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PERFORMANCE OF LARGE AREA XENON I O N  THRUSTERS FOR ORBIT TRANSFER M I S S I O N S  

V i n c e n t  K .  Rawl in  
N a t i o n a l  Ae ronau t i cs  and Space A d m i n i s t r a t i o n  

Lewis Research Center  
C leve land,  Oh io  44135 

ABSTRACT 

S tud ies  have i n d i c a t e d  t h a t  xenon i o n  p r o p u l s i o n  systems can enab le  t h e  use o f  sma l le r  Ea r th -  
These ana lyses  launch v e h i c l e s  f o r  s a t e l l i t e  placement which r e s u l t s  i n  s i g n i f i c a n t  c o s t  sav ings .  

have assumed the  a v a i l a b i l i t y  of advanced, h i g h  power i o n  t h r u s t e r s  o p e r a t i n g  a t  about 10 kW or 
h i g h e r .  A program was i n i t i a t e d  t o  e x p l o r e  t h e  v i a b i l i t y  o f  o p e r a t i n g  50 cm d iamete r  i o n  t h r u s t e r s  
a t  t h i s  power l e v e l .  Opera t i on  w i t h  seve ra l  d i scha rge  chamber and i o n  e x t r a c t i o n  g r i d  s e t  combina- 
t i o n s  has been demonstrated and d a t a  were o b t a i n e d  a t  power l e v e l s  t o  16 kW. F i f t y  cm d iameter  
t h r u s t e r s  u s i n g  s t a t e  o f  t he  a r t  30 cm d iameter  g r i d s  or advanced techno logy  50 cm d iameter  g r i d s  
a l l o w  d i scha rge  power and beam c u r r e n t  d e n s i t i e s  commensurate w i th  l o n g  l i f e  a t  power l e v e l s  up t o  
I O  kW. I n  a d d i t i o n ,  50 cm d iameter  t h r u s t e r s  a r e  shown t o  have t h e  p o t e n t i a l  for growth  i n  t h r u s t  
and power l e v e l s  beyond 10 kW. 

INTRODUCTION 

Recent s t u d i e s  have q u a n t i f i e d  t h e  economic and deployment t i m e  b e n e f i t s  o f  u s i n g  h i g h  s p e c i f i c  
impu lse  xenon i o n  p r o p u l s i o n  systems t o  p l a c e  a c o n s t e l l a t i o n  of s a t e l l i t e s  i n  o p e r a t i o n a l  o r b i t . l 1 2  
I o n  r o p u l s i o n  can, i n  some cases, a l l o w  t h e  use o f  a sma l le r  and l e s s  expens ive  Ear th - launch v e h i -  
c l e . ?  Th is  approach leads t o  s i g n i f i c a n t  r e d u c t i o n s  i n  c o s t  t o  dep loy  a c o n s t e l l a t i o n  o f  s a t e l l i t e s .  
I n  a d d i t i o n ,  the  c o n s t e l l a t i o n  deployment t ime  may be reduced w i t h  m u l t i p l e  payloads and /o r  a h i g h e r  
launch f requency  u s i n g  the  sma l le r  launch v e h i c l e s . ]  

decades .3 - l l  
developed f o r  a u x i l i a r y  p r o p u l s i o n  needs, such as s t a t i o n k e e p i n g  and f o r  p r i m a r y  p r o p u l s i o n  o f  Ear th -  
o r b i t  and p l a n e t a r y  t r a n s f e r  v e h i c l e s .  
were t e s t e d  a t  beam power l e v e l s  o f  about 20 and 200 kW, r e s p e c t i v e l y ,  more than 20 years  ago. 
t o  space power r e s t r i c t i o n s ,  however, most subsequent i o n  t h r u s t e r  research  has been conducted a t  
power l e v e l s  under 5 kW. B u t .  w i t h  t h e  advent o f  l a r g e  s o l a r  power sys tems 'o f  t h e  Space S t a t i o n  
Freedom, advanced pho tovo l  t a i i  s o l a r  a r rays14  and n u c l e a r  r e a c t o r  systems such as SP-100,15 t h e  
o p p o r t u n i t i e s  f o r  u t i l i z a t i o n  o f  p r i m a r y  i o n  p r o p u l s i o n  a r e  i n c r e a s i n g .  

Xenon i o n  t h r u s t e r s ,  a t  about IO kW, appear optimum when t h e  number o f  dev i ces  and r e l i a b i l i t y  
i ssues  a r e  cons ide red .2  

I o n  p r o p u l s i o n  components and systems have been ground and f l i g h t  t e s t e d  wor ldwide  f o r  t h r e e  
I o n  p r o p u l s i o n .  u s i n g  p r o p e l l a n t s  such as mercury ,  cesium, xenon, and argon, have been 

Mercury i o n  t h r u s t e r s  w i t h  d iameters  o f  50 cm12 and 150 cm13 
Due 

P r o p u l s i o n  systems o f  a f e w  tens  o f  kW o f f e r  ma jor  b e n e f i t s  f o r  o r b i t  t r a n s f e r  m i s s i o n s . l . 2  

The 3 kW, 30 cm d iameter  d i v e r g e n t  magnet ic  f i e l d  mercury i o n  t h r u s t e r ,  deve lo  d i n  t h e  1970 's  
f o r  t h e  So la r  E l e c t r i c  P r o p u l s i o n  System5 was conver ted  t o  o p e r a t e  w i th  i n e r t  gases Y2 and has been 
t e s t e d  e x t e n s i v e l y  a t  power l e v e l s  t o  10 kW.17 
ponents  f o r  t h a t  t h r u s t e r .  A n t i c i p a t e d  problems were so l ved  w i t h  geomet r ic  and o p e r a t i n g  p o i n t  
changes, b u t ,  a t  an i n p u t  powel' l e v e l  o f  10 kW, e r o s i o n  o f  t h e  d i scha rge  b a f f l e  was so severe t h a t  
research  on 30 cm d iameter  d i v e r g e n t  f i e l d  t h r u s t e r s  has been te rm ina ted  a t  NASA's Lewis Research 
Center  (LeRC). A v a r i a t i o n  o f  t h e  r i ng -cusp  boundary magnet ic  f i e l d  d i scha rge  chamber geomet ry , la  
wh ich  does n o t  r e q u i r e  a d i scha rge  b a f f l e ,  i s  now t h e  b a s e l i n e  d s i g n .  Th rus te rs  o f  t h i s  geometry 
have been eva lua ted  w i t h  i n e r t  gas and mercury  propellant^^^^^-^^ o v e r  a wide range o f  power l e v e l s  
and f o r  p e r i o d s  i n  excess o f  4300 h r . 7  

There a r e  known l i m i t s  t o  g r i dded ,  h i g h  power r i n g - c u s p  i o n  t h r u s t e r s .  Two major  ones a r e :  
( 1 )  maximum beam c u r r e n t  d e n s i t y  and ( 2 )  maximum t h r u s t e r  component tempera tures .  The maximum beam 
c u r r e n t  d e n s i t y  and, t h e r e f o r e ,  t h e  maximum t h r u s t  d e n s i t y  o f  e l e c t r o s t a t i c  i o n  t h r u s t e r s  a r e  s t r o n g  
f u n c t i o n s  o f  s p e c i f i c  impu lse .  Thus, l a r g e  area  t h r u s t e r s  a r e  r e q u i r e d  f o r  h i g h  va lues  o f  t h r u s t  a t  
r e l e v a n t  va lues  o f  s p e c i f i c  impu lse .  Rare-Earth permanent magnets a r e  c r i t i c a l  components o f  r i n g -  
cusp i o n  t h r u s t e r s .  Degrada t ion  o f  magnet ic  f i e l d  s t r e n g t h s  l i m i t  t h e  magnet tempera ture  t o  about  
300 "C which p laces  an upper bound on d i scha rge  chamber power d e n s i t y .  Thermal marg ins  shou ld  
i nc rease  w i t h  t h r u s t e r  s i z e  f o r  a f i x e d  d i scha rge  power. 

P r e l i m i n a r y  PerformanLe da ta  o f  two 50 cm d iameter  d i scha rge  chambers, eva lua ted  w i t h  one s e t  
cf  50 cm d iameter  i o n  e x t r a c t i o n  g r i d s ,  have been p r e s e n t e d . 2 1  
tormance c h a r a c t e r i s t i c s  o f  t h e  50 cm d iameter  r i ng -cusp  t h r u s t e r  eva lua ted  w i t h  a 30 cm d iameter  
g r i d  s e t  and t h r e e  d i f f e r e n t  50 cm d iameter  i o n  e x t r a c t i o n  g r i d  s e t s .  

Reference 17 p resen ted  e r o s i o n  r a t e s  o f  i n t e r n a l  com- 

Th is  paper p resen ts  a d d i t i o n a l  pe r -  
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APPARATUS 

Iht! pel t c i Im3r i ce  o f  s e v e r ~ l  i o n  t h r u s t e r  L o n f i y u r a t i o n s  was eva lua ted  ove r  a range o f  o p e r a t i n g  
C,JKII t i o n 5  WI t h  xenon pi-ope1 l a n t .  The expevimental  hardware and suppor t  equipment a r e  desc r ibed .  

f i y u i ' e  1 shows s e c t i o n  v iews o f  t h e  50 cm d iameter  r i ng -cusp  d i scha rge  chamber. The m i l d  s t e e l  
s h e l l  was l i n e d  w i t h  r i n g s  o f  r a r e - E a r t h  samarium c o b a l t  magnets (SmCog) t o  produce s t rong  bound r y  
mdg iw t i c  f i e l c l j  wh ich  con ta ined  t h e  d i scha rge  plasma more e f f i c i e n t l y  than o t h e r  g e o m e t r i e s . 1 8 $ 1 t  
[he spacings between magnet r i n g s  was i n i t i a l l y  chosen t o  be n e a r l y  t h e  same as those found t o  be 
optimum by Sovey i n  Her'. 18. 
when 30 cm d iameter  g r i d s  w e r e  used. The adapter  p l a t e ,  which was e l e c t r i c a l l y  i s o l a t e d  f rom t h e  
d ischarge chamber, had  e i t h e r  0, I ,  or 2 l a y e r s  o f  magnets ai-rdnged i n  th ree  r i n g s .  
t i o n s  were des ignd ted  "RCO" ,  " R C I " .  and "RC2", r e s p e c t i v e l y .  F i g u r e  I ( b )  shows the  t h r e e  r i n g s  w i t h  
2 l a y e r s  o r  magnets. 
w a 5  i n s u l a t e d  f rom the  d i scha rge  plasma w i t h  a l a y e r  o f  p o l y i m i d e  f i l m .  

F i g u r e  I ( b )  a l s o  shows a g r i d  s e t  adapter  p l a t e  wh ich  was r e q u i r e d  

These c o n f i g u r a -  

The 2 9 . 6  cm d iameter  by 7 . 5  cm long  c y l i n d r i c a l  s e c t i o n  o f  t h e  adapter  p l a t e  

I O N  E X T R A C I I O N  Z K I G  S E l S  -_-__-- 

FUUI '  se ts  of d i shed  t w o - y r i d  i o n  e x t r a c t i o n  systems were used i n  t h i s  i n v e s t i g a t i o n  and a r e  
descv ibed i n  T ~ b l e  1 .  General f a b r i c a t i o n  methods f o r  d i shed  g r i d s  were desc r ibed  i n  Re f .  23. G r i d  
mount ing techn iques  were desc r ibed  i n  Re f .  21.  

a c c e l e r a t o r  g r i d  h o l e  d iameters  f o r  50 cm d iameter  g r i d s  v a r i e d  f r o m  1.91 mm t o  1.52 and 1.14 mm t o  
reduce n e u t r a l  p r o p e l l a n t  l osses .  The 50 cm d iameter  screen g r i d s  were e l e c t r i c a l l y  i s o l a t e d  f rom 
the  d i scha rge  ihamber and c o u l d  be b iased  t o  a l l o w  measurement o f  i o n  c u r r e n t s .  

G r i t 1  s e t  1 wds n o m i n a l l y  30 cm i n  d iameter  w h i l e  t h e  o t h e r s  a l l  had d iameters  o f  50 cm. The 

VACUUM F A C I L I E  

Thrus ter  e v a l u a t i o n  was conducted i n  d 4 .6  m d iamete r  by 19.2 m l ong  vacuum f a c i l i t y  a t  LeRC. 
The a c t u a l  work ing  l e n g t h  was h a l v e d  by a f u l l  d iameter  mid- tank  b a f f l e .  Vacuum f a c i l i t y  p ressu re  
w i t h o u t  p r o p e l l a n t  f l o w  was about  l ~ l O - ~ P a  ( ~ x I O - ~  t o r r )  which was ach ieved w i t h  twenty  0.8-m diame- 
t e r  s i l i c o n  o i l  d i f f u s i o n  pumps. 
d u r i n g  t h r u s t e r  o p e r a t i o n ,  v a r i e d  f rom about  0 .5 t o  2 . 0 ~ 1 O - ~ P a  (0.4 t o  I . ~ x I O - ~  t o r r ) .  The p ressu re  
was measured about  6 . 4  m f rom t h e  t h r u s t e r  i o n  e x t r a c t i o n  g r i d s .  

For xenon f l o w  r a t e s  o f  3 t o  I ~ x I O - ~  kg/s t he  f a c i l i t y  p ressu res ,  

PROPELLANT SUPPLY 

High  p u r i t y  ( 9 9 . 9 9 5  pe rcen t  p u r e ) ,  research  grade xenon p r o p e l l a n t  was s u p p l i e d  t o  the  cathode 
and dischdr 'ge p r d p e l l a n t  f ? e d  l i n e s  th rough f lowmeters  and f l o w  c o n t r o l l e r s .  The f lowmeters  u t i l i z e d  
heated  c a p i l l a r y  tubes and f l o w i n g  gas t o  sense r e l a t i v e  heat  t r a n s f e r .  The gas f l o w  r a t e s  were con- 
t r o l l e d  by  u s i n g  p i e z o e l e c t r i c  leak  va l ves  ac tua ted  by an e r r o r  s i g n a l  genera ted  by the  d i f f e r e n c e  
between t h e  f lowmeter  o u t p u t  and a r e f e r e n c e  s i g n a l .  
c o n t r o l l e r s  w e r e  l o c a t e d  near t h e  power supp ly  c o n t r o l s  and about  8 m from t h e  t h r u s t e r .  The l o n g  
cathode p r o p e l l d n t  l i n e  l e n g t h  and a cathode o r i f i c e  f l o w  impedance dependency on cathode emiss ion  
c u r r e n t  made i t  d i f f i c u l t  t o  p r e c i s e l y  c o n t r o l  low cathode f l o w  r a t e s .  
main p r o p e l l a n t  f l o w  r a t e  because t h e  main p r o p e l l a n t  l i n e  opened d i r e c t l y  t o  the  low p ressu re  d i s -  
charge chamber-. The p r o p e l l a n t  f l o w  r a t e s  were expressed as e q u i v a l e n t  c u r r e n t s  o f  s ing l y -cha rged  
i o n s .  T y p i c a l  cathode and main p r o p e l l a n t  f l o w  r a t e  ranges w e r e  0 .1  t o  0.7 eq.A. and 2 t o  8 eq.A.,  
respec t i  ve 1 y .  

For i n i t i a l  o p e r a t i n g  convenience, t h e  f l o w  

There was no prob lem w i th  the  

POWER SUPPLIES 

Thrus te r  power was p rov ided  by 60 Hz l a b o r a t o r y  power s u p p l i e s .  F i g u r e  2 shows a schematic o f  
The maximum o u t p u t  o f  t h e  beam power supp ly  was 20 A t he  power s u p p l i e s  and t y p i c a l  o u t p u t  va lues .  

a t  4000 V .  The maximum d ischarge  c u r r e n t  was 93 A .  
R e f .  1 6 .  

A d d i t i o n a l  power supp ly  i n f o r m a t i o n  i s  g i v e n  i n  

PROCEDURE 

The t h r u s t e r  was i n 5 t a l I e d  i n  t h e  vacuum f a c i l i t y  and t h e  d i scha rge  cathode and n e u t r a l i z e r  
cathode feed l i n e s  w e r e  purged.  
a p p l i e d  t o  t h e  s t a r t i n g  e l e c t r o d e .  A main d i scha rge  f l o w  r a t e  ( m ~ )  o f  about 2 eq.A. ( ~ x I O - ~  k g / s )  
was a p p l i e d  and the  cathode f l o w  r a t e  (mc) was r a i s e d  t o  about 3 . 4  eq.A. ( ~ x I O - ~  kg/s) t o  i n i t i a t e  
t h e  plasma d i scha rge .  
P o s i t i v e  and n e g a t i v e  h i g h  v o l t a g e s  were a p p l i e d  t o  t h e  screen and a c c e l e r a t o r  g r i d s .  r e s p e c t i v e l y ,  
t o  e x t r a c t  an i o n  beam. 

The cathode was heated  s l o w l y  to about 1100 'C and 1000 V was 

The cathode f l o w  r a t e  was then reduced to  ach ieve  s teady -s ta te  c o n d i t i o n s .  

2 
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The dis(.hdrge Lhdmber was c h a r a c t e r i z e d  w i th  beam e x t r a c t j o n  by v a r y i n g  t h e  d i scha rge  c u r r e n t  
( J D )  a t  con3 tan t  p i o p e l l a n t  f l o w  r a t e s .  A beam i o n  p r o d u c t i o n  c o l t  ( E V )  was c a l c u l a t e d  as f o l l o w s :  

VD(JD - JB) 
E V  = --__- 

J B  

drid p l o t t e d  A S  f u n c t i o n s  o f  t he  d i scha rge  p r o p e l l a n t  e f f i c i e n c y .  

Some p r o p e l l a n t  ( m r )  i s  i nges ted  f rom the  f a c i l i t y  th rough t h e  a c c e l e r a t o r  g r i d  ho les  and i s  

es t ima ted  f rom 

, eq.A. ( 3 )  

whcie PF i s  t he  t r u e  f a c i l i t y  p ressu re ,  A, i s  t h e  a c c e l e r a t o r  g r i d  open area ,  and Kc i s  a Claus- 
i n 4  conductance f a c t o r 2 4  f o r  t h e  a c c e l e r a t o r  g r i d  h o l e  geometry.  
symbol l i s t .  Equa t ion  ( 3 )  assumes f r e e  mo lecu la r  flow th rough  t h e  a c c e l e r a t o r  g r i d  h o l e s  l n t o  t h e  
d i scha rge  chamber. 
f a c i l i t y  w a l l  tempera ture  o f  300 K .  Tab le  2 l i s t s  t h e  i nges ted  f l o w  equat ions  used f o r  each g r i d  
geometry.  A s  an example, va lues  o f  m1 
ranged f rom 0.04 eq.A. f o r  g r i d  s e t  1 t o  0.29 eq.A. f o r  g r i d  s e t  2 .  D u r i n g  t h r u s t e r  o p e r a t i o n  t h e  
background gas wds p r i m a r i l y  xenon because t h e  base pressure  was about  I x I O - ~  Pa.  

b i a s  t o  those sur faces  t o  r e p e l  d i scha rge  e l e c t r o n s .  Normal t h r u s t e r  o p e r a t i o n  was conducted with- 
o u t  u s i n g  t h e  b i a s  s u p p l i e s .  
w e r e  measured as f u n c t i o n s  o f  t h r u s t e r  geometry and o p e r a t i n y  c o n d i t i o n s .  

h i g h ,  unco r rec ted  p r o p e l l a n t  e f f i c i e n c i e s .  
any 50 cm d iameter  t h r u s t e r .  
chamber performance d i s c u s s i o n s .  However, when t h r u s t ,  s p e c i f i c  impu lse ,  and t h r u s t e r  e f f i c i e n c y  
va lues  t o r  t h e  50 cm d iameter  t h r u s t e r s  w e r e  c a l c u l a t e d ,  a t h r u s t  c o r r e c t i o n  f a c t o r  which accounts 
f o r  doubly-charged atoms was used. The p r o d u c t i o n  o f  doubl -charged p r o p e l l a n t  was found t o  be p r i -  
mari  l y  a f u n c t i o n  o f  t he  measured p r o p e l l a n t  e f f i c i e n c y . 1 6 B y 8 . 2 5  The t h r u s t  c o r r e c t i o n  f a c t o r  f o r  
m u l t i p l y  charged p r o p e l l a n t  (a) was c a l c u l a t e d  u s i n g  F i g .  1 o f  Re f .  16, which g i v e s  va lues  o f  t h e  
r a t i o  o f  d o u b l y - t o - s i n g l y  charged i o n  c u r r e n t s  ( r ) ,  f o r  seve ra l  30 cm d iameter  t h r u s t e r s ,  as func-  
t i o n s  o f  t he  measured p r o p e l l a n t  e f f i c i e n c y .  The curve  f o r  t he  30 cm d iameter  r i ng -cusp  t h r u s t e r  
wds used w i t h  measured p r o p e l l a n t  e f f i c i e n c i e s  o f  t h e  50 cm d iameter  d i scha rge  chamber t o  c a l c u l a t e  
mu1  t i p l y  c h a r g e d  i o n  t h r u s t  c o r r e c t i o n  f a c t o r s .  

A l l  t h e  symbols a r e  d e f i n e d  i n  t h e  

The inges ted  xenon atoms were assumed t o  have a mean v e l o c i t y  based on a vacuum 

a t  a background p ressu re  o f  1 . 3 3 ~ 1 0 - 3  Pa (1x10-5 t o r r )  

I o n  c u r r e n t s  t o  the  sci’een g r i d  ( J s )  and adapter  p l a t e  were measured by a p p l y i n g  a n e g a t i v e  

The beam c u r r e n t  ( J B )  and a c c e l e r a t o r  g r i d  impingement c u r r e n t  ( J A )  

Under most o p e r a t i n g  c o n d i t i o n s  some d i scha rge  chamber p r o p e l l a n t  i s  doub ly - i on i zed  l e a d i n g  t o  
Doub ly - i on i zed  xenon con ten ts  have n o t  been measured f o r  

There fo re ,  measured p r o p e l l a n t  e f f i c i e n c i e s  were used i n  d i scha rge  

Fur a l l  t h r u s t e r  t e s t s  p resented  h e r e i n ,  t he  h i g h  v o l t a g e  common was grounded t o  the  vacuum 
f a c i l i t y  and beam n e u t r a l i z i n g  e l e c t r o n s  were e m i t t e d  f rom t h e  vacuum f a c i l i t y  w a l l s  and mid- tank  
b a f f l e  as a r e s u l t  o f  e n e r g e t i c  i o n  impingement. When a n e u t r a l i z e r  was used w i t h  50 cm d iamete r  
t h r u s t e r s , z 1  minimum xenon p r o p e l l a n t  f l o w  r a t e s  r e q u i r e d  were found t o  be about 6 pe rcen t  o f  t h e  
beam c u r r e n t .  The re fo re ,  c a l c u l a t e d  va lues  o f  s p e c i f i c  impu lse  and t h r u s t e r  e f f i c i e n c y  i n c l u d e  a 
va lue  f o r  m~ which i s  6 pe rcen t  o f  t h e  beam c u r r e n t .  

A d d i t i o n a l  assumptions were made b e f o r e  o v e r a l l  t h r u s t e r  performance parameters were c a l c u l a t e d .  
The n e u t r a l i z e r  t o  ground f l o a t i n g  v o l t a g e  ( V G )  was assumed t o  be equal  t o  the  d i scha rge  v o l t a g e  
( V D ) .  Th i s  made the  n e t  a c c e l e r a t i n g  v o l t a g e  ( V N )  equal  t o  the  o u t p u t  v o l t a y e  o f  t h e  beam power 
s L $ p l y  ( V B ) .  A cons tan t  f i x e d  power loss  o f  200 W was assumed t o  account f o r  cathode and n e u t r a l -  
i z e r  keeper powers and a c c e l e r a t o r  g r i d  impingement l osses .  A t h r u s t  c o r r e c t i o n  f a c t o r  ( F T )  wh ich  
accounts for’ nondx ia l  i o n  t r a j e c t o r i e s  was es t ima ted  t o  be 0.98 f o r  a l l  da ta  p resen ted .16  
l ow ing  equat ions  were used t o  c a l c u l a t e  the  o v e r a l l  xenon t h r u s t e r  e f f i c i e n c y :  

The f o l -  

VN = V 8  t VD - VG z VB ( 4 )  

P = J ( V  t E V )  + 200 (5) B N  

B T = YJ ( 6 )  
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RESULTS 

The performance o f  a 50 cm d iameter  r i ng -cusp  d i scha rge  chamber was c h a r a c t e r i z e d  w i t h  30 and 
50 cin diameter- i o n  e x t r a c t i o n  g r i d s .  Values o f  o v e r a l l  t h r u s t e r  performance were a l s o  c a l c u l a t e d .  

DISCHARGE CHAMBER PERFORMANCE 

F i g u r e  3 shows the  beam i o n  p r o d u c t i o n  c o s t  ( E V )  as f u n c t i o n s  o f  t h e  d i scha rge  chamber p r o p e l -  
l a n t  e f f i c i e n c y  ( ~ 0 )  f o r  some o f  t h e  d a t a  taken.  The l e v e l s  o f  performance shown f o r  each c o n f i g u r a -  
t i o n  v a r i e d  o n l y  s l i g h t l y  f o r  p r o p e l l a n t  f l o w  r a t e s  up t o  50 p e r c e n t  above and below those presented .  

30 cm d i a i i i ? t ? r . w q s  - The upper 3 curves  o f  F i g .  3 g i v e  t y p i c a l  performdnce o f  t h e  50 cm diame- 
t e r  r T ~ g ~ ~ T p - d ~ s c h a r g e  chamber w i t h  30 cm d iameter  g r i d s  and d i f f e r e n t  adapter  p l a t e  magnet ic con- 
f i y u r a t i o n s .  A t  a f i x e d  p r o p e l l a n t  e f f i c i e n c y  o f  0.8, va lues  of EV decreased f rom 385 t o  235 W/A 
as t h e  f l u x  d e n s i t y  a t  t h e  adapter  p l a t e  magnet cusps was inc reased .  Th is  performance improvement 
occu r red  because t h e  i o n  c u r r e n t  r e a c h i n g  t h e  screen g r i d  and t h e  adapter  p l a t e  was reduced, as 
shown i n  F i g .  4 ,  when t h e  adapter  p l a t e  magnet cusp f l u x  d e n s i t y  was inc reased .  W i th  no  adapter  
p l a t e  mdjne ts  the  u n e x t r a c t e d  i o n  c u r r e n t  a t  t h e  g r i d  p lane  was about  7 A .  When 1 and 2 l a y e r s  o f  
magnets were added, t h i s  c u r r e n t  dropped t o  2 . 1  and 1 . 6  A ,  r e s p e c t i v e l y .  For t h e  I - l a y e r  case, t h e  
adapter  p l a t e  and screen g r i d  c u r r e n t s  were mon i to red  s e p a r a t e l y .  The r a t i o  o f  screen g r i d  c u r r e n t  
t o  beam c u r r e n t  was found t o  be about 0.33k0.05 over  a wide range o f  o p e r a t i n g  c o n d i t i o n s .  Eased on 
the  f a c t  t h a t  a s i n g l e  g r i d  s e t  was used f o r  a l l  t h r e e  cases, about  1 . 1  A o f  i o n  c u r r e n t  was assumed 
t o  be c o l l e c t e d  by t h e  screen g r i d  fo r  the  c o n d i t i o n s  o f  F i g .  4.  W i th  t h i s  assumpt ion ,  t h e  adapter  
p l a t e  i o n  c u r r e n t  decreased f rom about 6 A t o  o n l y  0 .5  A as t h e  cusp f l u x  d e n s i t y  was inc reased  from 
0 t o  0.36 t o r r .  With fewer i ons  l o s t  t o  the  adapter  p l a t e ,  l e s s  d i scha rge  power was r e q u i r e d  t o  
produce the  same i o n  beam c u r r e n t .  Whi le  t h e  adapter  p l a t e  i o n  losses  were s i g n i f i c a n t l y  reduced, 
the  decrease i n  EV was n o t  as d ramat i c  because o t h e r  d i scha rge  power loss mechanisms e x i s t e d .  
Also, the  a d d i t i o n  of magnets t o  the  adap te r  p l a t e  may have reduced t h e  e f f e c t i v e  d i scha rge  chamber 
i o n i z a t i o n  volume. Th is  a b i l i t y  o f  s t r o n g  cusp maynet ic  f i e l d s  t o  c o n t r o l  plasma w a l l  losses  i s  t h e  
p r imary  advantage o f  r i n g - c u s p  t h r u s t e r s .  

Another- o b s e r v a t i o n  from F i g .  3 i s  the  ranye o f  va lues  o f  d i scha rge  v o l t a g e  f o r  t h e  d a t a  shown. 
The d i scha rye  v o l t a g e  can be used t o  t r a d e  d i scha rge  chamber performance w i t h  l i f e t i m e  l i m i t e d  by 
t h r u s t e r  i n t e r n a l  e r o s i o n . 1 6  
t i o n  e f f i c i e n i - i e s ,  b u t  u n e x t r a c t e d  i o n s ,  such as those s t r i k i n g  t h e  screen g r i d ,  do s p u t t e r i n g  
damage. Tl1erefoi.e. lower- vd lues  o f  d i scha rge  v o l t a g e  a r e  r e q u i r e d  f o r  reduced t h r u s t e r  i n t e r n a l  ero- 
s i o n .  Reference 1 7  has  bhown t h a t  accep tab l?  screen g r i d  e r o s i o n  r a t e s ,  c o n s i s t e n t  w i t h  I O  000 h r  
l i f e t i m e .  were ach ieved w i t h  a I O  kW, 30 cm d iameter  xenon i o n  t h r u s t e r  when t h e  d i scha rge  v o l t a g e  
was 28 V .  When 30 cm diameter' g r i d s  ( g r i d  s e t  1 )  were used on t h e  50 cm d iameter  d i scha rge  chamber, 
the  e f f e c t i v e  open area  f r a c t i o n  was o n l y  about 8 p e r c e n t .  
and va lues  o f  d ischarge  v o l t a y e  lower- than normal (28 V )  w e r e  o b t a i n e d  fur normdl va lues  o f  inc (0 .2  
tu 0.3 eq .A ) .  
s p u t t e r  erosic jn o f  cathode p o t e n t i a l  s u r f a c e s .  Opera t i on  a t  these cathode f l o w  r a t e s  a l s o  p r o v i d e d  
a more s t a b l e  d i scha rge  and r e l i a b l e  h i g h - v o l t a g e  r e c y c l e  sequences. 

low as  100 W / A .  Th is  improvement may be seen i n  F i g .  3 by comparing the  performance va lues  of s i m i -  
l a r  d ischa i -ge  chambers and d i f f e r e n t  s i z e  g r i d s .  For example. t h e  b e s t  performance o f  t he  RCO case 
i n d i c a t e d  10.3 A o f  i o n s  reached the  g r i d  p lane  d t  a p r o p e l l a n t  e f f i c i e n c y  o f  0.8, b u t  only 3 A ,  or 
o n e - t h i r d  o f  t h e  ions, w ? r e  e x t r a c t e d .  When g r i d  s e t  4 ,  which had n e a r l y  3 t imes the  e x t r a c t i o n  
area o f  gr.id s e t  I ,  w a ~  used n e a r l y  a l l  o f  t h e  i o n s  reach ing  the  g r i d  p lane  were e x t r a c t e d .  The 
50 cm diametci. d i sLharge  chamber r e q u i r e d  3 . 8  t imes l e s s  d i scha rge  power, t o  produce t h e  same beam 
c u r r e n t  and p r o p e l l d n t  e f f i c i e n c y .  w i t h  g r i d  s e t  4 as w i t h  g r i d  s e t  1 .  The nidjor reason f o r  t h i s  
improved performance i s  b e l i e v e d  t o  be t h a t  i ons  produced, b u t  n o t  e x t r a c t e d  w i t h  30 cm d iamete r  
g r i d s ,  were a c c e l e r a t e d  as beam ions  w i t h  50 cm d iameter  g r i d s .  

e r a t o r  g r i d  h o l e  d iamete r .  The reason f o r  t h i s  i s  t h a t  t he  n e u t r a l  p r o p e l l a n t  atom losses  th rough  
t h e  g r i d  s e t  were reduced w i t h  s m a l l e r  g r i d  h o l e s  which l e d  t o  an i nc rease  i n  t h e  n e u t r a l  d e n s i t y .  
A t  a f i x e d  d i scha rge  power the  beam c u r r e n t  t y p i c a l l y  i nc reases  w i t h  i n c r e a s i n g  n e u t r a l  d e n s i t y  
y i e l d i n g  a reduced va lue  o f  

H ighe r  va lues  o f  d i scha rge  v o l t a g e  a r e  d e s i r a b l e  f o r  g r e a t e r  i o n i z a -  

There fo re .  t he  n e u t r a l  d e n s i t y  was h i g h e r  

D ischarge  chambt?r o p e r a t i o n  a t  d i scha rge  v o l t a g e s  o f  23 o r  24 V p r o v i d e  r e l a t i v e l y  low 

50 cm d iameter  XI-? - When 50 cm d iameter  g r i d s  were used, va lues  o f  E V  were reduced t o  as 

Values o f  EV f o r  50 cm d iameter  g r i d s  ( s e t s  2 t o  4 )  decreased ( F i g .  3 )  w i t h  dec reas ing  a c c e l -  

E V .  Th i s  e f f e c t  has been observed w i t h  sma l le r   thruster^.^^.*^ 
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ORIGINAL PAGE IS 
OF POOR QUALITY 

C r m  a d i s c . h , r ~  ge  t.tlanlbei. performance v i e w p o i n t ,  g r i d  s e t  4 would be the p r e f e r r e d  geometry as 
i t  w d s  for 30 c m  d iameter  t h r ~ s t e r s . ~  B u t ,  poor  i o n  e x t r a c t i o n  c a p a b i l i t y  o f  y r i d  s e t  4 necess i -  
t d t e d  h i g h  t o t a l  g r i d  v o l t a g e s ,  which l e d  t o  f a i l u r e  o f  the  mica i n s u l a t o r  used t o  s e t  the  spac ing  
d t  the  edge o f  the  g r i d s .  These f a i l u r e s  p reven ted  t h e  a c q u i s i t i o n  o f  d a t a  a t  p r o p e l l a n t  e f f i c i e n -  
c i e s  o t  i n t e r e s t ,  as shown i n  F i g .  3 .  

Vdlues o t  d i scha rge  v o l t a g e  were h i g h  f o r  a l l  t h r e e  50 cm d iameter  g r i d  s e t s  when t h e  d i scha rge  
chamber was operd ted  a t  low p r o p e l l a n t  f l o w  r a t e s  ( F i g .  3 )  due t o  i nc reased  n e u t r a l  losses  compared 
t o  t h a t  w i t h  30 cm d iameter  g r i d s .  The e f f e c t i v e  a c c e l e r a t o r  g r i d  open areas f o r  50 cm d iameter  
g r i d s  w e r e  2 . 3  t o  7 . 5  t i m e s  g r e a t e r  than t h a t  o f  t h e  30 cm d iamete r  g r i d s .  S i g n i f i c a n t  i nc reases  i n  
p r o p e l l a n t  f l o w  r a t e  and d i scha rge  power f o r  g r i d  s e t s  2 and 3 r e s u l t e d  i n  va lues  o f  d i scha rge  v o l t -  
~ g e  coininensurate w i t h  low i n t e r n a l  e r o s i o n  r a t e s  i n  h i g h  power xenon t h r u s t e r s .  

I n  s u m i n d r y ,  the  50 cm d iameter  r i ng -cusp  d i scha rge  chamber was c h a r d c t e r i z e d  w i t h  30 and 50 cm 
d iameter  g r i d s .  When 30 cm d iameter  g r i d s  were u t i l i z e d ,  t h e  minimum beam i o n  p r o d u c t i o n  c o s t s  were 
i n i t i a l l y  v e r y  h i g h  a t  385 W / A  b u t  decreased t o  about  230 W / A  w i t h  t h e  a d d i t i o n  o f  magnet r i n g s  t o  
the  cathode p o t e n t i a l  adapter  p l a t e  wh ich  d r a s t i c a l l y  reduced t h e  i o n  losses t o  t h a t  su r face .  When 
50 cm d iameter  g r i d s  r e p l a c e d  the  30 cm d iameter  g r i d s  and magnet - f ree  adapter  p l a t e ,  t h e  beam i o n  
p r o d u c t i o n  c o s t s  decreased f rom 385 t o  100 W/A, a t  a p r o p e l l a n t  e f f i c i e n c y  o f  0.8, f o r  g r i d s  w i t h  
smal l  acce le ra to r .  h o l e s .  The r e d u c t i o n  o f  beam i o n  p r o d u c t i o n  c o s t s  o c c u r r e d  because ions  which 
impinged on t h e  adap te r  p l d t e  were e x t r a c t e d  when f u l l  s i z e  50 cm d idmeter  g r i d s  were used. Com- 
p a r i n g  o n l y  50 cm d iameter  g r i d s  a t  a p r o p e l l a n t  e f f i c i e n c y  o f  0.8,  t h e  beam i o n  p r o d u c t i o n  c o s t s  
decreased f rom 155 W/A, f o r  t he  g r i d  s e t  w i t h  l a r g e s t  a c c e l e r a t o r  h o l e s ,  t o  IO0 W/A f o r  t h e  g r i d  s e t  
w i t h  the  s m a l l e s t  a c c e l e r a t o r  h o l e s .  Th is  e f f e c t  was caused by a r e d u c t i o n  o f  t h e  n e u t r a l  atom 
losses  th rough t h e  a c c e l e r a t o r  g r i d  which,  a t  cons tan t  i n l e t  f l ow  r a t e s  and d i scha rge  power, l e d  t o  
beam c u r r e n t  i nc reases  and reduced beam i o n  p r o d u c t i o n  c o s t s .  
cusp d i scha rge  chamber was p o s s i b l e  a t  low va lues  o f  d i scha rge  v o l t a g e  which shou ld  l ead  t o  i n t e r n a l  
e r o s i o n  r a t e s  comparable t o  or lower than those o b t a i n e d  i n  r e c e n t  l i f e t e s t s  a t  2 8  V .  

E f f i c i e n t  o p e r a t i o n  w i t h  t h e  r i n g -  

OVERALL THRLJSi'ER PERFORMANCE 

Values o f  i n p u t  power, t h r u s t ,  s p e c i f i c  impu lse .  and e f f i c i e n c y  were c a l c u l a t e d  f o r  t h e  50 cm 
d iameter  r i n g - c u s p  t h r u s t e r  u s i n g  demonstrated d i scha rge  chamber and g r i d  s e t  o p e r a t i n g  c o n d i t i o n s .  
Table 3 l i s t s  t h e  o p e r a t i n g  c o n d i t i o n s  and r e s u l t s  f o r  t h e  f o u r  g r i d  se ts  t e s t e d .  F igu res  5 and 6 
show the  t h r u s t  o b t a i n e d  as a f u n c t i o n  o f  t h r u s t e r  i n p u t  power and t h r u s t e r  e f f i c i e n c y  as a f u n c t i o n  
o f  s p e c i f i c  impu lse ,  r e s p e c t i v e l y .  

Figui-e 5 shows t h a t  the  va lues  o f  t h r u s t  ach ieved w i t h  two-g r id  30 and 50 cm d iameter  g r i d s  
i nc reased  f rom 0 . 1  t o  0 . 5  N as the  t h r u s t e r  i n p u t  power was v a r i e d  f rom 2 . 4  t o  16 kW. Th rus t  t o  
power r a t i o s  decreased f rom about 0.04 t o  0.03 N/kW as d i scha rge  chamber c o n d i t i o n s  and g r i d  v o l t a g e s  
w e r e  inc reased ove r  wide ranges as shown i n  Table 3 .  The t h r u s t  t o  power r a t i o s  a r e  i n s e n s i t i v e  t o  
th rus te r -  o p e r a t i n g  c o n d i t i o n s  when t h e  n e t  a c c e l e r a t i n g  v o l t a g e  i s  much g r e a t e r  t han  t h e  i o n  produc-  
t i o n  cos t  as seen f rom Eqs. ( 5 )  and (6). When t h i s  c o n d i t i o n  e x i s t s ,  most o f  t h e  t h r u s t e r  power i s  
i n  t h e  beam, so, l a r g e  changes i n  the  i o n  p r o d u c t i o n  c o s t  cause minor  changes i n  t h e  t h r u s t  t o  power 
r a t i o .  

F i g u r e  6 2nd Table 3 show t h a t  i o n  t h r u s t e r  e f f i c i e n c y  ranged f rom about  0 . 4  t o  0 .8 as t h e  spe- 
c i f i c  impulse was inci-eased f rom 2200 t o  5100 sec. Th rus te r  e f f i c i e n c y  was found t o  be n e a r l y  spec- 
i f i e d  by o n l y  the  s p e c i f i c  impu lse .  Th is  occu rs ,  as seen f rom Eq. ( E ) ,  when t h e  t h r u s t  t o  power 
r a t i o  i s  cons tan t  (as  i n  F i y .  5). A l g e b r a i c  m a n i p u l a t i o n  o f  Eqs. ( 4 )  t o  ( 8 )  shows t h a t  t h r u s t e r  
e f f i c i e n c y  i s  app i .ox imdte ly  p r o p o r t i o n a l  t o  the  n e t  a c c e l e r a t i n g  v o l t a g e  d i v i d e d  by t h e  sum o f  t h e  
n e t  a c c e l e r a t i n g  v o l t a g e  and i o n  p r o d u c t i o n  c o s t .  
w i t h  s p e c i f i c  impu lse  as the  i o n  p r o d u c t i o n  c o s t  becomes n e g l i g i b l e  when compared t o  t h e  n e t  a c c e l e r -  
a t i n g  v o l  t aqe .  

I n  a d d i t i o n  t o  t h r u s t e r  performance, a l l  4 t h r u s t e r  geomet r ies  have shown the  p o s s i b i l i t y  o f  
e f f i c i e n t  o p e r a t i o n  a t  low va lues  o f  d i scha rge  v o l t a g e .  Th is  shou ld  reduce t h r u s t e r  i n t e r n a l  e ro-  
s i o n .  
i s  an d t t r a c t i v e  c o n f i g u r a t i o n  f o r  a IO kW-class xenon i o n  t h r u s t e r .  Opera t i on  a t  h i g h  va lues  o f  
beam c u r r e n t  Jnd p r o p e l l a n t  e f f i c i e n c y  have been demonstrated. The h i g h  p r o p e l l a n t  e f f i c i e n c y  shou ld  
reduce the  a c c e l e r a t o r  g r i d  charge exchange damage t h d t  was r e p o r t e d  i n  Re f .  1 7 .  The inc reased  e l e c -  
t r o n  c o l l e c t i o n  a r e a  o t  t he  50 cm d iameter  d i scha rge  chamber shou ld  p r o v i d e  an env i ronment  f o r  t he  
r a r e - E a r t h  magnets w i t h  g r e a t e r  thermal  marg in  than t h a t  o f  sma l le r  d i scha rge  chambers. O p e r a t i o n  
w i t h  50 cm d iamete r  g r i d s  has t h e  p o t e n t i a l  o f  s i g n i f i c a n t l y  reduc ing  screen and a c c e l e r a t o r  g r i d  
e r o s i o n  because the  average c u r r e n t  d e n s i t i e s  shou ld  be n e a r l y  a f a c t o r  o f  3 l e s s  than those o f  
t h r u s t e r s  w i t h  30 cm d iameter  g r i d s  o p e r a t i n g  a t  comparable power l e v e l s .  

Thus, t h r u s t e r  e f f i c i e n c y  i s  expec ted  t o  i n c r e a s e  

A 50 cm d iameter  d i scha rge  chamber w i t h  we l l -deve loped s t a t e  o f  t h e  a r t  30 cm d iameter  g r i d s  
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CONCLUSIONS 

OppOr.tuni t i c s  e x i 5 t  for. h i g h  power, h i g h  s p e c i f i c  impu lse  xenon i o n  t h r u s t e r s .  Large d iamete r  
t h r u s t e r s  o p e r ~ t i n q  a t  de ra ted  c o n d i t i o n s  o f f e r  p rospec ts  f o r  improved l i f e t i m e  and a modest d i s -  
charge chamber thermal environment compared t o  sma l le r  t h r u s t e r s .  There fore ,  a 50 cm d iamete r  r i n g -  
cusp xenon iai th rus te r -  was opera ted  w i t h  30 and 50 cm d iameter  d i shed  two-g r id  i o n  e x t r a c t i o n  
g r i d s .  The t h l - u i t  was tound t o  i nc rease  n e a r l y  l i n e a r l y  from 0.1 t o  0 .5 N as t h e  power was inc reased  
f r o m  2 . 4  t u  16 kW. For these d a t a  t h e  s p e c i f i c  impu lse  v a r i e d  f rom about 2200 t o  5100 sec and spec i -  
f i e d  the  th i . us te r  e f f i c i e n c y ,  which v a r i e d  f rom 0 . 4  t o  0.8.  

The minimum beam i o n  p r o d u c t i o n  c o s t  o f  t h e  50 cm d iameter  d i scha rge  chamber w i t h  30 cm d iamete r  
g r i d 5  ranged f rom 385 t o  230 W Per- beam ampere as t h e  magnet ic  geometry o f  the  g r i d  adapter  p l a t e  was 
v a r i e d .  These c o s t s  decreased f u r t h e r  when 50 cm d iameter  g r i d s  were used because i o n s  formed beyond 
the  30 cm d iameter  w e r e  e x t r a c t e d  and n o t  l o s t  to t h e  d i scha rge  chamber w a l l s .  
g r i d s ,  t he  minimum beam i o n  p r o d u c t i o n  c o s t s  dropped from 155 t o  100 WIA as the  a c c e l e r a t o r  g r i d  h o l e  
d iameters  were decreased because t h e  d i scha rge  chamber n e u t r a l  d e n s i t y  inc reased.  

e x i s t  for o p e r a t i o n  a t  IO kW. 
seve ra l  p c i t e n t i a l  b e n e f i t s ,  wh ich  i n c l u d e :  ( 1 )  t he  use o f  we l l -deve loped s t a t e  o f  t h e  a r t  i o n  
e x t r a c t i o n  g r i d s  as a nea r - te rm o p t i o n ,  ( 2 )  p o t e n t i a l l y  low i n t e r n a l  e r o s i o n  due t o  low va lues  o f  
d i scha rge  v o l t a g e s ,  ( 3 )  c o o l e r  thermal  environment f o r  r a r e - E a r t h  magnets, ( 4 )  and h i g h  p r o p e l l a n t  
e f f i c i e n c y  f o r  reduced a c c e l e r a t o r  g r i d  charge exchange e r o s i o n .  The o t h e r  o p t i o n  would be t o  use 
50 cm d iameter  g r i d s  t o  o b t a i n  reduced va lues  o f  beam c u r r e n t  d e n s i t y  which would l ead  t o  reduced 
i n t e r n a l  e r o s i o n  r a t e s .  W i th  more e f f i c i e n t  i o n  p r o d u c t i o n ,  t h e  d i scha rge  power d e n s i t y  would a l s o  
be reduced which shou ld  i nc rease  t h e  thermal  marg in  f o r  t h e  r a r e - E a r t h  magnets. As 50 cm d iamete r  
i o n  e x t r d c t i o n  g r i d  f a b r i c a t i o n  and mount ing  procedures  a r e  improved, 50 cm d iameter  t h r u s t e r s  would 
a l s o  have a s i g n i f i c a n t  p o t e n t i a l  f o r  g rowth  i n  t h r u s t  and power l e v e l s  beyond 10 kW. 

Wi th  50 cm d iameter  

From t h e  da ta  p resented ,  two geomet r ic  a l t e r n a t i v e s  t o  t h e  b a s e l i n e  30 cm d iameter  t h r u s t e r  
The 50 cm d iameter  d i scha rge  chamber w i t h  30 cm d iameter  g r i d s  o f f e r s  

A 0  

dA 

EV 

e 

F T  

9 

ISP 

J A  

J B  

J D  

JS  

K C  

k 

in 

mC 

m 1  

mM 

mN 

mT 

SYMBOLS 

a c c e l e r d t o l '  g r i d  open a rea ,  m2 

a c c e l e r a t o r  g r i d  h o l e  d iamete r ,  mm 

bedm i o n  p r o d u c t i o n  c o s t ,  WIA 

e l e i t r u n i c  charge,  1 . 6 ~ 1 0 - 1 9  C 

t h r u s t  r e d u c t i o n  f a c t o r  due 

a c c e l e r a t i o n  o f  y r a v i t y .  9 . 8  

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

acce 1 e r a t o r  g r i d  impingement 

io r i  bedm c u r r e n t ,  H 

d i  schal-ye c u r r e l i t  t o  anode, 

sc i ' ee i i  g r i d  i o n  c u r r e n t ,  A 

C laus ing  conductdnce f a c t o r  

o i o n  beam d ivergence 

mi s2  

c u r r e n t ,  A 

Bo1 tzmann's c o n s t a n t ,  1 . 3 8 ~ 1 0 - 2 3 ,  J K-I 

xenon a t m  mass, 2 . 1 8 ~ 1 0 - ~ ~  kg  

d i scha rge  ~ a t h o d e  f l o w  r a t e ,  eq.A. 

i nges ted  f l o w  r a t e ,  eq.A. 

d i scha rge  main f l o w  r a t e ,  eq.A. 

n e u t r a l i z e r  cathode f l o w  r a t e ,  eq.A. 

t o t a l  p r o p e l l a n t  f l ow  r a t e ,  (rnctml+mMtmN) d e ,  kg/s 
. . . .  
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t h r u s t e r  i n p u t  power, W 

vaLuum f a c i l i t y  puessure,  Pa 

r a t i o  o f  d o u b l y - t o - s i n g l y  charged i o n  c u r r e n t s  

t h r u s t ,  N 

vacuum f a c i l i t y  w a l l  temperature.  K 

a ~ c e l e r a t o r  g r i d  v o l t a g e ,  V 

screen g r i d  v o l t a g e ,  V 

d i scha rge  v o l t a g e ,  cathode to  anode p o t e n t i a l ,  V 

n e u t r a l i z e r - t o - g r o u n d  p o t e n t i a l ,  V 

n e t  a c c e l e r a t i n g  v o l t a g e ,  VN = VB + VD - VG, V 

a 

Y 

I .  

2 .  

3 .  

4. 

5 .  

6 .  

7 .  

8 .  

9 .  

10. 

1 1 .  

1 2 .  

1 +pr 
t h r u s t  c o r r e c t i o n  f a c t o r  due t o  m u l t i p l y  - charged i o n s ,  = , + 

t o t a l  t h r u s t  c o r r e c t i o n  f a c t o r ,  y = aFT 

J B  , disLhar-ge p r o p e l l a n t  e f f i c i e n c y ,  u n c o r r c t e d  for m u l t i p l y  charged i o n s ,  - 
mc + "1 + mM 

, J B  . t o t a l  t h r u s t e r  p r o p e l l a n t  e f f i c i e n c y  unco r rec ted  f o r  m u l t i p l y  charged i o n s ,  . 
mc + m I  ' mM + "N 

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