,  t y p i c a l l y  near 
f a c i l i t y  ground due t o  t h e  plasma b leed .  
t o  ground, was mon i to red  w i t h  10 MQ d i g i t a l  meter .  

The e n t i r e  system 

The t h r u s t e r  f l o a t i n g  v o l t a g e ,  anode 

T y p i c a l l y ,  t h e  a r c j e t  was opera ted  on a 2 : l  volume r a t i o  of n i t r o g e n  t o  
The two gases were s t o r e d  hydrogen to  s imu la te  f u l l y  decomposed hyd raz ine .  

s e p a r a t e l y  and mixed upst ream o f  t h e  t h r u s t e r  i n l e t .  D i g i t a l  f low meters,  
c a l i b r a t e d  f o r  t h e  s p e c i f i c  gas t ype ,  were used i n  c o n j u n c t i o n  w i t h  p r e c i s i o n  
needile va lves  to  c o n t r o l  i n d i v i d u a l  volume flow r a t e s .  The f u l l  s c a l e  r e a d i n g  
of each d i g i t a l  meter was 5.00 slpm. The mixed p r o p e l l a n t  was f e d  t o  t h e  
t h r u s t e r  th rough a f l e x i b l e  feed tube .  Unless o t h e r w i s e  no ted ,  t h e  mass f low 
r a t e  of  t h e  t h r u s t e r  u s i n g  t h e  ni t rogen-hydrogen m i x t u r e  was 0.045 g / s e c  (2.00 
slpm N2 and 4.00 slpm H 2 ) .  A d d i t i o n a l l y ,  t h e r e  were a number o f  i n i t i a l  plume 
measurements made u s i n g  o n l y  pu re  n i t r o g e n  as the  p r o p e l l a n t .  The t y p i c a l  
mass flow r a t e  for these n i t r o g e n - o n l y  t e s t s  was 0.061 g /sec .  

I n s t r u m e n t a t i o n  

Measurements o f  t h e  dc a r c  c u r r e n t  and v o l t a g e ,  and t h e  pre-mixed 
p r o p e l l a n t  volume flow r a t e s  were mon i te red  by a c h a r t  r e c o r d e r .  I s o l a t i o n  
a m p l i f i e r s  and s h i e l d e d  cab les  were used f o r  a l l  s i g n a l  p rocess ing .  The 
r e a l - t i m e  t r a n s i e n t s  o f  t h e  a r c  c u r r e n t  were a l s o  mon i to red  u s i n g  an analog 
o s c i l l o s c o p e  w i t h  a d i f f e r e n t i a l  a m p l i f i e r  i n p u t .  L a s t l y ,  t h e  t h r u s t e r  i n l e t  
p ressu re ,  f a c i l i t y  p ressu re ,  and t h r u s t e r  f l o a t i n g  v o l t a g e  w e r e  reco rded  
manua l ly  a t  r e g u l a r  i n t e r v a l s .  T y p i c a l  a r c j e t  o p e r a t i n g  c o n d i t i o n s  and 
performance c h a r a c t e r i s t i c s  a r e  l i s t e d  i n  t a b l e s  I 1  and 111. Also, f i g u r e  5 
d i s p l a y s  t h r u s t e r  performance i n  t e r m s  of s p e c i f i c  impulse as a f u n c t i o n  o f  
s p e c i f i c  power fo r  the  two a r c j e t s .  
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T e s t  F a c i l i t y  and Exper imenta l  Setup 

The Langmuir probe surveys w e r e  conducted i n  a 1 . 5  m d iameter  by 5 m l o n g  
vacuum f a c i l i t y  a t  NASA Lewis.  The t a n k  i s  equipped w i t h  f o u r  o i l  d i f f u s i o n  
pumps and, for  the  exper imen ta l  c o n d i t i o n s  desc r ibed  he re - in ,  m a i n t a i n e d  a 
background p ressu re  l e s s  than 5 ~ 1 0 - ~  Pa ( 4 ~ 1 0 - ~  Torr) .  

The a r c j e t  t h r u s t e r ,  as d i s p l a y e d  i n  f i g u r e  6 ,  was mounted on a c r a d l e  
assembly a t  t h e  end o f  a p u s h / p u l l  r o d  t h a t  c o u l d  be extended w e l l  i n t o  the 
tank  env i ronment .  H e r e ,  i t  r e s t e d  on a f i x e d  t a b l e  t o  ensure t h a t  t h e  
t h r u s t e r  p o s i t i o n  would be s t a b l e  and r e p e a t a b l e  from one t e s t  da te  t o  the  
n e x t .  The t h r u s t e r  exhausted a l o n g  t h e  tank  c e n t e r l i n e  as shown i n  f i g u r e  7 .  
The two s t a t i o n a r y ,  s p h e r i c a l  probes w e r e  mounted i n s i d e  the  tank  a t  t h e  
l o c a t i o n s  denoted i n  t h e  f i g u r e .  One probe was l o c a t e d  on the  plume 
c e n t e r l i n e ,  30.5 cm downstream of t h e  t h r u s t e r  e x i t  p lane ,  w h i l e  t h e  o t h e r  
probe was a t  t h e  same a x i a l  p lane  b u t  15.2 cm o f f  c e n t e r l i n e .  The movable 
probes were  p o s i t i o n e d  i n  t h e  plume u s i n g  a p u s h / p u l l  r o d  e n t e r i n g  th rough  a 
s ide  p o r t  en t rance.  Probes o f  b o t h  s p h e r i c a l  and c y l i n d r i c a l  geometry w e r e  
used. The o n l y  r o t a t i o n  a v a i l a b l e  w i t h  t h i s  arrangement was i n  t h e  v e r t i c a l  
p lane;  t h e r e f o r e ,  c y l i n d r i c a l  probe measurements c o u l d  o n l y  be o b t a i n e d  on the  
plume c e n t e r l i n e .  The s p h e r i c a l  probes w e r e  used t o  o b t a i n  r a d i a l  p r o f i l e s  o f  
the  a r c j e t  plume p r o p e r t i e s .  
18 .4  cm. 

The a x i a l  d i s t a n c e  for these measurements was 

PROCEDURE 

The p o s i t i o n s  o f  t h e  t h r u s t e r  and t h e  probes w e r e  f i x e d  a t  t h e i r  
predetermined l o c a t i o n s  p r i o r  t o  t h e  exper iment  and every  t ime  a probe was 
changed. 
tank .  
accomplished by i o n  s p u t t e r i n g .  The probes were b iased  t o  a l a r g e  n e g a t i v e  
p o t e n t i a l  f o r  severa l  m inu tes  w h i l e  t h e  t h r u s t e r  was o p e r a t i n g .  G e n e r a l l y ,  
t h e  t h r u s t e r  was a l l owed  t o  r u n  f o r  20 t o  30 min a f t e r  t he  a r c  d i s c h a r g e  was 
i n i t i a t e d  so t h a t  i t  cou ld  reach a s teady  s t a t e  c o n d i t i o n .  
to  t h r u s t e r  o p e r a t i o n ,  such as v a r i a t i o n s  i n  a rc  c u r r e n t ,  r e q u i r e d  o n l y  a f e w  
minutes fo r  t h e  a r c j e t  t o  reach a new s teady  s t a t e  o p e r a t i n g  c o n d i t i o n .  

The Langmuir probes w e r e  c leaned c h e m i c a l l y  be fore  placement i n  t h e  
Subsequent c l e a n i n g  a t  t h e  b e g i n n i n g  of each t e s t  p e r i o d  was 

Subsequent changes 

Nitrogen-Hydrogen M i x t u r e  Opera t i on  - Thrus te r  A 

The b u l k  o f  da ta  p resented  were taken w i t h  T h r u s t e r  A o p e r a t i n g  on a 2 : l  

Since the  g r e a t e s t  change 

m i x t u r e  r a t i o  o f  hydrogen and n i t r o g e n ,  as p r e v i o u s l y  s p e c i f i e d .  The Langmuir 
probe d r i v e  supp ly  was t i e d  t o  anode p o t e n t i a l  and the  probes were  ramped 
l i n e a r l y  th rough a v o l t a g e  range o f  -10 t o  +10 V.  
i n  c u r r e n t  c o l l e c t e d  by the  probe v a r i e s  ove r  a s h o r t  v o l t a g e  range,  probe 
da ta  w e r e  taken w i t h  t h e  X-Y r e c o r d e r  a t  two d i f f e r e n t  s e n s i t i v i t i e s ,  

Us ing the  s t a t i o n a r y  probes,  probe d a t a  w e r e  o b t a i n e d  a t  t he  downstream 
l o c a t i o n s  as a f u n c t i o n  of a r c j e t  o p e r a t i n g  c o n d i t i o n .  Wi th  t h e  mass f l o w  
cons tan t  a t  0.045 g /sec ,  t h e  a r c  c u r r e n t  was v a r i e d  from 9 t o  12 A .  Typ ica l  
a rc  vo l tages  f o r  these measurements ranged from 100 t o  105 V ,  a l t h o u g h  
sometimes excurs ions  between 92 and 110 V w e r e  no ted  for a g i v e n  a r c  c u r r e n t  
and a f i x e d  f low r a t e .  S ince the  a rc  v o l t a g e  i s  p r i m a r i l y  dependent upon the  
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manner i n  which a r c  a t tachment  i s  made a t  t he  anode, s l i g h t  v a r i a t i o n s  i n  a rc  
v o l t a g e  a r e  n o t  unusua l .  A s  l o n g  as t h e  a r c j e t  e x h i b i t e d  a s t a b l e  o p e r a t i n g  
c o n d i t i o n ,  w i t h  a s t a b l e  a r c  v o l t a g e  and a nonwavering plume, d a t a  c o u l d  s t i l l  
be ob ta ined .  S l i g h t  v o l t a g e  excu rs ions  do n o t  s i g n i f i c a n t l y  impact  t h r u s t e r  
performance ( r e f .  16) .  

Plume d a t a  were o f t e n  taken  under s i m i l a r  a r c j e t  o p e r a t i n g  c o n d i t i o n s  on 
d i f f e r e n t  t e s t  da tes  and a t  d i f f e r e n t  t i m e s  d u r i n g  a i v e n  t e s t  da te  t o  v e r i f y  
r e p e a t a b i l i t y  and c o n s i s t e n c y  of t h e  measurements. A l so ,  d a t a  were taken w i t h  
probes of d i f f e r e n t  s i z e  and geometry. I n  a l l  cases, t h e  a r c j e t  o p e r a t i n g  
c o n d i t i o n  was e s t a b l i s h e d  by s e t t i n g  t h e  arc  c u r r e n t  ( u s u a l l y  1 1  A )  and 
m i x t u r e  f l o w  r a t e  (0.045 g /sec )  t o  t h e  same va lues .  

Rad ia l  p r o f i l e s  were o b t a i n e d  w i t h  a movable probe o f  s p h e r i c a l  geometry. 
I t  took a p e r i o d  o f  a p p r o x i m a t e l y  15 min to  o b t a i n  a l l  of t h e  r a d i a l  da ta .  
Dur ing  t h a t  t ime  t h e  a r c  remained s t a b l e  i n  t e r m s  o f  i t s  o p e r a t i n g  
c h a r a c t e r i s t i c s ,  i n c l u d i n g  a r c  v o l t a g e .  Nonetheless,  s t a t i o n a r y  probe da ta  
were  o b t a i n e d  b e f o r e  and a f t e r  each r a d i a l  t e s t  sequence t o  ensure c o n s i s t e n t  
plume c h a r a c t e r i s t i c s .  

N i t rogen-Only  T e s t s  - T h r u s t e r  A 

A l i m i t e d  amount o f  exper imen ta l  da ta  was o b t a i n e d  w i t h  a a r c j e t  o p e r a t i n g  
on pure n i t r o g e n  gas. The a r c  c u r r e n t  for the  d a t a  p resen ted  was 10 A a t  a 
f low r a t e  o f  0.061 g /sec .  The Langmuir probes were t i e d  t o  cathode common, 
which t y p i c a l l y  r a n  a t  a p o t e n t i a l  of 60 V below f a c i l i t y  ground.  
ramped th rough a -100 to  + l o 0  V sweep a t  two d i f f e r e n t  r e c o r d e r  s e n s i t i v i t i e s .  

The probes 

Ni t rogen-Hydrogen M i x t u r e  Opera t i on  - T h r u s t e r  B 

A f t e r  t h e  i n i t i a l  probe d a t a  were  analyzed and a r c j e t  plume t rends  
e s t a b l i s h e d ,  t he  plume surveys were cont inued u s i n g  a t h r u s t e r  w i t h  formerly 
unused components. 
c o n d i t i o n s  t o  de termine t h e  s e n s i t i v i t y  of t he  plume c h a r a c t e r  from one 
t h r u s t e r  t o  another .  A d d i t i o n a l l y ,  t h e  movable p robe  was used t o  i n v e s t i g a t e  
t h e  plume symmetry about  t h e  t h r u s t  a x i s  i n  t h e  h o r i z o n t a l  p lane .  I n  t h i s  
exper iment ,  t he  probe was b iased  s u f f i c i e n t l y  p o s i t i v e  o f  t h e  plasma p o t e n t i a l  
(Vp = 10 V I ,  so t h a t  o n l y  e l e c t r o n s  would be drawn t o  t h e  probe.  
c o l l e c t e d  by the  probe as a f u n c t i o n  of p o s i t i o n  was measured w i t h  t h e  X-Y 
reco rde r  i n  t h e  t i m e  sweep mode. An a x i a l  survey was a l s o  made a l o n g  t h e  
plume c e n t e r l i n e  o f  T h r u s t e r  B. Here, t he  a r c j e t  was moved w i t h  r e s p e c t  t o  
bo th  the  0.562 cm r a d i u s  and t h e  0.312 c m  r a d i u s  s p h e r i c a l  probes.  

Langmuir probe d a t a  were repeated  under p r e v i o u s  o p e r a t i n g  

The c u r r e n t  

Exper imenta l  Data Reduct ion  

A computer code o r i g i n a l l y  developed a t  t h e  Co lorado S t a t e  U n i v e r s i t y  
( r e f .  27)  was used t o  c a l c u l a t e  the  plume parameters from t h e  V - I  
c h a r a c t e r i s t i c .  Probe e l e c t r o n  c u r r e n t  ( t o t a l  probe c u r r e n t  minus i o n  
c o n t r i b u t i o n )  and a s s o c i a t e d  v o l t a g e  p a i r s  were i n p u t  i n  t h e  program. A l e a s t  
squares f i t  was used to  e x t r a p o l a t e  the  l i n e a r  p o r t i o n s  of t h e  r e t a r d i n g  and 
a c c e l e r a t i n g  r e g i o n s  o f  t h e  probe c h a r a c t e r i s t i c .  Plasma p o t e n t i a l  was 
def. ined as t h e  p o i n t  a t  which the  two e x t r a p o l a t e d  l i n e s  i n t e r s e c t e d .  The 
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computer code r e l i e d  on an e s t i m a t e  of plasma p o t e n t i a l  and a l s o  t h e  v o l t a g e  
a t  which t h e  a c c e l e r a t i n g  p o r t i o n  of t h e  c h a r a c t e r i s t i c  began. 
the  da ta  were f i rst p l o t t e d  g r a p h i c a l l y  t o  o b t a i n  reasonab le  es t ima tes  o f  
these va lues .  The plasma p o t e n t i a l  i n p u t  was chosen as t h e  va lue  o f  probe 
v o l t a g e  a t  which t h e  s lope  o f  t h e  l o g a r i t h m i c  c u r r e n t  versus v o l t a g e  f irst 

Consequent ly ,  

I d e v i a t e d  from l i n e a r i t y .  

I RESULTS AND DISCUSSION 

The f i r s t  p o r t i o n  of t h i s  s e c t i o n  d iscusses  t y p i c a l  Langmuir probe 
c h a r a c t e r i s t i c s  f o r  a r c j e t  o p e r a t i o n  on pure  n i t r o g e n  and a l s o  
n i t rogen-hydrogen m i x t u r e s .  The genera l  c h a r a c t e r  o f  t h e  plume under t h e  two 
d i f f e r e n t  modes o f  ope ra t i o r )  i s  desc r ibed ,  a l o n g  w i t h  es t ima tes  o f  the  
u n c e r t a i n t y  o f  t h e  measurements. Comparisons a r e  made between probes o f  
d i f f e r e n t  s i z e  and geometry. L a s t l y ,  t h e  exhaust  o f  an a r c j e t  o p e r a t i n g  on 
m i x t u r e s  i s  desc r ibed  i n  t e r m s  of e l e c t r o n  number d e n s i t y  and tempera ture  as a 
f u n c t i o n  o f  a r c j e t  o p e r a t i n g  c o n d i t i o n  and a l s o  l o c a t i o n  i n  t h e  plume. 

, 
I Rep resen ta t i ve  Probe C h a r a c t e r i s t i c s  - T h r u s t e r  A 

F igures  8 and 9 d i s p l a y  r e p r e s e n t a t i v e  V - I  c h a r a c t e r i s t i c s  f o r  t h e  
s p h e r i c a l  probe l o c a t e d  30 .5  cm, downstream of t h e  t h r u s t e r  e x i t  on t h e  plume 
c e n t e r l i n e .  
probe ( t o t a l  probe c u r r e n t  minus i o n  c o n t r i b u t i o n )  i s  p l o t t e d  a g a i n s t  t h e  
probe v o l t a g e  w i t h  r e s p e c t  to  a r c j e t  common. 
f i g u r e s  denote t h e  X-Y r e c o r d e r  s e n s i t i v i t i e s .  

I n  t h e  two f i g u r e s ,  t h e  l o g a r i t h m  of t h e  c u r r e n t  c o l l e c t e d  by the  
~ 

The d i f f e r e n t  symbols i n  t h e  

I n  f i g u r e  8, t h e  a r c j e t  was o p e r a t i n g  on pure  n i t r o g e n  p r o p e l l a n t  a t  a 
mass f low r a t e  o f  0.06 g /sec .  
a rc  v o l t a g e  o f  63 V .  
ground. 

The a r c  c u r r e n t  was 10 A w i t h  a cor respond ing  
The anode p o t e n t i a l  was approx ima te l y  3 V above f a c i l i t y  

The l i n e a r i t y  ove r  t h r e e  decades of c u r r e n t  change i n d i c a t e s  a Maxwel l ian  
d i s t r i b u t i o n  o f  e l e c t r o n  v e l o c i t i e s .  
e x t r a p o l a t i o n  o f  t h e  l i n e a r  p o r t i o n s  of t h e  t r a n s i t i o n  and a c c e l e r a t i n g  
r e g i o n s  y i e l d s  an e l e c t r o n  number d e n s i t y  of 1 . 9 ~ 1 0 ~ ~ / c m ~  a t  a tempera ture  o f  
0.86 eV. The e s t i m a t e d  u n c e r t a i n t y  i n  t h e  number d e n s i t y  c a l c u l a t i o n  i s  about  
8 pe rcen t ,  p r i m a r i l y  due t o  t h e  u n c e r t a i n t y  i n  t h e  s lope  d e t e r m i n a t i o n  
(20.10 e V > .  The plasma p o t e n t i a l  appears r e l a t i v e l y  c l o s e  t o  t h a t  o f  anode 
p o t e n t i a l ,  a t  2 V .  

A p p l y i n g  t h e  f o r e g o i n g  a n a l y s i s ,  

S i m i l a r l y ,  f i g u r e  9 d i s p l a y s  t h e  c h a r a c t e r i s t i c  f o r  t h e  same probe w i t h  

I t h e  a r c j e t  o p e r a t i n g  on n i  t rogen-hydrogen m i x t u r e s .  
v o l t a g e  i s  r e f e r e n c e d  to  t h e  a r c j e t  anode, which i s  aga in  f a i r l y  c l o s e  t o  
f a c i l i t y  ground, a t  +0.8 V .  

I n  t h i s  f i g u r e ,  t h e  probe 

Even though t h e  a r c  power i s  c o n s i d e r a b l y  h i g h e r  i n  t h i s  case, t h e  plume 
e x h i b i t s  a much lower c o n c e n t r a t i o n  of charged spec ies .  Because t h e  c u r r e n t  
c o l l e c t e d  by t h e  probe i s  l i n e a r  ove r  a t  l e a s t  two decades, a Maxwe l l i an  
d i s t r i b u t i o n  i s  assumed, and t h e  e l e c t r o n  d e n s i t y  i s  c a l c u l a t e d  a t  
3.5x109/cm3. However, t h e  es t ima ted  u n c e r t a i n t y  i s  14 pe rcen t ,  s i n c e  o v e r a l l  
c u r r e n t  va lues  a r e  c o n s i d e r a b l y  s m a l l e r  than i n  t h e  p r e v i o u s  case. Also, t h e  
plume e l e c t r o n  tempera ture  i s  s l i g h t l y  c o o l e r  w i t h  t h e  a r c j e t  o p e r a t i n g  on 
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mixt:ures. The measured e l e c t r o n  tempera ture  i s  0 .51 eV 2 0.10  eV. The Debye 
l e n g t h ,  based on  t h e  measured va lues  of Te and ne, i s  9 . 0 ~ 1 0 - 3  cm, a f a c t o r  o f  
60 s m a l l e r  t han  t h e  probe r a d i u s ,  so t h e  t h i n  sheath a n a l y s i s  i s  a p p l i c a b l e .  
Values o f  t h e  charged-charged and charged-neut ra l  mean f r e e  pa ths  a r e  a t  l e a s t  
one t o  two o r d e r s  o f  magni tude l a r g e r  than t h e  probe r a d i u s  a t  t h i s  
measurement l o c a t i o n .  Es t imates  of t h e  r e l e v a n t  mean f r e e  pa ths  f o r  t h e  
v a r i o u s  c o l l i s i o n  phenomena may be found  i n  t a b l e  I V .  

V a r i a t i o n  i n  e l e c t r o n  number d e n s i t y  i n  t h e  plume i s  due t o  t h e  combined 
e f f e c t  o f  gas dynamic expansion and a l s o  recomb ina t ion .  Recombinat ion may be 
t h e  r e s u l t  o f  r a d i a t i v e ,  d i s s o c i a t i v e ,  or t h r e e  body c o l l i s i o n s  i n  t h e  
exha.ust. The reason f o r  t h e  lower c o n c e n t r a t i o n  of e l e c t r o n s  i n  t h e  plume o f  
t h e  a r c j e t  o p e r a t i n g  on m i x t u r e s  i s  presumably due t o  t h e  l a r g e  amount o f  
hydrogen i n  t h e  flow. Hydrogen, a l t hough  i t  has t h e  same i o n i z a t i o n  p o t e n t i a l  
as n i t r o g e n ,  has s i g n i f i c a n t l y  h i g h e r  e l e c t r o n - i o n  recomb ina t ion  
c o e f f i c i e n t s .  Consequent ly ,  a l t h o u g h  t h e  c o l l i s i o n  f requenc ies  i n  t h e  plume 
o f  the  a r c j e t  o p e r a t i n g  o f  pu re  n i t r o g e n  a r e  p r o b a b l y  h i g h e r  than  i n  t h e  case 
o f  m i x t u r e s ,  as t h e r e  a r e  h i g h e r  n e u t r a l  d e n s i t i e s ,  a s m a l l e r  percentage o f  
t h e  charged species recombine. The d a t a  o b t a i n e d  thus  f a r  i s  i n s u f f i c i e n t  t o  
f u l l y  
i n  the  

A 1  
w i t h  n 
F i gure 

ocument t h e  r e l a t i v e  magnitudes o f  c o l l  i s i o n a l  e f f e c t s  on recomb ina t ion  
a r c j e t  exhaust .  

Plume Data Wi th  A r c j e t  Opera t i on  on M i x t u r e s  - T h r u s t e r  A 

o f  t h e  exper imenta l  da ta  p resented  h e r e i n  a p p l y  t o  a r c j e t  o p e r a t i o n  
t r o g e n  and hydrogen m i x t u r e s  t o  s i m u l a t e  decomposed h y d r a z i n e .  
10 d i s p l a y s  e l e c t r o n  number d e n s i t y  va lues  o b t a i n e d  w i t h  t h e  s t a t i o n a r y  

s p h e r i c a l  probe.- The d a t a  i n  f i g u r e  10(a) were taken on t h e  plume c e n t e r l i n e ,  
30.5 c m  downstream o f  t h e  t h r u s t e r  e x i t ,  w h i l e  t h e  d a t a  i n  f i g u r e  10(b> were 
taken a t  t h e  same a x i a l  s t a t i o n  b u t  15.2 cm o f f  a x i s .  Because a s e t  a r c  
c u r r e n t  d i d  n o t  always g i v e  a c o n s i s t e n t  a r c  v o l t a g e ,  t h e  c a l c u l a t e d  e l e c t r o n  
number d e n s i t y  va lues  a r e  p l o t t e d  as a f u n c t i o n  o f  a r c  power. The v a r i o u s  
sysmbols, as desc r ibed  i n  t h e  f i g u r e s ,  denote t h e  d i f f e r e n t  a r c  c u r r e n t  
s e t t i n g s .  The es t ima ted  u n c e r t a i n t y  i n  t h e  c e n t e r l i n e  d a t a  i s  f o u r t e e n  
p e r c e n t .  Both f i g u r e s  d i s p l a y  an i nc rease  I n  measured e l e c t r o n  number d e n s i t y  
w i t h  a r c  power. F u r t h e r ,  w i t h i n  t h e  l i m i t a t i o n s  of t h e  probe t e c h n i q u e ,  t h e r e  
i s  a reasonab le  cons is tency  i n  t h e  measured va lues  o f  e l e c t r o n  number d e n s i t y  
for  a g i v e n  a r c  c u r r e n t  and v o l t a g e .  For example, t h e  c l o s e d  symbol d a t a  
taken a t  10 A ( f i g .  10 (a )>  w e r e  taken d u r i n g  t h e  same t e s t ,  b u t  a t  t i m e  
i n t e r v a l s  o f  a t  l e a s t  40 t o  80 min a p a r t .  F u r t h e r ,  t h e  open symbol d a t a  p o i n t  
a t  10 A was taken d u r i n g  a d i f f e r e n t  t e s t  da te  b u t  a t  a p p r o x i m a t e l y  t h e  same 
o p e r a t i n g  c o n d i t i o n .  

F i g u r e  1 1  d i s p l a y s  cor respond ing  va lues  of e l e c t r o n  tempera ture  f o r  t h e  
s t a t i o n a r y  probe on t h e  plume c e n t e r l i n e .  A sys temat i c  v a r i a t i o n  i n  
tempera ture  w i t h  a rc  c u r r e n t ,  v o l t a g e ,  or power i s  n o t  e v i d e n t ,  as t h e  s c a t t e r  
i n  d a t a  i s  f a i r l y  l a r g e .  One m igh t  expec t  an i nc rease  i n  e l e c t r o n  tempera ture  
w i t h  a r c  c u r r e n t ,  because t h e  co re  tempera ture  i nc reases  w i t h  c u r r e n t  b u t ,  
w i t h i n  t h e  s c a t t e r  of d a t a  found, t h i s  t r e n d  was n o t  d i r e c t l y  apparent ,  as 
shown i n  f i g u r e  1 1 .  
for  measurements a t  10 A i s  0.53 2 0.10 eV, w h i l e  a t  1 1  A ,  t h e  average v a l u e  
i s  s l i g h t l y  h i g h e r  a t  0.64 2 0.10 eV. 

However, i t  shou ld  be no ted  t h a t  t h e  average tempera ture  
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V a r i a t i o n s  i n  Probe S ize  and Geometry - T h r u s t e r  A 

Plume da ta  were taken  w i t h  s p h e r i c a l  probes of two d i f f e r e n t  r a d i i  a t  the  
o f f  a x i s ,  s t a t i o n a r y  l o c a t i o n .  R e f e r r i n g  back to  f i g u r e  10 (b> ,  t h e r e  i s  
e x c e l l e n t  agreement i n  measured number d e n s i t y  between t h e  two probes under 
s i m i l a r  a r c j e t  o p e r a t i n g  c o n d i t i o n s .  However, d i f f e r e n c e s  do e x i s t  i n  the  
measured e l e c t r o n  tempera tures .  Table V p rov ides  s p e c i f i c  i n f o r m a t i o n  on 
i n d i v i d u a l  d a t a  p o i n t s .  

A comparison o f  probe geometry was a l s o  made u s i n g  the movable probe 
arrangement. Table V I  p resen ts  i n d i v i d u a l  probe d a t a  taken w i t h  the  s p h e r i c a l  
and c y l i n d r i c a l  probes a t  an a x i a l  d i s t a n c e  of 18 .4  cm, on t h e  plume 
c e n t e r l i n e .  The e l e c t r o n  temperatures a r e  r e l a t i v e l y  c o n s i s t e n t  independent 
o f  t he  probe geometry b u t  t h e r e  i s  a d e f i n i t e  i n c r e a s e  i n  measured e l e c t r o n  
number d e n s i t i e s  for t h e  s p h e r i c a l  probe d a t a .  There i s  an i nc reased  
u n c e r t a i n t y  i n  the  c y l i n d r i c a l  probe d a t a  due to  t h e  v e r y  smal l  among of  
c u r r e n t  drawn t o  the  probe w i t h  b i a s  v o l t a g e ,  b u t  t h i s  i n  i t s e l f  does n o t  
account f o r  t h e  d i sc repancy .  Clayden ( r e f .  1 5 )  a l s o  found t h a t  s p h e r i c a l  
probes gave h i g h e r  va lues  of e l e c t r o n  number d e n s i t i e s  than cy1 i n d r i c a l  
shapes. I t  should be ment ioned t h a t  a we t ted  s u r f a c e  area  (one h a l f  o f  the  
s p h e r i c a l  s u r f a c e  a rea )  was used t o  i n t e r p r e t  t h e  s p h e r i c a l  probe d a t a .  While 
t h i s  m o d i f i c a t i o n  i s  made t o  account  f o r  the  e x i s t e n c e  o f  a wake beh ind  the 
probe which e l e c t r o n s  a re  unab le  to  p e n e t r a t e  ( r e f .  1 5 ) .  i t  may r e p r e s e n t  a 
source o f  error i n  i n t e r p r e t a t i o n  of d a t a  and c e r t a i n l y  war ran ts  f u r t h e r  
i n v e s t i g a t i o n .  

Rad ia l  Plume Measurements - T h r u s t e r  A 

A s p h e r i c a l  probe was used t o  o b t a i n  a r a d i a l  p r o f i l e  a t  an a x i a l  d i s tance  
o f  18.4 cm downstream o f  the  t h r u s t e r  e x i t  p lane.  F i g u r e  12 p resen ts  the  
measured e l e c t r o n  number d e n s i t y  and tempera ture  v a r i a t i o n  as a f u n c t i o n  o f  
ang le  o f f  plume c e n t e r l i n e .  A s  shown i n  f i g u r e  12 (a ) ,  t h e  measured number 
d e n s i t y  decreases e x p o n e n t i a l l y .  The measured number d e n s i t y  i s  app rox ima te l y  
one h a l f  o f  t h e  c e n t e r l i n e  va lue  a t  an ang le  o f  25". 

F i g u r e  12(b) p resen ts  e l e c t r o n  tempera ture  va lues  based on  t h e  same s e t  of 
measurements. There i s  no apparent  v a r i a t i o n  i n  tempera ture  w i t h i n  t h e  r a d i a l  
d i s t a n c e  o f f  c e n t e r l i n e  (approx 23 cm maximum). These f i n d i n g s  a re  s i m i l a r  t o  
p rev ious  i n v e s t i g a t i o n s  ( r e f s .  7 and 15) .  Even though the  n e u t r a l  gas 
temperature v a r i e s  marked ly  w i t h  r a d i a l  p o s i t i o n ,  t h e  e l e c t r o n s  do n o t  fo l low 
t h i s  p a t t e r n  because of t h e  poor  energy exchange between t h e  heavy p a r t i c l e  
n e u t r a l s  and t h e  h i g h l y  mob i l e  e l e c t r o n s  ( r e f .  14) .  

The r a d i a l  plume measurements a re  aga in  p l o t t e d  i n  f i g u r e  12, as t h e  r a t i o  
of e l e c t r o n  number d e n s i t y  t o  t h e  c e n t e r l i n e  va lue .  Also p l o t t e d  i s  t h e  
magnitude o f  e l e c t r o n  c u r r e n t  c o l l e c t e d  by the  probe,  r e l a t i v e  t o  i t s  
c e n t e r l i n e  va lue ,  when t h e  probe i s  b iased  s u f f i c i e n t l y  p o s i t i v e  o f  plasma 
p o t e n t i a l ,  i . e . ,  Vp = +10 V.  A s  seen i n  t h e  f i g u r e ,  t he  r a t i o s  " /ne0 and 
I e / I e o  correspond reasonab ly  we1 1 ,  i n d i c a t i n g  t h a t  t he  measurement o f  
e l e c t r o n  c u r r e n t  i n  such a manner serves as an i n d i c a t o r  o f  t h e  r e l a t i v e  
d i s t r i b u t i o n  o f  the  plume e l e c t r o n  number d e n s i t y  d i s t r i b u t i o n ,  w i t h o u t  the  
n e c e s s i t y  o f  d i s c r e t e  V - I  c h a r a c t e r i s t i c s .  
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I n v e s t i g a t i o n  o f  Plume Symmetry - T h r u s t e r  B 

Once t h e  v a l i d i t y  of t h e  d i a g n o s t i c  techn ique was e s t a b l i s h e d  w i t h  
Th rus te r  A ,  t h e  plume surveys were con t inued  u s i n g  a t h r u s t e r  w i t h  new 
components i n  t h e  a r c  c o n s t r i c t o r  and n o z z l e  r e g i o n s .  A s  shown i n  f i g u r e  5 ,  
t h i s  t h r u s t e r  had s l i g h t l y  b e t t e r  performance. The f i r s t  exper iment  conducted 
w i t h  t h i s  t h r u s t e r  i n v e s t i g a t e d  the  symmetry o f  t h e  exhaust  about  t h e  plume 
c e n t e r l i n e .  F i g u r e  14 d i s p l a y s  t h e  magnitude o f  e l e c t r o n  c u r r e n t  c o l l e c t e d  by 
t h e  probe (Vp = 10 V )  as a f u n c t i o n  of d i s t a n c e  o f f  c e n t e r l i n e .  
decreas ing  curve  on the  r i g h t  s i d e  o f  t h e  t h r u s t  a x i s  I s  an e x p o n e n t i a l  f i t  o f  
the  da ta  p o i n t s .  The i n c r e a s i n g ,  dashed curve  on t h e  l e f t  i s  a mirror image 
o f  the  f i r s t .  As seen i n  t h e  f i g u r e ,  t h e r e  i s  a s l i g h t  asymmetry t o  t h e  
magnitude o f  c u r r e n t  c o l l e c t e d  and t h e r e f o r e ,  t o  t h e  e l e c t r o n  number d e n s i t y  
d i s t r i b u t i o n  a l s o .  

The 

A x i a l  Plume Survey - T h r u s t e r  B 

An a x i a l  probe survey of Th rus te r  B was a l s o  o b t a i n e d  by moving t h e  a r c j e t  
w i t h  r e s p e c t  t o  t h e  two c e n t e r l i n e  probes.  F i g u r e  15 d i s p l a y s  e l e c t r o n  number 
d e n s i t y  as a f u n c t i o n  o f  d i s t a n c e  a long  c e n t e r l i n e .  
probes o f  d i f f e r e n t  s i z e  a r e  i n  good agreement. The s o l i d  curve  i n  the  f i g u r e  
i s  b e s t  f i t  o f  t h e  d a t a  p o i n t s  and decreases as t h e  i n v e r s e  o f  t h e  d i s t a n c e  
squared. 

The d a t a  for  t h e  two 

Plume Data w 

A comparison o f  the  
cons tan t  mass flow r a t e  
symbol d a t a  i n d i c a t e  an 
denote a gap s e t t i n g  of 

t h  A r c j e t  Opera t i on  on M i x t u r e s  - T h r u s t e r  B 

cumu la t i ve  plume da ta  for T h r u s t e r s  A and B a t  a 
o f  0.045 g/sec i s  p resented  i n  f i g u r e  16. The open 
a r c  gap s e t t i n g  o f  0.074 cm w h i l e  t h e  c l o s e d  symbols 
0.058 cm. A s  w i t h  t h e  f i r s t  a r c j e t  t e s t e d ,  T h r u s t e r  B 

e x h i h i  t s  an i nc rease  observed e l e c t r o n  number d e n s i t y  w i t h  a r c  power; however, 
t h e  va lues  a r e  h i g h e r  by f a c t o r s  o f  2 t o  3. There i s  a l s o  a n o t i c e a b l e  
d i f f e r e n c e  i n  t h e  measured e l e c t r o n  tempera tures  o f  t h e  second a r c j e t .  
F i g u r e  1 7  d i s p l a y s  e l e c t r o n  temperatures a t  t h e  measurement l o c a t i o n  30.5 cm 
downstream of  t h e  n o z z l e  e x i t .  Since a l a r g e  p o r t i o n  of the  d a t a  were taken 
a t  v a r i a b l e  flow r a t e s ,  e l e c t r o n  temperature i s  p l o t t e d  as f u n c t i o n  o f  
s p e c i f i c  power; i . e . ,  a r c  power/mass flow r a t e .  The tempera tures  appear t o  be 
more c o n s i s t e n t  y e t  much lower than those o f  t h e  f i rst a r c j e t .  I t  i s  apparent  
i n  the  two p r e v i o u s  f i g u r e s  t h a t  t h e  i n d i v i d u a l  t h r u s t e r s  have d i s t i n c t  plume 
charac te rs ;  however, t h e  d a t a  a r e  i n s u f f i c i e n t  t o  de termine t h e  r o l e s  t h a t  
such v a r i a b l e s  as a r c  gap s e t t i n g ,  a r c  anode a t tachment ,  a r c  c o n s t r i c t o r  and 
n o z z l e  geometry, and s t r e n g t h  of  v o r t e x  p r o p e l l a n t  flow, have on t h e  charged 
species d i s t r i b u t i o n  i n  t h e  exhaust .  I n  genera l ,  t h e  two t h r u s t e r s  e x h i b i t e d  
t h e  same exper imenta l  t r e n d s ;  t h a t  i s ,  as l o n g  as t h e  t h r u s t e r  ma in ta ined  a 
n o n f l u c t u a t i n g  v o l t a g e  fo r  a g i v e n  a r c  c u r r e n t ,  an i nc rease  i n  c e n t e r l i n e  
e l e c t r o n  number d e n s i t y  was observed w i t h  i n c r e a s i n g  a r c  power and c o n s t a n t  
mass f low r a t e  or w i t h  i n c r e a s i n g  flow r a t e  a t  c o n s t a n t  c u r r e n t .  Th i s  l a t t e r  
t r e n d  may be seen i n  f i g u r e  18, which p l o t s  measured e l e c t r o n  number d e n s i t y  
as a f u n c t i o n  o f  s p e c i f i c  power. 
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CONCLUDING REMARKS 

Langmuir probes o f  s p h e r i c a l  and c y l i n d r i c a l  geometry have been used t o  
i n v e s t i g a t e  t h e  exhaust  of a low power, dc a r c j e t  t h r u s t e r  o p e r a t i n g  on 
n i t r o g e n  and hydrogen m i x t u r e s .  
probe l o c a t e d  approx ima te l y  30 c m  downstream of t h e  t h r u s t e r  e x i t  p lane  have 
i n d i c a t e d  e l e c t r o n  number d e n s i t i e s  on t h e  o r d e r  o f  5x109/cm3 a t  tempera tures  
between 0.2 t o  0.5 eV.  T h i s  low c o n c e n t r a t i o n  o f  e l e c t r o n s  r e p r e s e n t s  l e s s  
than 1 pe rcen t  o f  t h e  t o t a l  c e n t e r l i n e  d e n s i t y .  An inc rease  i n  t h e  measured 
number d e n s i t y  was observed w i t h  i n c r e a s i n g  a r c  power a t  a cons tan t  mass f low 
r a t e  and a l s o  w i t h  an i n c r e a s i n g  mass flow r a t e  a t  cons tan t  c u r r e n t .  I n  
genera l ,  probes o f  d i f f e r e n t  s i z e  y i e l d e d  c o n s i s t e n t  r e s u l t s ,  w i t h i n  t h e  
l i m i t a t i o n s  o f  t h e  e x i s t i n g  measurement techn ique .  However, t h e  s p h e r i c a l  
probe gave h i g h e r  measured e l e c t r o n  d e n s i t i e s  than  d i d  a c y l i n d r i c a l  shape, 
a1 though t h e  measured e l e c t r o n  tempera tures  agreed.  

P r e l i m i n a r y  measurements w i t h  a s p h e r i c a l  

A r a d i a l  p r o f i l e  a t  a d i s t a n c e  of 18 cm downstream o f  the  t h r u s t e r  was 
ob ta ined  u s i n g  a movable Langmuir probe of s p h e r i c a l  geometry. The measured 
e l e c t r o n  d e n s i t y  p r o f i l e  decreased e x p o n e n t i a l l y  as a f u n c t i o n  o f  ang le  o f f  
c e n t e r l i n e  w h i l e  t h e  va lues  of e l e c t r o n  tempera ture  e x h i b i t e d  no systemmatic 
v a r i a t i o n  w i t h  r a d i a l  p o s i t i o n .  S i m i l a r l y ,  an a x i a l  survey  o f  the  plume 
c e n t e r l i n e  r e v e a l e d  t h a t  t h e  e l e c t r o n  number d e n s i t y  decreases as t h e  i n v e r s e  
o f  t h e  d i s t a n c e  squared. 

I t  i s  apparent  t h a t  d e t a i l e d  plume surveys of t h e  a r c j e t  exhaust  w i l l  
r e q u i r e  probes o f  d i f f e r e n t  s i z e  and geometry .  I n  some r e g i o n s  i t  may be 
imposs ib le  to a v o i d  t h e  use o f  complex probe t h e o r i e s  i n  o r d e r  t o  i n t e r p r e t  
t h e  probe c h a r a c t e r i s t i c s .  
sheath f o r m a t i o n  ( t h i c k  sheath a n a l y s i s )  and a l s o  t h e  a p p l i c a t i o n  o f  cont inuum 
methods r e q u i r e  i n v e s t i g a t i o n .  F u r t h e r ,  a1 though t h e  s p h e r i c a l  probe does n o t  
r e q u i r e  a l i gnmen t  w i t h  f low s t r e a m l i n e s ,  t h e r e  i s  some q u e s t i o n  about  t h e  t r u e  
c u r r e n t  c o l l e c t i o n  s u r f a c e  a rea  near  plasma p o t e n t i a l .  

The macroscopic  e f f e c t s  of t h e  flow f i e l d  on 

To o b t a i n  b e t t e r  measurement o f  i o n  s a t u r a t i o n  c u r r e n t ,  i t  w i l l  be 
necessary t o  o b t a i n  g r e a t e r  accuracy i n  t h e  c u r r e n t  c o l l e c t e d  by t h e  probe,  
p robab ly  down t o  t h e  tens  of micro-amperes. 
i o n  tempera tures  and d e n s i t i e s  t o  a l s o  be e x t r a c t e d  from a s i n g l e  probe 
c h a r a c t e r i s t i c .  L a s t l y ,  vacuum f a c i l i t y  p ressu re  e f f e c t s  p l a y  a l a r g e  ro le  i n  
t h e  r e g i o n  where mean ing fu l  i n f o r m a t i o n  can be o b t a i n e d .  
f a c i l i t y  p ressu re  on t h e  gas dynamic expansion and a l s o  t h e  recomb ina t ion  
r a t e s  w i  1 1  r e q u i r e  d e t a i l e d  i n v e s t i g a t i o n .  

Th is  w i l l  p e r m i t  i n f o r m a t i o n  on 

The e f f e c t s  o f  
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APPENDIX - COLLISION PHENOMENA 

I n  o r d e r  to  a p p l y  c o l l i s i o n l e s s  t h e o r y  t o  t h e  Langmuir probe 
c h a r a c t e r i s t i c ,  i t  i s  i m p o r t a n t  t h a t  b o t h  the  probe r a d i u s  and t h e  Debye 
l e n g t h  a r e  smal l  i n  comparison w i t h  t h e  r e p r e s e n t a t i v e  mean f r e e  p a t h s .  I n  a 
plasma where t h e  percentage of i o n i z a t i o n  i s  s m a l l ,  i . e ,  l e s s  than a f e w  
p e r c e n t ,  c o l l i s i o n s  between charged spec ies  and a l s o  n e u t r a l s  become 
r e l e v a n t .  Tables I V  and V I 1  l i s t  o r d e r  o f  magnitude es t ima tes  o f  t h e  most 
i m p o r t a n t  mean f r e e  pa ths  for t h e  two p r i m a r y  plume c e n t e r l i n e  measurement 
l o c a t i o n s .  The c o l l i s i o n s  between charged spec ies  were  c a l c u l a t e d  u s i n g  
S p i t z e r ' s  r e l a t i o n  ( r e f s .  14 and 18) w h i l e  the  mean f r e e  pa ths  between 
n e u t r a l s  were c a l c u l a t e d  u s i n g  gas k i n e t i c  t h e o r y .  E l e c t r o n - n e u t r a l  
c o l l i s i o n s  ( b o t h  e l a s t i c  and i n e l a s t i c )  were c a l c u l a t e d  u s i n g  Maxwe l l i an  
averaged c ross  s e c t i o n s  ( r e f .  19) based on e m p i r i c a l  da ta  f o r  the  c o l l i s i o n  
c ross  s e c t i o n s  as a f u n c t i o n  of e l e c t r o n  v e l o c i t y .  I o n - n e u t r a l  mean f r e e  
pa ths  w e r e  es t ima ted  u s i n g  t h e  assumpt ion t h a t  X i n  i s  app rox ima te l y  
o n e - t h i r d  o f  Xnn ( r e f .  14 ) .  

The a v a i l a b l e  exper imen ta l  da ta  w e r e  used t o  o b t a i n  necessary es t ima tes  o f  
charged spec ie  number d e n s i t i e s  a t  t he  two measurement l o c a t i o n s .  Reasonable 
va lues  o f  t h e  n e u t r a l  d e n s i t i e s ,  of b o t h  mo lecu la r  and d i s s o c i a t e d  spec ies ,  
w e r e  n o t  e a s i l y  a t t a i n a b l e .  A d e t a i l e d  plume a n a l y s i s  r e q u i r e s  a complete 
d e s c r i p t i o n  o f  t h e  nozz le  flow as i n p u t .  The h i g h l y  v i scous  a r c j e t  n o z z l e  
f low, coup led  w i t h  t h e  unw ie ldy  s i z e  o f  the  nozz les ,  p rec ludes  the  immediate 
a d a p t a t i o n  o f  conven t iona l  n o z z l e  f low computa t iona l  techn iques .  F u r t h e r ,  t h e  
n o n e q u i l i b r i u m  n a t u r e  o f  t h e  f low, i n  c o n j u n c t i o n  w i t h  t h e  f a c t  t h a t  
c o n s i d e r a b l e  amount of heat  a d d i t i o n  occurs  i n  t h e  nozz le  i t s e l f ,  add 
c o n s i d e r a b l e  c o m p l e x i t y  t o  t h e  problem. 

l h e  f o l l o w i n g  techn ique was employed t o  d e s c r i b e  t h e  expansion o f  the  
n e u t r a l  gas m i x t u r e  i n t o  vacuum. A source flow a n a l y s i s  ( r e f .  20) which has 
demonstrated reasonab le  agreement w i t h  measurements o f  s i m i l a r  f low f i e l d s  was 
adapted.  The techn ique i s  a m o d i f i e d  v e r s i o n  o f  Simons' method which 
desc r ibes  t h e  d e n s i t y  a t  a g i v e n  l o c a t i o n  i n  t h e  plume i n  t e r m s  o f  a 
c e n t e r l i n e  d e n s i t y  which i s  c a l c u l a t e d  from c o n t i n u i t y  r e l a t i o n s .  Ma jor  plume 
parameters a re  w r i t t e n  i n  t e r m s  o f  c o n d i t i o n s  a t  t h e  nozz le  e x i t  and a l s o  the  
boundary layer t h i c k n e s s .  

fr 1-D, i s e n t r o p i c  a n a l y s i s  o f  the  nozz le  flow would be i n v a l i d  i n  t h i s  
s i t u a t i o n .  The a r c j e t  nozz le  tempera ture  p r o f i l e  I s  v e r y  s teep a long  t h e  
n o z z l e  c e n t e r l i n e ;  however, t he  m a j o r i t y  of t h e  gas f low passes th rough  the  
r e l a t i v e l y  c o o l e r  boundary l a y e r .  The c e n t e r l i n e  Mach number w i l l  p robab ly  be 
reduced and t h e  v i scous  n a t u r e  o f  t h e  flow w i l l  p robab ly  l e n d  i t s e l f  t o  a ve ry  
l a r g e  p o r t i o n  o f  t h e  boundary l a y e r  as be ing  subsonic .  
exper imen ta l  performance d a t a  were used t o  o b t a i n  nozz le  e x i t  p r o p e r t i e s .  The 
boundary l a y e r  t h i c k n e s s  was assumed t o  be approx ima te l y  seventy  pe rcen t  o f  
t h e  e x i t  r a d i u s .  
d i scha rge  c o e f f i c i e n t  o f  0.9 and an assumed Mach number o f  1 .  

For t h i s  a n a l y s i s ,  

C o n d i t i o n s  a t  t h e  nozz le  t h r o a t  were c a l c u l a t e d  u s i n g  a 
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TABLE I. - ARCJET THRUSTER DIMENSIONS 

Nozzle geometry 
Exit radius, Re 
Throat radius, R* 
Half angle, 'p 
Area ratio, Ae/A* 

ARC constrictor geometry 
Constrictor diameter, Dc 
Constrictor length, Lc 
Arc gap s e t t i n g .  G 

Thruster A 

4.76~ 1 0-3 m 
2.92~10-4 m 

20" 
266 

6.35~10-~ m 
6.35~ 1 0-4 m 
7.37~10-4 m 

Thruster B 

4.95~10-3 m 
3.18~10-~ m 

20" 
243 

6.35~10-~ m 
2.54~10-~ m 
7.37~10-~ m 
5.84~10-~ m 

~~~ ~~ 

TABLE 11.- TYPICAL ARCJET THRUSTER PERFORMANCE CHARACTERISTICS 

(THRUSTER A) 

2:l 
2:oo 
4:OO 
0.044 
10.6 

4.66~105 
95.4 

1 1  
1049 
18.0 
409 
33 
114 
5.0 

3: 1 
1.70 
5.10 
0.041 
8.5 

4.53~105 
95.3 
10 

953 
17.0 
41 4 
34 
125 
5.1 

3: 1 
1.70 
5.10 

0.041 
8.5 

4.71~105 
92.5 

12 
1110 
17.6 
430 
32 
125 
5.1 
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TABLE 111. - TYPICAL ARCJET THRUSTER PERFORMANCE CHARACTERISTICS 

(THRUSTER 8) 

H2:Nz m i x t u r e  r a t i o  
N2 f low r a t e ,  s lpm 
H2 flow r a t e ,  slpm 
T o t a l  mass f low r a t e ,  g /sec  
Average mo lecu la r  we igh t  
I n l e t  p ressure ,  N/m2 
Arc v o l t a g e ,  V 
Arc c u r r e n t ,  A 
Arc pgwer, W 
Thrus t ,  g 
S p e c i f i c  impulse, sec 
O v e r a l l  e f f i c i e n c y ,  pe rcen t  
Co ld  f low I s p ,  sec 
Co ld  flow t h r u s t ,  g 

2 : l  
2.00 
4.00 

0.049 
10.6 

4 . 2 8 ~ 1 0 5  
104.3 

10.0 
1043 
20.3 

41 1 
37 

117 
5.8 

2 :  1 
2:oo 
4:OO 

0.049 
10.6 

4 . 4 4 ~ 1 0 5  
104.5 

11.0 
1 150 
21.4 

433 
37 

117 
5.8 

3: 1 
1.62 
3.25 

0.040 
8.5 

3 . 8 9 ~ 1 0 5  
98.3 
11.0 
1085 
18.3 
460 

36 
118 
4.7 

3: 1 
1.55 
3.10 
0.038 

10.6 
4 . 1 0 ~ 1 0 5  

97.5 
11.0 
1072 
17.8 
470 

37 
- - - - - - - - 
- - - - - - - - 

TABLE I V .  - RELEVANT COLLISION PHENOMENA AND ESTIMATED MEAN FREE PATHS 

L l o c a t i o n :  Plume c e n t e r l i n e .  x = 30.5 cm.1 

Type o f  
c o l l  i s i o n  

E l  a s t i  c 

Co l1  i s i o n  
p a r t n e r s  

i o n -  i on 
e l e c t r o n - e l e c t r o n  

e l e c t r o n - i o n  
i o n - e l e c t r o n  

e lec t ron -N2  
e l e c t r o n - N  
e lec t ron -H2  
e l e c t r o n - H  

ion-NZ 
ion-N 

ion-H2 
ion-H 

N2-N2 
N2.42 

N-N 
H-H 

e lec t ron -H2  
e l e c t r o n  -N2 ( e x c i t . )  

e lec t ron -H2  

Mean f r e e  
p a t h ,  

cm 

4x101 

8x103 

1x102 
1x102 

1x103 
2x104 
4x102 
7x102 
7x101 
4x102 

6x 1 O1 
2x101 

2x102 

1 x i 0 3  
4x101 

6x102 

5x105 

7x106 
----- 

----- 

Assumptions 

use r m s  V i ;  k T i  = 0 .1  ev ;  n i  = 8x109 
use rms ve;  kTe = 0.8 eV; ne = 8x109 

n i  = 8x109 ( r e f s .  18 and 14) 
Xe i  Xee ( r e f .  14) 

kTe = 0 . 8  eV 
Q = 7 ~ 1 0 - ~  cm3/sec; "2 = 2 . 1 ~ 1 0 ~ ~  cm-3 
Q = 9x10-8 cm3/sec; nN = 4 . 6 ~ 1 0 ~ ~  
Q = 2x10-8 cm3/sec; "2 = 4 . 0 ~ 1 0 ~ ~  c r 3  
Q = l ~ l O - ~  cm3/sec; nH = 1 . 4 ~ 1 0 ~ ~  c r 3  

"2 = gx1011/cm3 

nN = ~x1011 /cm3 
nH = 6 ~ 1 0 ~ ~ / c m ~  

= 9 ~ 1 0 1 ~ / c d ; ~ H 2  = 1 . 7 ~ 1 0 ~ ~ / c m 3  

Q = 6 ~ 1 0 - l ~  cm3/sec 

Q = 4x10- l4  cm3/sec 



TABLE V .  - COMPARISON OF LANGMUIR PROBE SIZE VARIATION 

[Location: x = 30.5 cm; r = 15.2 cm.1 

c 

Thruster operating condition 
Arc current, A 
Arc voltage, V 
Arc power, W 
Mass flow rate, slpm 
Mass flow rate, glsec 
Inlet pressure, N/m2 
Tank pressure, Nlm2 
Floating voltage, V 

[(t) to grdl 
Langmuir probe information 
Probe type 
Probe radius, cm 

Plume characteristics 
Electron temperature, K 
Electron temperature, eV 
Electron number density, cm-3 
Plasma potential, V [with 

respect to facility grdl 
Electron sat. current, mA 
Oebye length, cm 
RPIXO 

10.9 
100 

1090 
2.014.0 
0.045 

4.8~105 

+0.4 
4 . 9 ~  1 0-2 

SPh 

1.2~104 

0.562 

1 .o 
1.7~109 

+1.4 

9.0 
1.8~10-~ 

31 

10.9 
104 
1134 

2.014.0 
0.045 

4.8~105 
5.1~10-2 

+o. 1 

SPh 

1.2~104 

2.0~109 

0.562 

1.1 

+1.1 

10.7 
1.7~10-~ 

33 

10.8 
104 
1123 

2.014.0 
0.045 

4.8~105 

+0.3 
5.2X10-2 

SPh 
0.794 

6.3~103 
0.54 

+0.9 

15.6 

66 

2.0~109 

1.2x10-2 

TABLE VI. - COMPARISON OF LANGMUIR PROBE GEOMETRY VARIATION 

[Locatlon: x = 18.4 cm; plume centerllne.] 
- 
Thruster operatlng condl tlon 

Arc current, A 
Arc voltage, V 
Arc power. W 
Mass flow rate, slpm 
M a s s  f l o w  rate, g/sec  
Inlet pressure, N/m2 
Tank pressure, N/m2 
Floatlng voltage, V 

[ ( + I  to grdl 
-angmulr probe informatlon 

Probe type 
Probe radlus. cm 
Probe length, cm 

'lume characterlstics 
Electron temperature, K 
Electron temperature, eV 
Electron number denslty, cm-3 
Plasma potentlal, V [wlth 
respect to faclllty grd] 

Electron sat. current, mA 
Oebye length. cm 
RP/ko 
kln/Rp 

10.1 
108 
1091 

2.0/4.0 
0.045 

4.7~105 

t0.6 
5 .ox1 0-2 

Sph 
0.316 
-_--- 

8.6~103 
0.74 

t1 .5 

11.6 

45 
63 

8.oxi 09 

I .  1x10-3 

10.9 
98 

1068 
2.0/4 .O 
0.045 

4.8~105 

+0.4 
4.9x10-2 

SPh 
0.316 
-____  

1 .ox1 04 
0.86 

6.2~109 
t0.4 

9.5 
3.8~10-3 

36 
63 

10.9 
103 
1123 

2.0/4 .O 
0.045 

4.9~105 
4.9~1 0-2 

t0.4 

SPh 
0.316 
_ _ _ _ _  

8.0~103 
0.69 

7.8~109 
t1.4 

10.8 
7.0~10-3 

45 
63 

10.9 
94 

1025 
2.0/4.0 
0.045 

4.8~105 
5 . 3 ~ 1 0 - ~  

+o. 1 

CY1 
0.057 
0.476 

1.2~104 
1 .o 

2.5~109 
t1 .o 

2.3 
1 -5~10-2 

4 
350 

10.9 
103 
1123 

2.014.0 
0.045 

4.8~105 
5 . 2 ~  10-2 

+0.4 

SPh 
0.794 

7 . 7 ~  103 
0.66 

1.6~109 
+1 .o 

13.4 
1.5~10-~ 

53 

10.9 
94 

1025 
2.0/4.0 
0.045 

4.8~105 
5.2~102 

0.0 

CY1 
0.057 
0.476 

8.5~103 
0.73 

3.0~109 
+0.8 

2.4 

6 
350 

.2x10-2 

10.8 
92 
994 

2.0/4 .O 
0.045 

4.7~105 

0.0 
5.1 XlO2 

CY1 
0.057 
0.476 

1 .5x104 
1.3 

2.6~109 
+0.7 

1.4 
1 -7~10-2 

3 
350 
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TABLE VII. - RELEVANT COLLISION PHENOMENA AND ESTIMATED MEAN FREE PATHS 
[Location: Plume centerline. x = 18.4 cm.1 

Type o f  
coll i sion 

El asti c 

Inel asti c 

PROBE CURRENT, I, 

- /  

/ 
ION 
SATURATION 
REGION 

Col 1 i s ion 
partners 

ion-ion 
electron-electron 

electron-ion 
ion-electron 

electron-N2 
electron-# 
electron-H2 
electron-H 

i0n-N~ 
i o n 4  

i0n-H~ 
ion-H 

N Z - N ~  
N2-H2 
N-N 
H-H 

electron-N2 (ioniz.) 
el ectron-H2 

electron-N2 (exci t.) 
electron-H2 

Mean free 
path. 
cm 

2x101 
1x102 
1x102 

5x102 

1x102 

2x102 

2x101 
1x101 

9x 101 

5x102 

4x 103 

5x103 

3x 102 
3x101 

6x101 
7x101 

3x 105 

3x106 
----- 
----- 

I r ELECTRON SATURATION 
\\(ACCELERATING) REG ION 

\ 

-VF 'LVm PROBE VOLTAGE. Vp 

FIGURE 1. - I M A L  LANGMUIR PROBE CHARACTERISTIC WITH RESPECT TO AN 
ARBITRARY REFERENCE POINT. 

Assumptions 

use rms Vi; kTi = 0.1 ev; ni = 8x109 
use rms ve; kTe = 0.8 eV; ne = 8x109 
Xei - Xee (ref. 14) 
ni = 8x109 (refs. 18 and 14) 

kTe = 0.8 eV 
Q = 7x10-8 cm3/sec; "2 = 2 . 1 ~ 1 0 ~ ~  ~ m - ~  
Q = 9x10-8 cm3/sec; nN = 4 . 6 ~ 1 0 ~ ~  cm-3 
Q = 2 x 1 0 4  cm3/sec; "2 = 4 . 0 ~ 1 0 ~ ~  cm-3 
Q = 1x10-7 cm3/sec; nH = 1 . 4 ~ 1 0 ~ ~  c r 3  

"2 = 2.1x1012/cm3 

nN = 4 . 6 ~ 1 0 ~ ~ / c m 3  
nH = 1.2x1012/cm3 

Q = 7xlO-l3 cm3/sec 

Q = 4x10-12 cm3/sec 

= 4.6x1012/cm3; 

7 STAINLESS 
STEEL SUPPORT, 
1.2 CR DIAMETER 

k- -8 CM 

TUNGSTEN WIRE 7 r0 '32 DIAHETER 
\ I STAINLESS STEEL 
\ I SUPPORT 

CARBIDE STEEL I 
BALL BEARING, 1 
0.562 CM RADIUSA 

(A) STATIONARY LANGMUIR PROBES. 

b- -18.5 CM -4 
TUNGSTEN WIRE. 
0.057 CM RADIUS 
0.952 CM LENGTH 7 

CARBIDE STEEL. 

(B) MOVABLE LANGMUIR PROBES OF SPHERICAL AND CYLINDRICAL GEOMETRY. 

FIGURE 2. - ILLUSTRATIONS OF LANGMUIR PROBE TYPES. 
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FIGURE 3.  - ELECTRICAL SCHEMATIC OF LANGROIR PROBE DRIVE CIRCUIT 

AND DATA ACQUISITION. 
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FIGURE 4. - SCHEMATIC DIAGRAMS OF THE ARCJET THRUSTER. 
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FIGURE 6 .  - PHOTOGRAPH OF ARCJET THRUSTER MOUNTED ON CRADLE ASSEMBLY. 

ROTATABLE 
PUSH/PULL ROD - 

STATIONARY 

LOCATIONS 
/ PROBE 

r LABORATORY 
I ARCJET MOUNTED \ ON CRADLE ASSEMBLY 

I 

FIGURE 7. - SKETCH OF EXPERIMENTAL SETUP (TOP VIEW). 
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FIGURE 9. - TYPICAL V - I  CHARACTERISTIC FOR SPHERICAL 
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FIGURE 11. - ELECTRON TEMPERATURE AS A FUNCTION OF ARC 
POWER: LOCATION: X = 3 0 . 5  CM, PLUME CENTERLINE THRUST- 
ER A: N2-H2 MIXTURE. PROBE RADIUS: 0.562 CM. 
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FIGURE 10. - ELECTRON NUMBER M N S I T Y  AS A FUNCTION OF 
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FIGURE 12. - RADIAL PLUfiE SURVEY AT X = 1 8 . 4  CM. THRUST- 
ER A: N2-H2 MIXTURE: PROBE RADIUS = 0.316 cn. 
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