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This r e p o r t  represents the r e s u l t s  o f  an experimental program t o  adapt 

two types o f  h igh  frequency plasma generators f o r  low t h r u s t ,  30 cm, e lec-  

t r o s t a t i c  argon i o n  th rus te rs .  The i n i t i a l  scope o f  t h i s  "High Frequency 

Plasma Generator" program placed no d i r e c t  cons t ra in t s  on the method o f  

coupl i ng power t o  the plasma o r  on the choice o f  magnetic f i e l d  c o n f i  gura- 

t i o n  used t o  enhance the plasma product ion e f f i c i e n c y .  Aside froin pro- 

v i  d i  ng a back-up concept t o  the more mature, convent ional hol  1 ow-cathode- 

based plasma sources, a goal i n  the present  program was t o  develop a plasma 

generator which has a h igh  e l e c t r i c a l  e f f i c i e n c y ,  a parameter which i s  o f  

importance f o r  low speci f i c  impul se engines. 

The two methods selected f o r  coupl i n g  e l e c t r i c a l  power t o  the  plasma 

generator were (1) Radio Frequency Induc t i on  (RFI) which operates i n  the 

frequency range o f  several hundred k i  1 oher tz  t o  several megahertz and ( 2)  

by E lec t ron  Cyclot ron Heating (ECH) which operates i n  the range o f  several 

g igahertz .  The RFI generator,  l i k e  the hollow-cathode plasma source, does 

n o t  fundamentally r e q u i r e  the presence o f  magnetic f i e l d s  f o r  i t s  operat ion 

b u t  the  ECH generator by i t s  p r i n c i p l e  o f  opera t ion  does r e q u i r e  t h a t  

r a t h e r  s t rong magnet f i e l d s  be present  i n s i d e  the engine housing. 

The c lass  o f  magnetic f i e l d  geometry which was used f o r  both types of 

h i  gh frequency generators i s  va r i ous l y  known as a "mu1 t i c u s p  ," "mu1 ti po le  ," 
or  "mu1 t i d i p o l e "  c o n f i g u r a t i o n  and i s  p a r t i c u l a r l y  we l l  s u i t e d  t o  t h r u s t e r  

app l i ca t i ons  s ince permanent magnets are used. Permanent magnets, wh i l e  

adding mass t o  the th rus te r ,  use no e l e c t r i c a l  power t o  p rov ide  s t rong 

p a r t i c l e  confinement f i e l d s  and can be arranged i n t o  geometries which 

produce very low magnetic f i e l d  s t rengths bo th  i n  the c e n t r a l  vo l  ume o f  the  

plasma general and a t  the i o n  e x t r a c t i o n  plane. Low f i e l d s  a t  these 1 oca- 

t i o n s  are thought t o  be an a i d  i n  the product ion o f  a more uni form beam 

p r o f i l e  and are a lso requ i red  f o r  the i o n  e x t r a c t i o n  system (which i s  a 

f i e 1  d-free i o n  o p t i c s  design) and the beam n e u t r a l i z a t i o n  process. 

During the i n i  t i a l  phase o f  t h i s  program much o f  the work on the  RFI 

source consis ted o f  experimentat ion and modeling o f  the  power coup l ing  

between the KF sec t ion  and the plasma. Some exper imentat ion was c a r r i e d  ou t  

t o  measure the e lec t ron  and i o n  confinement which has a d i r e c t  impact on 



the beam product ion e f f i c i e n c y .  One magnetic confinement geometry, namely 

an ax i  a1 1 i ne cusp, was studied.  The resu l  t s  i n d i c a t e  t h a t  considerable 

cross f i e l d  argon i o n  t ranspor t  t o  the w a l l s  occurs and t h a t  reduc t i on  o f  

t h i s  t ranspor t  i s  the major mechanism by which the eV/ion value can be 

improved. It was demonstrated t h a t  doubl ing the permanent magnet pole face 

f i e l d  s t reng th  by rep1 acing ceramic magnets ( 1.5K gauss) w i  t h  samari um 

cobal t magnets (3.OK gauss) i n  the same c o n f i g u r a t i o n  produced n e g l i g i b l e  

(<5.%) change i n  the eV/ion. Ceramic magnets which can operate a t  h igher  

temperatures may the re fo re  be p re fe r red  over the more c o s t l y  ra re -ea r th  

lnagnets. This RFI t h r u s t e r  was tes ted  a t  NASA-Lewis Researcn Center; i t  

produced a continuous 1 KeV, 3.0 ampere Argon i o n  beam w i t h  minimum d i s -  

charge losses o f  220 10 eV/ion a t  a p r o p e l l a n t  u t i l i z a t i o n  o f  45 percent.  

The d e t a i l s  o f  the development o f  the RFI plasma source under the f i r s t  ha1 f 

of the program can be found i n  the  I n t e r i m  Report, NASA CR-167957. 

The second ha1 f o f  the program which i s  described i n  t h i s  r e p o r t  

e~nphasized, i n  the development o f  the  RFI plasma generator, work toward the  

reduct ion  i n  the eV/ion and toward the product ion o f  a f l a t t e r  beam p r o f i l e .  

Several plasma generators were b u i l t  and tes ted  w i t h  a v a r i e t y  o f  permanent 

magnet conf igura t ions .  The a x i a l  l i n e  cusp geometry was replaced by a r i n g -  

cusp geometry i n  which the pernianent magnets formed azimuthal r i n g s  about 

the  c y l i n d r i c a l  she l l  o f  the th rus te r .  This  geometry had the f l e x i b i l i t y  

f o r  t e s t i n g  var ious magnet s izes  and t h e i r  spacing; i n  add i t ion ,  i t  al lowed 

f o r  a na tura l  te rminat ion  by s o f t  i r o n  o f  the magnetic f i e l d  l i n e s  c l o s e s t  

t o  the e x t r a c t i o n  plane which gave considerable improvement i n  the  "beam" 

p r o f i l e .  The bes t  r e s u l t s  obta ined was an eV/ion o f  120 (assuming 90 per-  

cent  transparency o p t i c s )  w i t h  a "beam" f la tness  parameter o f  >90 percent  

f o r  a 30 cm diameter e x t r a c t i o n  g r i d .  As no actual  beam e x t r a c t i o n  was 

performed w i t h  t h i s  improved KF I generator, no propel 1 an t  u t i  1 i z a t i  on data 

i s  a v a i l  ab le  a t  the t ime t h i s  r e p o r t  was w r i t t e n .  

The discharge c h a r a c t e r i s t i c s  and e l e c t r i c a l  e f f i c i e n c y  o f  t he  ECH 

plasma generator were a1 so exper iment ly  examined i n  several d i f f e r e n t  cusp 

magnetic confinement geometries dur ing  the f i r s t  ha1 f o f  t h i s  program. I n  

these experiments plasma was produced w i t h  microwave power a t  a frequency 

o f  5 GHz. The e l e c t r o n  heat ing process requ i red  magnetic f i e l d  s t rengths  

o f  a t  l e a s t  1.8 K gauss i n  the i n t e r i o r  o f  the plasma generator and, as a 



consequence, required the use of rare-earth permanent magnets i n  a l l  of the 

experiments. Discharges w i t h  axial as well a s  azimuthal 1 ine  cusp geome- 
t r i e s  were characterized;  the  l a t t e r  geometry provided the bes t  r e s u l t  of 

145 eV/ion (again assuming a 90 percent ion transparency extract ion sys- 
tem). Beam extract ion fo r  these experiments was simulated by rep1 acing the 

two g r i d  accelerat ion op t ics  w i t h  a biased termination p la te .  

Dur ing  the second ha1 f of the program the ECH plasma generator concept 
was tes ted  w i t h  a qui te  d i f f e r en t  magnetic geometry; a divergent volume mag- 
ne t i c  f i e l  d was produced by small , 15 cm diameter, pancake electromagnets. 

The pl asma produced by el  ectron cycl otron heating was confined radi a1 l y  by 
the nearly solenoidal vol ume magnetic f i e l  d and axial l y  by e l e c t r o s t a t i c  

re f l ec t ion  and adiabatic act ion of the pa r t i c les .  The purpose of these 

experiments was not so much to  develop a new th rus te r  configuration b u t  

ra ther  to  examine cross f i e l d  plasma t ranspor t .  The knowledge gained from 
these experiments would hopefully a id  i n  the development of both the RFI and 
ECH mu1 t i  -cusp geometry concepts a1 ready menti oned above. However, experi - 
ments w i t h  plasma production i n  the solenoidal B-f i e l  d geometry indicated 
t ha t  pa r t i c l e  1 osses axi a1 ly  dominated considerably over radi a1 t ranspor t ;  
i n  f a c t ,  discharge s tar t -up proved t o  be di  f f i cu l  t a t  the usual operating 

neutral pressures. In addition several perplexing resul ts ,  which a r e  
described i n  this repor t ,  were obtained w i t h  these experiments. An impor- 
t a n t  r e s u l t  shown by a l l  ECH experiments conducted under t h i s  program i s  

t h a t  the maximum ion beam current  t h a t  can be extracted from the generator 

is  l imited not by the avai lable  microwave power, b u t  by the plasma cutoff  
density condition w = w pe u s  where i s  the plasma frequency and wu i s  the 

P e 
radian frequency of the applied power. 



2. PROGRAM INTKODUCTION 

Mercury has u n t i l  recently been the propellant used in the development 
of thrusters for primary e lec t r ic  propul sion. Indeed, the 30 cm mercury 
thruster i s  the only techno1 ogy-ready thruster avai 1 able. However, due to  

1 ow spacecraft contamination and envirorimental advantages over mercury, 
primary propul si on thrusters using iner t  gases as propel 1 ant have been 

receiving great interest .  Of the iner t  gases the most cost effective 
propellant i s  argon and consequently i t  i s  receiving the most attention i n  

current research and devel opment. 

Studies have shown that  the attainment of increased eff ic iencies  for 

ion thrusters a t  low (1000 to  2000 seconds) specific impulse would greatly 
decrease the overall cost of many proposed geocentric missions which would 

u t i l i ze  e lec t r ic  propulsion. The requirement of low specific impulse 
places more of the emphasis on the electr ical  efficiency of the plasma 
generator and i t s  associated power conditioners for attaining h i g h  system 
electr ical  efficiency . The specific impul se i s  

where go i s  the acceleration due to gravity a t  the ear th ' s  surface, V i s  
the net accelerating potential ,  and q/m i s  the ion charge to mass rat io .  
To maintain a h i g h  thrust  a t  low I requires lowering V and increasing the 

s P 
beam current. For argon w i t h  a high q/m (compared to mercury), V must be 
lowered further.  On the other hand, the thruster system power i s  equal to 
the product of V and the beam current plus losses tha t  to f i r s t  order go as  
the beam current. Hence, the losses that  are roughly proportional to beam 
current must be lowered to take maximum advantage of a lower specific 
i mpul se . 

The importance of increasing the plasma generator efficiency in order 

to increase the total  system efficiency can also be seen from the following. 
For e lec t ros ta t ic  thrusters the largest  share of e lectr ical  power suppl ied 
by the system power processor goes to form the thrust  producing energetic 
ion beam. State-of -the-art  el ectrostdt i  c acceleration systems ( t ha t  i s  , 
physical mu1 ti-hole grid s t ructures)  produce th i s  beam very ef f ic ien t ly ;  



eff ic iencies  of better than 99 percent (not  incl udi ng power conditioning 

losses) are not uncommon. The next largest  portion of thruster system power 
i s  that  used to generate the plasma inside the ion chamber. Clearly, the 

system efficiency will be increased i f  these plasma ions can be extracted to  
form the beam before being l o s t  by recombination e i ther  i n  the chamber 

vol u~ne or a t  the walls. I t  should be noted, however, that  large increases 
in the plasma production and confinement efficiency may not necessarily have 

a large impact on the overall system efficiency. For example, l e t  us say 
tha t  i t  takes 800 watts to produce a plasma from which a 4 Amp, 1K vol t beam 

can be extracted. The total  energy efficiency (excl udi ng power condi t i  oni ng 
losses) would be 4000/4800 = 83 percent. Now, i f  through some means, the 

plasma production costs could be reduced by a factor of two so tha t  only 400 
watts are required t o  produce a plasma from which a 4 Amp, 1 K  vol t  beam can 

be extracted, then the system efficiency increases by only 8 percent, even 
though the production costs have been reduced by 50 percent. 

The main goal of the present program was to  develop two new plasma 
generator concepts which showed promise of reducing the energy expenditure 
for pl asma production. Recently, t e s t s  with high frequency plasma devices 
have indicated that  plasmas of a few cubic meters volume of various gases 
can be obtained a t  ion production costs approaching 50 eV/ion. If such 

costs could be obtained with ion thrusters,  increases i n  system efficiency 
of 30 percent or greater couid be obtained a t  low (1400 seconds) specific 
i mpul se . 

The two argon plasma generating methods sel ected for experimental 

study were a radio frequency induction (RFI) source and an electron cyclo- 
tron heated (ECH) plasma source operating a t  microwave frequencies. 

The RFI source described in Section 3 i s  a new approach for production 
of dense plasmas t h a t  was developed a t  TKW. I t  offers a number of advan- 
tages over hot cathode dc charges. The major advantage i s  a very large 
reduction in the average electron current l o s t  from the plasma to electron 

absorbing elements, because the dc cathode-anode arrangement i s rep1 aced by 
an internal rf antenna. Other advantages include simplicity of operation 

and control, potentially higher durabili ty,  and a startup time of the few 
seconds. I t  uses conventional extraction optics and mu1 ticusp magnetic 
geometry for plasma confinement. 



The ECH o r  microwave source described i n  Sect ion 4 a l so  uses 

conventional e l e c t r o s t a t i c  o p t i c s  and mu1 t i cusp  confinement b u t  i s  o ther -  

wise e lectrodeless.  The plasma i s  produced by apply ing microwaves a t  a  

frequency equal t o  the cyc lo t ron  frequency o f  e lec t rons  i n  the con f in ing  

magnetic f i e l d  i ns ide  the t h r u s t e r  chamber. It o f f e r s  a l l  o f  the advan- 

tages o f  the rf source p lus  very h igher d u r a b i l i t y  since i t has no 

e l  ec trodes . 
The c lass  o f  magnetic f i e l d  geometry used f o r  each concept i s  v a r i -  

ously known as "mu1 t i c u s p  ," "mu1 t i p o l e  ," o r  "mu1 t i d i p o l e  ," and i s  p a r t i  - 
c u l a r l y  we1 1  su i ted  t o  th rus te r  app l ica t ions  as i t  may u t i l  i z e  permanent 

magnets which requ i re  no add i t i ona l  power and provide f i e l d s  st rong enough 

t o  confine ions. Add i t iona l  1  y  , mu1 ti cusp geometries w i t h  very 1  ow magnetic 

f i e l d s  i n  the e x t r a c t i o n  region are possib le.  Such geometries were f i r s t  
used a t  El e c t r o  Opt ica l  systems(') f o r  t h r u s t e r  app l ica t ions ,  and l a t e r  

adapted w i  t h  a  somewhat d i  f f e r e n t  e l  e c t r i c a l  conf igura t ion ,  f o r  1  aboratory 
( 3 )  plasma sources(*' and neut ra l  beam appl i c a t i  ons . 

The r e s u l t s  o f  e f f o r t s  under the f i r s t  h a l f  o f  t h i s  program are 

described i n  Reference 4. The remainder o f  t h i s  r e p o r t  represents the  

e f f o r t s  o f  the second ha1 f o f  the program f o r  the development o f  h igh  

frequency plasma generators f o r  30 cm Argon t h r u s t e r  app l ica t ions .  



3. RFI THRUSTER DEVELOPMENT 

3.1 INTRODUCTION 

KF induc t ion  plasmas generated w i t h  a c o i l  antenna surrounding a 
(1 )  quartz  vessel were f i r s t  described by H i t t o r f  , and have s ince been used 

f o r  s tudies o f  basic discharge p h y s i c s ( 2 ~ 3 ) ,  i n  e l e c t r o s t a t i c  t h r u s t e r  

appl i ~ a t i o n s ( ~ ) ,  and as 1 i g h t  sources f o r  spectroscopic studies. 

Adaptation o f  the  rf induc t ion  technique t o  mu1 t i cusp  geometries was 

f i r s t  made a t  TRW i n  connection w i t h  the development o f  l abo ra to ry  plasma 

sources. Simply, a d i e l e c t r i c  coated c o i l  antenna i s  s i t u a t e d  i n  the weak 

magnetic f i e l d  region o f  a mul t icusp device and resonated a t  the desi red 

frequency w i t h  external  capac i to rs  and inductors.  Electrons are c o l  1 i sion- 

a l l y  heated i n  the e l e c t r i c  f i e l d s  induced i n  the  plasma by the  c i r c u l a t i n g  

c o i l  cur rent .  Since the e lec t ron  heat ing takes p lace i n  the weak magnetic 

f i e l d  region, the  confinement p roper t i es  o f  the system are very s i m i l a r  t o  

those of a dc discharge ( i  .e., f i l amen t  or  hol low cathode discharge) i n  a 

mul t icusp geometry. I n  a l l  app l i ca t i ons  o f  t h i s  technique t o  date the  

e n t i  r e  (conduct ing)  wa l l  of the containment vessel , w i t h  the  exception o f  

the opt ics ,  i s  one common "electrode," w i t h  respect  t o  which the  plasma 

assumes a p o s i t i v e  p o t e n t i a l .  The plasma i s  cusp conf ined15) a t  the  magnet 

po le  faces and t ranspor t  t o  the wa l l s  between magnets i s  i n h i b i t e d  by the  

strong magnetic f i e l d s .  

A complete model of heat ing i n  the RFI Mu1 t i c u s p  source has n o t  y e t  

been developed, b u t  the basic physics i s  we l l  described by simple f l u i d  

theory. The e lec t ron  equation of motion i n  the induced e l e c t r i c  f i e l d  i s  

Where u i s  t h  t o t a l  e lec t ron  momentum t rans fer  c o l l i s i o n  frequency. Taking 

I! and $ as complex w i t h  t ime dependence e-i the sol u t i o n  o f  (3.1) i s  

We may express the plasma response i n  terms o f  Ohm's law 



w i t h  complex c o n d u c t i v i t y  

It may be seen from (3.4) t h a t  the plasma response c o n s i s t s  o f  a r e s i s t i v e  

p a r t  and a r e a c t i v e  p a r t .  

The power coupled t o  the  plasma i s  g iven by the  vo l  ume i n t e g r a l  

With the assumption t h a t  ne and u are s p a t i a l l y  un i fo rm i n  the heat ing  

region,  t h i s  may be w r i t t e n  f o r  time-averaged power as, 

where 

I n  order  t o  sus ta in  a discharge through rf heat ing,  t he  i n p u t  power g iven 

by (3.7) must balance the  discharge power, PD, g iven by 

P D = n n ( < ~ >  o + < o v >  1 
e o e i  i e e x  'ex ) V pp + - 2 n e c s A (2kTe + e)p) (3.9) 

where E. and E are the  i o n i z a t i o n  energy and average e x c i t a t i o n  energy 1 ex 
and <av>. and <ov > are averages over the e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n  1 e ex 
o f  the i o n i  z a t i o n  and e x c i t a t i o n  cross sec t ions  respec t i ve l y .  The e l e c t r o n  

dens i ty  and temperature i s  assumed un i fo rm i n  the  plasma produc t ion  volume 

v~~ , and the p a r t i c l e  l o s s  r a t e  i s  expressed as the Bohm c u r r e n t  over an 

e f f e c t i v e  area, A. Expression (3.9) may be w r i t t e n  



where pd i s  the discharge power per u n i t  e lec t ron  densi ty ,  and i s  indepen- 

dent o f  e lec t ron  densi ty  . Equating (3.7) and (3.10) g ives the  breakdown 

requ i  remen t , 

which i s  independent o f  densi ty  i f  u i s  dens i ty  independent. I f  the  

spa t ia l  s t ruc tu re  o f  the e l e c t r i c  f i e l d  i s  independent o f  dens i ty  and 

frequency, which w i l l  be the case f o r  s u f f i c i e n t l y  low densi ty ,  then 

which i s  fami l  i a r  as the form o f  the Paschen h igh  frequency breakdown 

curve. (5) We may express (3.12) i n  terms o f  the  antenna c u r r e n t  as 

which r e s u l t  w i l l  be re fe r red  t o  i n  Sect ion 3.3.1. 

Returning t o  equation (3.71, i t  may be seen t h a t  i f  the  e l e c t r i c  f i e l d  

s t r u c t u r e  i s  independent o f  density,  the  i n p u t  power i s  d i r e c t l y  p ropor t iona l  

t o  the  e lec t ron  densi ty .  Then, i f  the  plasma load ing o f  the  antenna i s  

modeled as an equ iva lent  para1 1 e l  r e s i  stance, t h a t  res is tance va r ies  inver -  

sely  w i t h  the  e lec t ron  densi ty .  More rea l  i s t i c a l l y ,  i t  i s  expected t h a t  t he  

e l e c t r i c  f i e l d  w i l l  be modi f ied  by the plasma sk in  e f f e c t .  While the rf 

antennae used i n  the t h r u s t e r  are mechanical ly simple, t h e i r  e l e c t r i c  f i e l d  

pat te rns  are no t  e a s i l y  modeled a n a l y t i c a l l y .  For the  purposes o f  compari- 

son t o  the case o f  f i e l  ds unmodified by the  plasma, corresponding t o  a s k i n  

depth much l a r g e r  than the antenna radius,  we consider the case o f  the  sk in  

depth smaller than the i n t e r - t u r n  spacing o f  the  antenna. The f i e l  ds may 

then be approximated as those of an i n f i n i t e  s t r a i g h t  rod  antenna, which case 

has been t rea ted  by one o f  the authors(6) .  From Reference 6 ,  the  main com- 

ponent o f  the induced f i e l  d i s  a1 ong the antenna and i s  given by 



2i wIA 
E = -  K O  ( y r )  (3.14) 

C 

where KO i s  the modified Bessel f ~ n c t i o n ' ~ ) ,  c i s  the speed of 1 igh t ,  r i s  

measured from the antenna axis and 

w i t h  a given by (3 .4) .  We have numerically evaluated the vol ume integral  
(3.8) using expression (3.14) w i t h  u l w  as  a parameter, and find t h a t ,  t o  a 

good approximation 

where L i s  the antenna length, w the  plasma frequency and 6 i s  the skin 
depth, P 

Expression (3.16) i s  a good approximation fo r  u/w varying from much l e s s  

than one to  much greater  than one, as  long as the radius of the antenna rod 
2 i s  1 ess  than about 615. From (3.16),  i t  i s  apparent t h a t  <E V >  i s  inversely 

proportional to  density i n  t h i s  extreme case, and therefore ,  from (3.71, the 

input power i s  independent of density. If the plasma i s  modeled as  a para1 - 
l e l  resistance to the antenna, the res is tance i s  independent of density. 

3.2 APPARATUS 

3.2.1 Thruster Assembly 

The basic RFI th rus te r  assembly i s  shown i n  Figure 3-1. I t  consisted 
of a 33 cm diameter, 20 cm 1 ong, cyl indrical  shel 1 made from 1 mm 304 s ta in -  

l e s s  steel  welded to  f ron t  and back mounting rings. SHAG (small hole accel 

g r id )  screen and accelerator electrodes were mounted on the exhaust and 

insulated from the main housing w i  t h  thin sheets of reconsti tuted mica; the  

screen and accelerator could thus be biased separately w i t h  respect  to  the 

shel 1 . The other end of the cyl inder was formed from 1 mm s t a in l e s s  s teel  
sheet. The f i r s t  experimental RFI th rus te r  u t i l  ized a magnetic geometry 

known as an axial l i n e  cusp w i t h  12 bar magnets of a l t e rna t ing  magnetic 
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Figure 3 .1  Schematic o f  t h e  R F I  Thruster 

Figure 3-1. Schematic o f  the RFI ~h ' ru s t e r  



pol  a r i  t y  and uni form spaci ng mounted around the c y l  i n d r i  c a l  she1 1 . F ive  

bar  magnets cont inued the 1 i n e  cusps across the backplate. The type o f  

magnets chosen were ceramic, w i t h  dimensions 1.9 cm wide by 2.5 cm i n  the  

d i r e c t i o n  o f  magnetizat ion. These magnets have a measured pole face f i e l d  

s t reng th  o f  1.5 KG. A 2.5 mm t h i c k  s o f t  i r o n  p la te -po le  p iece completed 

the magnetic c i r c u i t  ex terna l  t o  the s h e l l  f o r  the f i v e  backplate magnets. 

Argon p r o p e l l a n t  was fed  i n t o  the t h r u s t e r  through the  backplate near the 

axis.  The argon feed l i n e  conta ined a nonconducting sec t ion  f o r  h igh  

vo l tage is01 a t i o n  o f  the l abo ra to ry  gas supply l oca ted  outs ide  the vacuum 

chamber. Various copper antennas were suspended a x i a l l y  from a b lock o f  

i n s u l a t i n g  ma te r ia l  mounted on the ou ts ide  o f  the  t h r u s t e r  she l l .  Each 

antenna was sheathed w i t h  a 1 mn t h i c k  d i e l e c t r i c  t o  prevent  d i r e c t  i o n  

impingment and thus p r o t e c t  the antenna from sput te r ing .  

To i n i t i a t e  the discharge a 5 cm long,  0.007-inch diameter Tungsten 

f i l a m e n t  was pos i t i oned  i n s i d e  the t h r u s t e r  about 5 cm from the wa l l .  Th is  

f i l amen t  was b iased 40 v o l t s  negat ive w i t h  respect  t o  the  t h r u s t e r  s h e l l  

and heated t o  a temperature such t h a t  approximately 10 mA o f  emission 

c u r r e n t  was drawn. Once the discharge was i g n i t e d  the  f i l a m e n t  power cou ld  

be shut o f f  and the discharge cou ld  be maintained by the RF power a1 one. 

3.2.2 RF Power System 

Various power ampl i f i e r  con f i gu ra t i ons  and matchi ng network c o n f i  gu- 

r a t i o n s  were u t i l  i z e d  throughout the program depending upon the  desi r e d  

opera t ing  frequency and power l e v e l .  For s tud ies  o f  the frequency depen- 

dence o f  rf discharge c h a r a c t e r i s t i c s ,  two broadband Class A ampl i f i e r s  

(EN1 A-300) were operated i n  a push-pull fash ion  w i t h  a combined t o t a l  

power o f  600 wat ts  maximum a v a i l  ab le t o  d r i v e  the antenna resonant c i r c u i t .  

For beam e x t r a c t i o n  t e s t s  performed a t  the NASAILewis Research Center Tes t  

F a c i l i t y ,  a Class C ampl i f i e r  opera t ing  a t  1.5 MHz w i t h  ou tpu t  power i n  

excess o f  one k i l o w a t t  was constructed. 

The general power system c o n f i g u r a t i o n  f o r  a l l  t es t s ,  together  w i t h  

the rf diagnost ics,  i s  shown i n  F igure  3-2. The matching network capaci-  

t o r s  and induc tors  were chosen t o  resonate the antenna a t  the  des i red  

frequency, which dur ing the course o f  the program v a r i e d  between 0.35 and 

1.75 MHz. The purpose o f  the f e r r i t e  core t ransformer i s  t o  i sol  a t e  the  

ampl i f i e r  system from the matching network; i t  a1 so a ids  i n  impedance 
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matching. The rf i n p u t  cu r ren t  and antenna c u r r e n t  were detected w i t h  cu r ren t  

transformers. The rf vol tage was obtained through an i s o l a t e d  r e s i s t i v e  

d i v i d e r  . The rms val  ues and re1 a t i  ve phase angles o f  the vol  tage and cur rents  

were measured w i t h  vector  voltmeters. The vector  product  o f  t he  rf i n p u t  

cu r ren t  and tank vo l tage ( 1 I I*IVI* case) i s  used t o  c a l c u l a t e  the rf i n p u t  

power. 

3.2.3 Support Systems 

For rf discharge charac te r i za t i on  t e s t s  a t  TRW, the  t h r u s t e r  was 

mounted i n s i d e  a  1.2 meter diameter by 2.1 meter l ong  vacuum chamber pumped 

by a  s i n g l e  40 cm o i l  d i f f u s i o n  pump. RF power and s ta r t -up  fil ament power 

were suppl ied t o  the  t h r u s t e r  through insu la ted  vacuum feedthroughs. 

A movable Langmuir probe was inse r ted  through the  sidewal l  o f  the  

t h r u s t e r  f o r  measurements o f  the plasma dens i ty  and e lec t ron  temperature 

p r o f  i 1 es . 
A l l  t h r u s t e r  cha rac te r i za t i on  a t  TRW was performed w i thou t  i o n  beam 

ex t rac t i on .  I n  order t o  ob ta in  a  measurement o f  the t o t a l  i o n  c u r r e n t  

a v a i l  able a t  the e x t r a c t i o n  plane, the screen and accel g r i d s  were e lec-  

t r i c a l l y  connected together  and biased a t  a  p o t e n t i a l  o f  40 v o l t s  negat ive 

w i t h  respect  t o  the t h r u s t e r  wa l l  s. The i o n  cu r ren t  c o l l e c t e d  by the  

combined screen and accel g r ids ,  when cor rec ted f o r  the  i o n  transparency o f  

the  gr ids ,  provided us an approximate value f o r  the  equ iva lent  i o n  beam 

cu r ren t  t h a t  would be expected dur ing  actual  beam ex t rac t i on .  

Thruster and g r i d  b ias ing  f o r  the i o n  beam e x t r a c t i o n  t e s t s  performed 

a t  NASAILewis ReC i s  shown schematical ly i n  F igure  3-3, and i s  no t  s i g n i f i -  

c a n t l y  d i f f e r e n t  than t h a t  used f o r  hol low cathode th rus te rs .  

3.3 AXIAL CUSP CONFIGURATION TEST RESULTS 

3.3.1 Frequency Dependence o f  Discharge E f f i c i e n c y  

Discharge e f f i c i e n c y  and rf c i r c u i t  losses were measured a t  f i v e  

d i f f e r e n t  frequencies over the range 0.35 t o  1.75 MHz. The f o l l o w i n g  

procedure was used t o  separate actual discharge losses, t h a t  i s ,  power 

absorbed by the plasma, from c i r c u i t  losses. F i r s t ,  the  discharge was 

operated a t  the desi red s e t  o f  cond i t ions  (frequency, gas pressure, and • dens i ty )  and the rf i n p u t  power and antenna c u r r e n t  were recorded. The 
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propel 1 ant gas was then shut off thus extinguishing the discharge and the 

rf i n p u t  power a t  the same antenna current was recorded. This second value 
of rf input power represents the r f  c i r cu i t  losses while the difference 

between the two values represents the net discharge power. An example of 
the application of th i s  technique i s  given i n  Figure 3-4. The net dis- 

charge power divided by the ion current collected by the biased screen and 
accel grids gives an approximate val ue for the discharge losses (eVlion) 

uncorrected for screen transparency and does not include rf c i r c u i t  losses.  
The discharge losses obtained i n  t h i s  manner are shown as a function of 

frequency i n  Figure 3-5. The larger error  bars a t  the low frequencies are  
due to errors introduced by two factors:  1) a l e s s  accurate r f  measurement 
system was used a t  these frequencies and 2)  c i r c u i t  losses were h i g h ,  

resulting in component heating and lack of s t ab i l i t y .  We note the s ignif i -  

cant resu l t  that  the net discharge losses were independent of the operating 
frequency w i t h i n  experimental error.  One i s  therefore a t  l iber ty to choose 

the operating frequency on the basis of other considerations such as ,  for  
example, the minimizing of rf  c i r cu i t  losses which we now consider. 

The two main areas for c i r cu i t  losses are the conversion losses of the 
r f  osc i l la tor  (or  power amplifier) and res i s t ive  losses i n  the antenna both 

of which depend upon the antenna current and frequency. I t  can be shown 
tha t  for an rf  discharge maintained by electron heating a t  an effective 
collision frequency, v, the antenna current has the frequency dependence 
given by 

under the assumption that  the spatial dependence of the induced e lec t r ic  

f ie ld  i s  not frequency dependent. The measured frequency dependence of the 
antenna current i s  i l lus t ra ted  i n  Figure 3-6. Shown are data points of the 
product of antenna current and frequency plotted against frequency. Also 
shown in Figure 3-6 are plots of IAf with IA given by equation (3.1) for  

7 7 7 assumed collision frequencies of 1.0 x 10 , 1.5 x 10 and 3 x 10 per 
second. The theoretical curves are normalized to IAf = 21.5 amp-MHz a t  
f = 0 in order to obtain the best f i t  to the data a t  the low frequency end. 



F igu re  3-4. To ta l  rf i n p u t  power, c i r c u i t  losses, and t h e i r  d i f f e r e n c e  
( n e t  discharge losses)  as a  f u n c t i o n  o f  i o n  beam cu r ren t .  
Argon f l o w  r a t e  was 6.6 ampere equ iva len t .  



ANTENNA '2 

Fi gure 3-5.  Discharge losses were independent of rf frequency. 



F igu re  3-6. Antenna c u r r e n t  t imes frequency versus frequency 

The observed frequency dependence o f  t he  antenna c u r r e n t  i s  seen t o  agree 

reasonably w e l l  w i t h  the  t h e o r e t i c a l  form given by equat ion (3.1) w i t h  an 

e f f e c t i v e  c o l l i s i o n  frequency o f  

Combining (3.1) and the  frequency dependency o f  t he  antenna r e s i s -  

tivity ( i  .e., t he  s k i n  e f f e c t ) ,  t h e  frequency dependence o f  t he  antenna 

r e s i s t i v e  power can be expressed as 

which has a weak minimum a t  a frequency 

F i  gure 3-7 i s  a p l o t  o f  PA normal i z e d  t o  the  minimum val  ue, and shows 

t h a t  the  minimum i s  very broad, thus a l l o w i n g  a considerable range over  

which the  rf frequency may be chosen. For t he  exper imenta l l y  determined 



Figure  3-7. Normalized antenna power versus quo t i en t  o f  d r i . v ing  and 
c o l l i s i o n  frequencies 

7  value o f  v - 1.5 x  10 /sec., equat ion (3.3) p r e d i c t s  a  frequency o f  approxi-  

mately 4.1 MHz f o r  minimum antenna losses. For opera t ion  a t  a  frequency o f  

1.5 MHz, equat ion (3.2) p r e d i c t s  antenna losses t o  be about 60 percent  

h igher  than t h a t  a t  t he  minimum. However, measured antenna losses a t  a  

frequency o f  1.5 MHz represent  o n l y  5  percent  o f  t o t a l  discharge power. The 

dependence o f  o v e r a l l  discharge e f f i c i e n c y  on choice o f  frequency i s  

extremely weak over a  wide range. 

3.3.2 Beam Ex t rac t i on  Measurements 

The Ax ia l  L ine  Cusp Radio Frequency Induc t i on  t h r u s t e r  was operated 

w i t h  beam e x t r a c t i o n  i n  a  two-week se r ies  o f  t e s t s  a t  t he  Tank 5 f a c i l  i ty 

a t  NASA Lewis Research Center. The purpose o f  these t e s t s  was t o  demon- 

s t r a t e  i t s  f e a s i b i l i t y  and t o  charac ter ize  the  opera t ion  o f  t h i s  f i r s t  

experimental model o f  a  mu1 t i cusp  rf t h r u s t e r  under cond i t i ons  o f  cont inu-  

ous i o n  beam ex t rac t i on .  An important  goal o f  the  t e s t s  was t o  determine 

t o  what degree t e s t  r e s u l t s ,  obta ined w i thou t  beam ex t rac t i on ,  cou ld  be 

ex t rapo la ted  t o  actual  t h r u s t e r  operat ion.  The rf frequency f o r  t h i s  



se r ies  o f  t e s t s  was 1.5 MHz. F o l l  owing a  one-week se r ies  o f  t e s t s ,  the  

ceramic magnets were rep1 aced w i t h  samari um cobal t magnets which approxi - 
mately doubled the magnetic f i  e l  d  s t rength.  

Perhaps the most s i g n i f i c a n t  r e s u l t  o f  t h i s  se r i es  o f  t e s t s  was t h a t  no 

problems i n  beam e x t r a c t i o n  p e c u l i a r  t o  rf discharge operat ion,  r a t h e r  than 

dc discharge operat ion, were encountered. Performance o f  the t h r u s t e r  w i t h  

the o r i g i n a l  ceramic magnet c o n f i g u r a t i o n  i s  ill us t ra ted  i n  F igure  3-8, 

which p l o t s  discharge losses  (eV/ion o f  beam, w i t h  rf c i r c u i t  losses sub- 

t r a c t e d  out )  versus p r o p e l l a n t  u t i l  i z a t i o n  w i t h  mass f l o w  as a  parameter. 

As i l l u s t r a t e d  i n  F igu re  3-9, opera t ion  w i t h  samarium c o b a l t  magnets g i v e  

on1 y  very s l  i g h t l  y  improved performance. 

A comparison was made o f  the determinat ion o f  discharge losses w i t h  and 

w i thou t  beam ex t r a c t i o n ,  u t i  1 i z i  ng the samari um cobal t magnets. For 

measurements w i thou t  beam e x t r a c t i o n ,  the  screen and accel g r i d s  were e lec-  

t r i c a l l y  connected and biased a t  -40 v o l t s  w i t h  respect  t o  the t h r u s t e r  

wa l ls ,  which were he ld  a t  ground p o t e n t i a l .  It was found t h a t  when the  i o n  

c u r r e n t  c o l l e c t e d  by the screen and accel g r i d  combination was mu1 t i p 1  i e d  by 

a  f a c t o r  o f  0.7 t o  ad jus t  f o r  i o n  losses t o  the screen du r ing  normal beam 

ex t rac t i on ,  then the discharge losses w i t h  and w i thou t  e x t r a c t i o n  were the 

same t o  w i t h i n  experimental e r r o r  f o r  p r o p e l l a n t  u t i l i z a t i o n s  o f  l e s s  than 

about 0.4. A t  h igh  u t i l i z a t i o n s ,  as expected, the  discharge l o s s  f i g u r e s  

obta ined w i thou t  beam e x t r a c t i o n  were s i g n i f i c a n t l y  lower than w i  t h  ex t rac -  

t i o n ;  t h i s  i s  due t o  r e c y c l i n g  o f  ions  recombining on the screen. Indeed, 

w i thou t  ex t rac t i on ,  an apparent u t i l i z a t i o n  o f  g rea ter  than one cou ld  e a s i l y  

be obtained. Data comparing r e s u l t s  a t  f l ow  r a t e s  o f  6.6 amp and 3.9 amp 

equ iva len t  are i l l u s t r a t e d  i n  F igu re  3-10. It should be noted t h a t  the  

u t i l  i z a t i o n  e f f i c i e n c y  i s  i n f l uenced  s t r o n g l y  by the  perveance o r  i o n  ex t rac-  

t i o n  c a p a b i l i t y  of the acce lera tor  g r i d s  and t h a t  SHAG o p t i c s  are i n h e r e n t l y  

l i m i t e d  i n  c u r r e n t  dens i ty  because o f  the smal ler  acce lera tor  holes. 

3.3.3 Areas f o r  Performance Improvement 

A se r i es  o f  d e t a i l e d  probe measurements o f  e l e c t r o n  dens i ty  and temper- 

a tu re  p r o f i l e s  i n  the t h r u s t e r  were undertaken a t  the TRW f a c i l i t y .  The 

purpose of the t e s t s  was t o  ob ta in  addi ti onal data t o  a i d  i n  the  i nte rp re ta -  

t i o n  o f  the discharge l o s s  c h a r a c t e r i s t i c s  o f  the t h r u s t e r  and thus prov ide  

d i r e c t i o n  f o r  improvement o f  these c h a r a c t e r i s t i c s .  
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The r e s u l t s  o f  these t e s t s  i n d i c a t e d  t h a t  w h i l e  the e l e c t r o n  

temperature was g r e a t l y  reduced i n  the  reg ion  c lose  t o  the  wa l l  between the  

magnets, the e l e c t r o n  dens i ty  was not .  It was concluded t h a t  the magnet 

c o n f i g u r a t i o n  used d i d  n o t  possess s u f f i c i e n t  magnetic f l u x  t o  a f f e c t  the  

des i red  reduct ion  o f  i o n  losses between the  magnet rows. 

For optimum g r i d  performance and h igh  p r o p e l l a n t  u t i l i z a t i o n ,  the i o n  

c u r r e n t  dens i ty  p r o f i l e  a t  the screen g r i d  should be as f l a t  as possib le.  

The measured p r o f i l e s  i n  the Ax ia l  L ine  Cusp RFI Thruster,  as shown i n  

F igure  3-11, were f a r  from optimum, being c lose  t o  parabo l ic  r a t h e r  than 

f l a t ;  op t im iz ing  the beam p r o f i l e  i s  an area f o r  p o t e n t i a l  improvement o f  

the  performance cha rac te r i  s t i c s .  

3.3.4 Concl usions 

The f i r s t  ser ies  o f  t e s t s  w i t h  an RFI Mul t icusp Thruster  demonstrated 

the basic  f e a s i b i l i t y  o f  the concept f o r  t h r u s t e r  app l i ca t i ons .  Very 

e f f i c i e n t  coup1 i n g  o f  rf power t o  the discharge was demonstrated, w i t h  

antenna c i r c u i t  losses o f  about 5 percent. The independence o f  discharge 

losses on rf frequency was shown over the range 0.35 MHz t o  1.75 MHz and 

antenna c i r c u i t  losses were s tud ied  over the  same range. From an extrapo-  

l a t i o n  these r e s u l t s  i t  can be concluded t h a t  the  optimum rf frequency l i e s  

i n  the range 1.5 MHz t o  about 8 MHz, b u t  t h a t  w i t h i n  t h i s  range the  o v e r a l l  

e f f e c t  on discharge e f f i c i e n c y  i s  probably l e s s  than 10 percent.  

Performance c h a r a c t e r i s t i c s  o f  the t h r u s t e r  du r ing  beam e x t r a c t i o n  

were promising, b u t  would requi  r e  consi derabl e improvement t o  be competi - 
t i v e  w i t h  s ta te -o f - t he -a r t  hol  low cathode th rus te rs .  Minimum d i  scharge 

losses were approximately 220 eV/ion, wh i l e  the knee o f  the performance 

curve occurred a t  approximately 60 percent  u t i l i z a t i o n  and 250 eV/ion. 

Fo l lowing an ana lys is  o f  the discharge e f f i c i e n c y  r e s u l t s  as we l l  as the 

plasma p r o f i  1 e measurement resu l  t s ,  i t  was concl uded t h a t  the pr imary area 

f o r  improvement o f  performance was i n  the magnetic geometry. 

3.4 AZIMUTHAL LINE CUSP RFI THRUSTERS 

3.4.1 Conf igura t ions  

Four azimuthal cusp RFI plasma generators which we w i l l  l a b e l  as AZIM 

I - I V  were fab r i ca ted  and tes ted  dur ing  the  1982-83 phase o f  the  program. 

AZIM I, 11, and 111 were comprised o f  d i f f e r e n t  magnet con f i gu ra t i ons  



Figure 3-11. Probe ion current traces near screen electrode inside 
rf source 





Fi gure 3-12. Backpl a t e  magnet confi guration fo r  a1 1 Azimuthal Cusp 
Thrusters 
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Figure 3-13. AZIM I Configuration 



The t h i r d  azimuthal cusp c o n f i g u r a t i o n  was the same as AZIM I 1  b u t  

w i t h  a  14 cm diameter, 8 cm long  electromagnet added-on ax is ,  j u s t  behind 

the  backplate. This  m o d i f i c a t i o n  enabled the a d d i t i o n  o f  a  weak ( < I 0 0  

gauss) d ivergent  magnetic f i e l d  over the volume o f  the  plasma. 

An e n t i r e  new t h r u s t e r  assembly, shown schemat ica l ly  i n  F igure  3-14, 

was constructed f o r  AZIM I V .  The backplate c o n f i g u r a t i o n  was i d e n t i c a l  t o  

t h a t  o f  the f i r s t  th ree  con f i gu ra t i ons ,  b u t  the ou ter  c y l i n d r i c a l  s h e l l  

was constructed o f  0.25 i nch  t h i c k  m i l d  s tee l ,  serv ing  as both mounting 

s t r u c t u r e  and pole-piece f o r  the magnets. F i v e  r i n g s  o f  samarium c o b a l t  

magnets were mounted on the i nne r  sur face o f  the  c y l i n d e r ,  w i t h  adjacent  

magnets i n  each r i n g  i n  contac t  w i t h  each other .  The magnets i n  the  back 

th ree  rows were 1.0 x 1.0 x 0.5 inch, wh i l e  those i n  the  f r o n t  two rows 

were 0.50 x 1.0 x  0.50 i nch, where the dimensions are g iven i n  the ax i  a1 , 
azimuthal and r a d i a l  d i r e c t i o n s  respec t i ve l y .  The spacing between r i n g s  

was g r e a t l y  reduced from the f i r s t  three azimuthal cusp con f i gu ra t i ons  i n  

order  t o  increase the magnetic f i e l d  between the  cusps. F i n a l l y  a  1 mm 

t h i c k  copper l i n e r  was mounted i n s i d e  the  magnet assembly t o  p r o t e c t  the 

magnets from d i r e c t  contac t  w i t h  the plasma. 

The rf power and measurement system f o r  a l l  t h r u s t e r s  was o f  the  same 

general c o n f i g u r a t i o n  as used f o r  the a x i a l  l i n e  cusp t h r u s t e r  (F igu re  3-21, 

and the opera t ing  frequency was always 1.4 - 1.5 MHz. As improvement o f  the  

i o n  c u r r e n t  densi t y  p r o f i l e  was a  major goal o f  t h i s  phase o f  the program, 

the  p rev ious l y  described d iagnost ic  technique o f  mounting d isc  probes a t  the 

e x t r a c t i o n  plane was used on a l l  t h rus te rs .  AZIM I, I 1  and 111 were oper- 

ated on the same TRW t e s t  stand as the a x i a l  l i n e  cusp t h r u s t e r  discussed i n  

Sect ion 3.3. AZIM I V  was operated on the  TRW Energy Research Center i o n  

source t e s t  chamber. A t  t h i s  f a c i l i t y ,  a l l  rf system and probe data was 

d i g i t i z e d  and recorded w i t h  an on1 i ne computerized data a c q u i s i t i o n  system. 

3.4.2 E f f i c i e n c y  Measurements 

Discharge l o s s  resu l  t s  f o r  the fou r  azimuthal cusp con f i gu ra t i ons  are  

s u m a r i  zed i n  Tab1 e  3-1. A1 so i n c l  uded f o r  compari son are resu l  t s  f o r  t he  

a x i a l  l i n e  cusp th rus te r .  For each case, t h ree  values o f  discharge losses 

are shown. For the two "non-extracted" values, the i o n  c u r r e n t  was the  

c u r r e n t  c o l l  ected by the  biased e x t r a c t i o n  p la te .  The measured antenna 

c i r c u i t  r e s i s t i v e  losses have been subtracted o u t  i n  the f i r s t  o f  these two 
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Figure  3-14. Schematic o f  the  AZ IM I V  Con f i gu ra t i on  



Tab1 e 3-1. Summary of RFI Thruster Discharge Loss Resul t s  

Discharge Losses- eV/ion 
Non-Ex trac ted Assuming 90% Optics 

Model Date W/O RF Losses W/ RF Losses 
- 

AXIAL 7/81 143 

AZIM I 8/82 140 

AZIM IIA 9/82 122 

AZIM IID 9/82 117 

AZIM I11 11/82 122 

AZIM IV 6/83 100 

val ues b u t  are included in the second. I t  i s  1 ikely tha t  res i s t ive  losses 

may be reduced somewhat by improvement of antenna design and by optimiza- 

tion of the operating frequency. The final value for discharge losses 

represents losses per beam ion and assumes a screen grid which i s  90 per- 

cent transparent to the incident ions, a value which appears to  be typical 

for state-of-the-art two grid systems. Antenna c i r c u i t  losses are included 

in th i s  val ue. All experimental data for th is  table was obtained a t  an 
operating pressure of about 4 x t o r r  of Argon, in which pressure 

regime discharge losses are found to be rather pressure independent, and 
with between 3 and 5 amperes of ion current drawn to the extraction plate. 

Discharge losses for AZIM I were not significantly lower than for the 
axial l ine  cusp thruster and the unit was tested only minimally before con- 

version to AZIM 11. AZIM I1 was f i r s t  operated with a chamber length of 

20 cm (IIA),  so that  a l l  chamber dimensions were identical to the axial 1 ine 

cusp thruster.  Performance was found to be improved by about 15 percent 
over the axial l ine  cusp thruster.  I t  was decided to investigate th i s  

configuration further . Several antenna designs were tested and the thruster 

was operated a t  two other lengths: 15 cm and 1 2  cm. Discharge losses a t  

these two lengths were nearly identical and represented a s l igh t  ( 4  percent) 
improvement over the 20 cm length. AZIM IID in Table 3-1 i s  the 1 2  cm depth 



t h r u s t e r  and represents the bes t  performance f o r  AZIM 11. Dependence o f  

discharge losses on gas pressure f o r  AZIM I I A  i s  i l l u s t r a t e d  i n  F igure  3-15. 

The attempt t o  f u r t h e r  reduce discharge losses by imposing a d ivergent  

volume magnetic f i e l d  on the t h r u s t e r  was n o t  p a r t i c u l a r l y  successfu l ,  b u t  

the r e s u l t s  i n d i c a t e  t h a t  f u t u r e  work i n  t h i s  area may be f r u i t f u l  . As 

i l l u s t r a t e d  i n  F igu re  3-16, discharge losses show a minimum as a f u n c t i o n  o f  

app l i ed  f i e l d .  However, f o r  the AZIM I11 con f i gu ra t i on ,  minimum discharge 

1 osses were on l y  5 percent  1 ess than the  value f o r  zero appl i e d  f i e l  d. 

Based on the  r e s u l t s  obta ined w i t h  AZIM 11, a discharge chamber l e n g t h  

o f  16 cm was chosen f o r  AZIM I V .  From the  AZIM I I resu l  t s ,  sho r te r  l eng ths  

do n o t  s i g n i f i c a n t l y  reduce discharge chamber losses, b u t  would undoubtedly 

reduce propel 1 an t  u t i l  i z a t i  on. Though the backpl ates were i d e n t i c a l  i n  

A Z I M  I 1  and I V ,  the AZIM I V  design employed s i g n i f i c a n t l y  s t ronger  magnet 

f i e l  ds on the  c y l  i n d r i c a l  surface, p a r t i c u l a r l y  i n  between the  cusps. 

Discharge losses were found t o  be reduced s i g n i f i c a n t l y ,  t o  a.minimum o f  

100 eV/ion, n o t  i n c l u d i n g  rf c i r c u i t  losses. Dependence o f  discharge 

losses on gas pressure f o r  AZIM I V  i s  i l l u s t r a t e d  i n  F igure  3-17, f o r  an 

e x t r a c t i o n  p l a t e  i o n  c u r r e n t  o f  5 amperes. The performance improvement o f  

AZIM I V  over AZIM I 1  was obta ined through an increase o f  the c y l i n d e r  wa l l  

magnetic f i e l d  s t rength  only .  Ex t rapo la t i ng  from the r e s u l t s ,  i t  i s  e s t i -  

mated t h a t  a s i m i l a r  increase i n  the backplate f i e l d  s t reng th  cou ld  a f f e c t  

a discharge l o s s  reduct ion  o f  another 10 eV/ion. 

3.4.3 Plasma Density P r o f i l e s  

The second area i d e n t i f i e d  f o r  improvement f o l l o w i n g  the a x i a l  l i n e  

cusp development phase o f  the program was the i o n  c u r r e n t  dens i ty  p r o f i l e  

a t  the e x t r a c t i o n  plane. As noted i n  Sect ion 3.3, the  a x i a l  l i n e  cusp 

t h r u s t e r  p r o f i l e  was c lose  t o  parabo l ic .  Such a p r o f i l e  reduces p r o p e l l a n t  

u t i l i z a t i o n  from what would be expected f o r  a f l a t  p r o f i l e ,  and does n o t  

a l l ow  e f f i c i e n t  matching o f  the source plasma t o  the i o n  o p t i c s .  

Current  dens i ty  p r o f i l e s  were examined i n  AZIM I - 111, b u t  no at tempt 

was rnade t o  improve the p r o f i  1  e as the  emphasis was on reducing the d i  s- 

charge losses. P r o f i l e s  f o r  these devices were s i m i l a r  t o  the  a x i a l  l i n e  

cusp th rus te r ,  as i l l u s t r a t e d  i n  F igure  3-18 ( a  and b )  f o r  AZIM I and AZIM 

11. An attempt t o  improve the c u r r e n t  dens i ty  p r o f i l e  was inc luded i n  the 
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Figure 3-15. AZIM I1 Discharge losses  as  function of gas f i l l  pressure 
a t  4 amps ion current  
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F igu re  3-16. Discharge losses as a  f u n c t i o n  o f  electromagnet c u r r e n t  
i n  A Z I M  111. E x t r a c t i o n  p l a t e  i o n  c u r r e n t  was 4 amperes. 
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Figure 3-17. AZIM IV Discharge losses as function of gas f i l l  pressure 
measured at 5 amps ion current 
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Figure 3-18a. AZIM I ion c!$rent density p ro f i l e  Argon f i l l  pressure 
was 2.7 x 10 t o r r  

r - a n  

Figure 3-18b. AZIM I1 ion current  density 
prof i 1 e Argon4 f i 11 pressure 
was 2.8 x 10- t o r r  



design of AZIM IV. I t  i s  well known that  in mu1 ti-cusp discharge chambers, 

the plasma density profile i s  1 argely determined by the gradient in the mag- 
netic fie1 d .  Closer magnet spacing provides steeper magnetic f i  el d gradi - 
ents,  and therefore, f l a t t e r  density profiles b u t  a1 so resu l t s  in greater 

ion losses t o  the walls. An innovative design feature employed in AZIM IV 

i s  a magnet spacing which can be varied as a function of distance from the 
extraction plane. For AZIM IV, small and closely spaced magnets were placed 

near the extraction plane in order to produce a f l a t  ion current density 

profile a t  that  position, and larger ,  l e s s  closely spaced magnets are used 

a t  the rear of the chamber to minimize losses to the wall . As i l l  ustrated 

in Figure 3-19, profiles were greatly improved in t h i s  configuration, and 

further development of thi  s design technique appears warranted. 

Discussion and Sumnary 

We have presented the resul ts  of a ser ies  of thruster configurations 

employing permanent magnets arranged in an azimuthal cusp geometry. The 

permanent magnets surrounding the thruster she1 1 are empl oyed, of course, 

in an attempt to increase the part ic le  confinement time in the device and, 
thus, allow ions more of a chance of being extracted to  the beam for  useful 

purpose rather than being l o s t  to the walls. When one considers plasma 

confinement in a cusp magnetic f ie ld  geometry one imagines plasma part ic les  

being channeled along the cusp f ie ld  and l o s t  a t  a certain ra te  which 
should depend upon the magnetic f i e ld  strength; transport  of the par t ic les  

across the magnetic f i e ld  i s  generally thought to occur a t  a much slower 
rate .  Thus with th i s  picture in mind, and considering the purpose of the 

cusp f ie lds ,  one would assemble an e lec t r ica l ly  efficien.t steady-state 

plasma generator by minimizing the total  length of cusps used and by maxi- 

mizing the f ie ld  strength of the cusps in order to  obtain optimum perform- 
ance. Other considerations, such as gas ut i l  i zation and beam f l  atness,  

which af fec t  the eV/ion and optics performance must also be kept in mind. 

The f i r s t  experimental 30 cm RFI plasma generator which had ceramic 

magnets arranged in an axial cusp geometry achieved a minimum eV/ion of 

- 220 eV/ion, as di scussed in Section 3.3.2. Tests with the same generator 

b u t  with the ceramic magnets rep1 aced by magnets of Samarium Cobalt in the 
same geometry reduced the eV/ion by only 5 to  10 percent even though the 

cusp f ie ld  strength was nearly increased by a factor 2. Subsequent probing 



Figure 3-19. AZIM IV ion current density profiles 
Argon f i l l  pressure 



o f  t h i s  con f i gu ra t i on  i nd i ca ted  t h a t  the i o n  c u r r e n t  dens i ty  near the  w a l l s  

was almost uniform, al though the e l e c t r o n  temperature a t  the  cusps was con- 

s ide rab l y  h igher  than t h a t  between the cusps. It the re fo re  appears t h a t  

there  i s  considerable cross f i e l d  t r a n s p o r t  o f  the ions  which i n  t u r n  drag 

e lec t rons  across the f i e l d  l i n e s  w i t h  them. The t o t a l  l e n g t h  o f  cusps i n  

the device would thus n o t  be the  dominant f a c t o r  a f f e c t i n g  e f f i c i e n c y ;  

instead,  i t  may be t h a t  the t o t a l  magnetic f l u x  near the wa l l  s  i s  the 

important  f a c t o r .  To what ex ten t  the e f f e c t s  o f  ( 1 )  f i e l d  1 i n e  e r r o r s ,  

caused by imperfect placement of the magnets o r  ( 2 )  the  f a c t  t h a t  p a r t i c l e  

gu id ing  center  d r i f t  o r b i t s  i n  the a x i a l  1  i n e  c o n f i g u r a t i o n  te rminate  a t  

the  t h r u s t e r  wa l ls ,  a f f e c t  the p a r t i c l e  confinement i s  n o t  known. 

It should f u r t h e r  be noted t h a t  both the p r o p e l l a n t  u t i l i z a t i o n  and 

beam p r o f i l e  were r a t h e r  poor w i t h  the a x i a l  cusp con f i gu ra t i on .  Improve- 

ments i n  u t i l i z a t i o n  (and poss ib ly  i n  eV/ion) can be obta ined by improving 

the  beam f l a tness .  

The purpose of the experiments described i n  t h i s  Sect ion 3.4 was t o  

improve the t h r u s t e r  e f f i c i e n c y  (eV/ion) and the  beam p r o f i l e .  As w i t h  the  

ECH t h r u s t e r  described i n  Sect ion 4.2, the reason f o r  the azimuthal magnet 

geometry i s  t o  c lose  the p a r t i c l e  d r i f t  o r b i t s  which, as j u s t  mentioned, 

terminate a t  the device wa l l  s  and e x t r a c t i o n  plane i n  the a x i a l  1  i n e  cusp 

con f i gu ra t i on .  I n  add i t ion ,  t h i s  azimuthal geometry a1 1 ows one t o  termin-  

a t e  the f l u x  l i n e s  nearest  the e x t r a c t i o n  plane i n  a c y l i n d r i c a l l y  symetr ic  

fashion and a l lows one t o  incorpora te  v a r i a b l e  magnet spacing i n  the  a x i a l  

d i  rec ti on. 

The idea behind the A Z I M  I c o n f i g u r a t i o n  was t o  provide, by the  use o f  

m i l d  s tee l  between the magnets and the plasma, a smooth sur face f i e l d  very 

near the w a l l s  o f  the device and a t  the same t ime reduce the volume f i e l d  

s t rength.  S u f f i c i e n t  magnetic f l  ux near the wa l l  s  would hope fu l l y  increase 

the confinement. However the eV/ion and "beam" p r o f i l e  o f  t h i s  conf igura-  

t i o n  proved t o  be about the same as a x i a l  con f i gu ra t i on .  Removal o f  the  

i n t e r n a l  m i l d  s tee l  and an increase i n  the number o f  magnets, such t h a t  

three continuous r i n g s  o f  magnets surrounded the t h r u s t e r  s h e l l  (AZIM 111, 

reduced the eV/ion by about 15 percent.  The "beam" p r o f i l e  was, however, 

s t i l l  poor; no at tempt a t  te rminat ing  the magnet r i n g  nearest  the  ex t rac -  

t i o n  plane o r  vary ing the r e l a t i v e  p o s i t i o n  o f  the magnet r i n g  and 



e x t r a c t i o n  plane had been made a t  t h i s  time. However, v a r i a t i o n s  i n  the 

a x i a l  l eng th  o f  t h i s  con f igu ra t i on  by almost 50 percent r e s u l t e d  i n  on ly  

very small ( -  4 percent) v a r i a t i o n s  i n  the  eV/ion, which may l e a d  one t o  
. . 

suspect t h a t  1 osses a t  the backpl a te  are n o t  inconsequential  . 
The a d d i t i o n  o f  a va r iab le  electromagnet on the backplate (AZIM 111) 

which superposed a m i l d l y  d i ve rg ing  volume magnetic f i e l d  on the  AZIM I 1  

con f igu ra t i on  d i d  not  improve the eV/ion b u t  cou ld  cause a considerable 

increase i n  discharge losses which may have been due t o  a1 t e r a t i o n s  o f  t h e  

f i e l  d s t ruc tu re  near the backplate o r  t o  f i e l  d changes i n  the weakly mag- 

net ized cen t ra l  vo l  ume o f  the device. Other experiments performed a t  TRW 

b u t  n o t  described here have shown t h a t  substant ia l  changes i n  the  beam 

p r o f i l e  can be obtained by the  superposi t ion o f  a weak ( -  2 t o  5 gauss) 

volume f i e l d .  

The f i n a l  con f igu ra t i on  described and tes ted (AZIM IV)  had a c lose 

magnet spacing between adjacent azimuthal r i n g s  which resu l  t e d  i n  h igher  

f i e l  d s t rengths i n  the regions between the magnets. Magnet r i n g s  o f  l a r g e r  

width were used near the backplate t o  increase the  magnetic f l u x ,  wh i l e  

smaller width magnet r i n g s  together w i t h  a te rminat ing  s o f t  i r o n  r i n g  were 

used near the  e x t r a c t i o n  plane. The r e s u l t  f o r  t h i s  geometry was discharge 

losses of 100 eV/ion and a beam f l a tness  o f  90 percent  o r  be t te r .  

The development o f  the RFI plasma generator has demonstrated cont inu-  

ous improvement i n  the eV/ion from the 220 eV/ion value obta ined w i t h  the 

f i r s t  experimental model 'to a value o f  about 100 eV/i on obtained w i t h  the  

AZIM I V  con f igu ra t i on .  The theo re t i ca l '  minimum obta inable value i s  pro- 

bably 50 t o  70 eV f o r  Argon. Improvements i n  the  beam p r o f i l e  have a l so  

been substant ia l  dur ing the course o f  t h i s  program. The op t im iza t i on  o f  

propel 1 an t  u t i l  i za t ion  and the demonstration o f  the t h r u s t e r  du rab i l  i t y  and 

re1 i abi  1 i t y  awai t s  t e s t i n g  under pul sed and 1 ong term continuous beam 

e x t r a c t i o n  operat ion. 



4. ECH THRUSTER DEVELOPMENT 

4.1 INTRODUCTION 

Elec t ron cyc lo t ron  resonance heat ing (ECH) a t  microwave frequencies 

has been employed f o r  many years f o r  the product ion and h e a t i n  o f  plasmas. 

Appl i c a t i  ons f o r  ECH range from thermo-nucl ear fus ion  researc hqS2 t o  e l  ec- 
3 t r i c  p ropu ls ion  . 

A t y p i c a l  magnetic f i e l d  geometry fo r  ECH a p p l i c a t i o n s  i s  the magnetic 

m i r r o r  geometry shown i n  F igure  4-1. Here microwaves genera l ly  o f  

wavelengths much l e s s  than the vacuum vessel dimensions are launched by 

simple antennae i n t o  the chamber which serves as an overmoded, h i g h  Q 

cav i t y .  The microwave frequency, w , i s  chosen t o  match the  l o c a l  e lec t ron  u 
cyc lo t ron  frequency, wce = eB/me, on some surface between the m i r r o r  t h r o a t  

( t h a t  i s ,  the maximum B f i e l d  s t rength)  and the midplane ( t h e  minimum B 

f i e l d  region) .  Electrons which pass through t h i s  resonance sur face are  

heated by the l oca l  microwave e l e c t r i c  f i e l d s .  These energet ic  e lectrons,  

whose gu id ing  centers are constra ined t o  move along the  f l u x  l i n e s ,  make 

i o n i z i n g  col  1 i s i  ons w i t h  the background neut ra l  gas and can thus c reate  a 

plasma over the e n t i  r e  volume composed o f  those f l u x  1 ines  which i n t e r c e p t  

the  resonant heat ing surface. By v i r t u e  o f  invar iance o f  t h e i r  magnetic 

moment, charged p a r t i c l e s  are conf ined by the  magnetic t r a p  o f  the  m i r r o r  

f i e l d  and as a consequence a plasma discharge i s  e a s i l y  i n i t i a t e d  i n  t h i s  

m i r r o r  geometry a t  very low microwave power l e v e l s  and a t  very low ( < l o -  5 

t o r r )  background neut ra l  gas pressures. 

Once a plasma has been produced one must be concerned w i t h  the a b i l i t y  

o f  the microwaves t o  propagate through the plasma and reach the resonant 

heat ing surface i n  order t o  susta in the discharge. For the  specia l  case i n  

which the electromagnetic wave vector  i s  pure ly  perpendicular  t o  the plasma 

f i l l e d  magnetic f i e l d  1 ines, two p r i n c i p a l  modes o f  propagation can be 

i d e n t i f i e d .  These are the ord inary  ( 0 )  mode, w i t h  the e l e c t r i c  f i e l d  

p a r a l l  e l  t o  the  magnetic f l u x  1 i n e  and the ex t raord inary  (e )  mode w i t h  t h e  

wave e l e c t r i c  f i e l d  perpendicular t o  the external  B f i e l d .  The propagation 

c h a r a c t e r i s t i c s  fo r  the e and o mode are shown schematical ly i n  F igure  4-2 

as a func t i on  o f  magnetic f i e 1  d s t rength  (w / w  ) and plasma densi ty  
ce IJ 



F i g u r e  4-1. Basic M i r r o r  geometry w i t h  ECH plasma product ion 
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F i g u r e  4-2. Propagation and c u t o f f  regions f o r  o r d i n a r y  and e x t r a o r d i n a r y  
modes f o r  propagation perpend icu la r  t o  a magnetic f i e l d  
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( W  / W  ) = 411ne /(muU). Waves may be launched from either the high (w,,>w ) 

pe u u 
o r ' l o w . ( ~ ~ ~  < uU)  f i e l d  s i d e  and a r e  requi red  t o  reach the w / W  = 1 l i n e  c e  U 
i n  o rde r  t o  r e sonan t ly  hea t  e l e c t r o n s .  While only the e-mode i s  s t rong ly  
absorbed i n  the neighborhood of the ECH zone, i t  has a c u t o f f  when launched 

from the low f i e l d  s ide .  On the o the r  hand the o-mode can reach the e l ec -  
t ron  resonance zone from ei ther the h i g h  o r  low f i e 1  d si de b u t  becomes non- 

2 2 propagating f o r  high plasma d e n s i t i e s  w i t h  u pe> w . This  l a t t e r  condi-  
U 

t i o n  p l aces  a c r i t e r i o n  on the maximum plasma' dens i ty  t h a t  can be ob ta ined  

a t  a given microwave frequency,  i r r e s p e c t i v e  of the amount of power t h a t  i s  
app l i ed ,  when waves a r e  launched from the low f i e l d  s i d e .  The o rd ina ry  

wave cu to f f  condi t ion  i n  t u rn  l i m i t s  the maximum ion c u r r e n t l y  dens i ty  t h a t  
can be e x t r a c t e d  from an ECH-based e l e c t r o s t a t i c  t h r u s t e r .  

4.2 REVIEW OF PREVIOUS TRW ECH THRUSTERS 

In previous experimental s t u d i e s 4  we have i n v e s t i g a t e d  plasma produc- 

t i o n  by ECH in  two magnetic f i e l d  geometr ies .  Both geometr ies  in t roduced  
microwave power a t  a frequency of 5 GHz i n t o  a 30 cm diameter  chamber from 
a low f i e l d  launch. 

The f i r s t  magnetic con f igu ra t i on ,  shown schematical l y  i n  Figure 4-3 
used samarium c o b a l t  permavent magnets arranged i n  an ax i a l  l i n e  cusp- 

con f igu ra t i on .  The magnets were placed on the o u t s i d e  of the s t a i n l e s s  
s t e e l  wall t h a t  formed the t h r u s t e r  chamber. These magnets which had a 
pole  face  f i e l d  s t r e n g t h  of 4.5 K gauss formed the ECH resonance zone f o r  
5 GHz very c l o s e  t o  the i n s i d e  su r f ace  of the housing. Representa t ive  

magnetic f i e l d  l i n e s  of cons t an t  B f i e l d  f o r  this type of magnet configura-  
t i o n  a r e  shown i n  F igure  4-4. I t  will be seen t h a t  a po r t i on  of t h e  f i e l d  
1 i nes forms a geometry t h a t  i s  very simil a r  t o  a magnetic mir ror  except  
t h a t  the g r a d i e n t  of the f i e l d  s t r e n g t h  i s  everywhere r a d i a l l y  outward 

( t h a t  i s ,  i n  the -y d i r e c t i o n ) .  Thus the plasma, produced by the e n e r g e t i c  
e l e c t r o n s  t h a t  f i 11 this mi r ro r  reg ion ,  would p r e f e r e n t i  a1 l y  s p i l l  rad i  a1 l y  

inward t o  the cen t r a l  low-f ie ld  region of the t h r u s t e r  i n t e r i o r  from which 
ions  a r e  e x t r a c t e d  f o r  t h r u s t .  This  indeed occurred and a reasonably 
uniform beam p r o f i l e  was produced. For this ax i a l  1 i n e  cusp con f igu ra t i on  
the measured d ischarge  e f f i c i e n c y  was 250 eV/ion. The maximum ion c u r r e n t  
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F igu re  4-3. Sketch o f  the  ECH source w i t h  t he  a x i a l  1 i n e  cusp magnet 
conf i gura t ion  



Figure  4-4. Magnetic f i e l d  1 ines  (do t ted )  and 1 ines  o f  constant  
magnetic f i e l d  ( s o l  i d )  f o r  an . i n f i n i t e  p e r i o d i c  a r r a y  
o f  bar  magnets 



t h a t  could be c o l l e c t e d  by a biased 30 cm diameter te rminat ion  p l a t e  was 

about 2.0 amperes and was shown t o  be l i m i t e d  by the  c u t o f f  cond i t i on  

W = a .  
Pe P 

I n  an attempt t o  increase the e f f i c i e n c y  o f  the th rus te r ,  t h a t  i s ,  t o  

reduce the eV/ion, a second magnet conf igura t ion ,  namely an azimuthal 

l ine-cusp,  whose geometry i s  shown i n  Figure 4-5, was inves t iga ted.  The 

same samarium c o b a l t  magnets as i n  the previous con f igu ra t i on  were used. 

The idea behind the azimuthal arrangement was t o  c lose the e lec t ron  d r i f t  

surfaces which were open-ended i n  the a x i a l  cusp geometry. The l o c a l  

magnetic f i e 1  d s t ruc tu re  would s t i l l  be very s i m i l a r  t o  t h a t  o f  F igure 4-4. 

The r e s u l t i n g  e f f i c i e n c y  i n  the azimuthal geometry was indeed improved t o  a 

minimum o f  about 130 eV/ion which would t r a n s l a t e  t o  about 185 eV/ion f o r  a 

70 percent i o n  transparency g r i d  set.  The maximum i o n  "beam" c u r r e n t  t h a t  

could be c o l l e c t e d  by the 30 cm diameter te rminat ion  p l a t e  was 2.5 t o  3.0 

amperes, again l i m i t e d ,  n o t  by a v a i l a b l e  microwave power b u t  by the  c u t o f f  
densi ty  o f  n = 3 x 1011 f o r  5 GHz power. 

e 

During the course o f  these experiments some problems became ev ident  

which we b r i e f l y  mention here since they have some impact on an ECH-based 

t h r u s t e r  concept. The f i r s t  i s  t h a t  the t o t a l  microwave power in t roduced 

i n t o  the t h r u s t e r  would no t  under a l l  cond i t ions  be t o t a l l y  absorbed by the  

plasma. That i s ,  depending on cond i t ions ,  5 t o  30 percent  o f  the forward 

power was r e f  1 ected back through the power-i n t roduc i  ng fundamental mode 

wave gui de. Presumably, by proper impedance matchi ng , t h i  s  r e f 1  ected power 

can be s u b s t a n t i a l l y  reduced b u t  we were n o t  always successful i n  doing so 

w i t h  an i n - l i n e  E-H tuner espec ia l l y  when the t h r u s t e r  was t h r o t t l e d  by 

vary ing the forward microwave power. Smooth t h r o t t l  i n g  o f  t he  ECH t h r u s t e r  

was d i f f i c u l t  a t  low power l e v e l s  as plasma o r  microwave moding, evidenced 

by 1 ocal i zed e l  ectron heat ing regions and d i  scont i  nuous jumps i n  the  i o n  

e x t r a c t i o n  cur rent ,  occurred. 

Whi 1 e the azimuthal permanent magnet conf i g u r a t i  on resu l  t e d  i n  a 

substant ia l  improvement i n  the  eV/ion value over t h a t  obta ined w i t h  the  

a x i a l  l ine-cusp conf igura t ion ,  changes i n  operat ing parameters t o  f u r t h e r  

improve the e f f i c i e n c y  o f  the  ECH t h r u s t e r  were d i f f i c u l t  t o  asce r ta in  

p r i m a r i l y  due t o  d i f f i c u l t i e s  i n  probing the microwave f i l l e d  t h r u s t e r  

cav i t y ,  i n  p a r t i c u l a r ,  the small m i r ro r -1  i k e  regions produced by the  
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F i gu re  4-5. Magnet and power feed arrangement f o r  t he  azimuthal cusp 
conf  i gura t ion  



permanent magnets. I n  add i t ion ,  d i r e c t i o n s  f o r  f u r t h e r  improvement i n  

plasma product ion e f f i c i e n c y  by vary ing  the  magnetic f i e l d  s t rength  and 

thus the l o c a t i o n  o f  the  e lec t ron  resonance zone could n o t  be gleaned from 

t h i s  permanent magnet device. 

It was therefore decided t o  design, cons t ruc t  and t e s t  the  ECH 

t h r u s t e r  concept i n  a completely d i f f e r e n t  magnetic f i e 1  d geometry, namely 

i n  the d iverg ing  f i e l d  o f  a l a r g e  solenoidal electromagnet. The geometry 

and the r e s u l t s  o f  these experiments are described i n  the  f o l l o w i n g  

sect ions. 

4.3 SOLENOIDAL B-FIELD ECH THRUSTER 

4.3.1 Conf igura t ion  and Rat ionale 

The new magnetic geometry t h a t  was tes ted under the  present  e f f o r t  i s  

shown i n  a scaled sketch i n  F igu re  4-6. It cons is ts  o f  two 15 cm diameter 

pancake electromagnets mounted over a 5 cm diameter t h i n  wal led antichamber 

t h a t  i s  an extension o f  the main t h r u s t e r  housing. The aluminum t h r u s t e r  

housing has a l eng th  o f  20 cm and i s  terminated a t  the e x t r a c t i o n  plane by 

a 28 cm diameter per fora ted copper p l a t e  which can be biased w i t h  respect  

t o  the chamber housing t o  c o l l e c t  the t o t a l  i o n  c u r r e n t  t h a t  would be used 

f o r  propuls ion.  

The o r i g i n a l  se t  o f  electromagnets was constructed o f  c l o s e l y  spaced 
5 s o l i d  conductor magnet wire. A computer generated p l o t  o f  t he  magnetic 

f i e l d  l i n e s  produced by the  two pancake magnets has been superimposed i n  

F igure  4-6. Lines o f  constant /B/ are i nd i ca ted  i n  steps o f  100 gauss; the  

mod-B surfaces shown i n  f i g u r e  4-6 are obtained when the magnets are 

operat ing a t  100 amperes ser ies  cur rent .  

Since t h i s  present ECH t h r u s t e r  operates w i t h  microwave power a t  5 GHz 

a minimum magnetic f i e l d  s t rength  o f  1700. Gauss i s  requ i red  i n  the  cham- 

ber  t o  produce resonant e lec t ron  heat ing surfaces. Microwave power up t o  1 

kW i s  again fed  by fundamental mode waveguide through a vacuum pressure 

window i n t o  the t h r u s t e r  chamber from a low f i e l d  launch as shown. 

The reasoni ng behind the const ruc t ion  o f  t h i s  solenoidal  -B f i  e l  d 

geometry and the an t i c ipa ted  operat ion o f  the device i s  as fo l lows.  I n  

order t o  reduce the eV/ion o f  a th rus te r ,  e lec t ron  and i o n  losses t o  t h e  

chamber wa l l s  have t o  be reduced and p re fe rab ly  e l im ina ted  so t h a t  each 



F i  gure 4-6. O r i  g i  na l  Solenoidal B-Fie1 d Thrus ter  



i o n  created from an i o n i z i n g  c o l l i s i o n  o f  a neut ra l  atom w i t h  an e lec t ron  

i s  used f o r  beam product ion. Energet ic e lec t rons  created by ECH res ide  

. on l y  on those magnetic f i e l d  l i n e s  which pass through a resonance zone 

where oce = o . Def in ing  the f i e l d  l i n e s  on which heat ing takes p lace 
P 

should, thus, a1 so def ine  the f i e l d  l i n e s  on which plasma i s  produced. 

Physical s t ruc tu res  o r  l i m i t e r s  can be placed a t  appropr iate regions t o  

de f ine  the f i e 1  d l i n e s  on which plasma i s  produced. These 1 i m i  t e r s  are 

simply b locks o f  metal which occupy a s p a t i a l  volume i n  which a p o r t i o n  o f  

the  fundamental heat ing surface ex i s t s ;  they thus e l im ina te  e lec t ron  

heat ing on those f i e l d  l i n e s  which cross t h i s  occupied p o r t i o n  o f  t he  

hea t i  ng surface. For t h i  s  sol enoi dal -B conf  i g u r a t i  on, a x i  a1 e l  ec t ron  

confinement would be by e l e c t r o s t a t i c  r e f 1  e c t i  on a t  the  e x t r a c t i o n  p l  ane, 

which i s  biased negat ive ly  w i t h  respect  t o  the plasma p o t e n t i a l ,  and, a t  

the other  end, would be by m i r r o r  ac t i on  through a d i a b a t i c i  t y  o f  t he  

magnetic moment. Radial confinement o f  the  argon ions  may be e l e c t r o s t a t i c  

since the e lec t rons  are we l l  t i e d  t o  the  f i e l d  l i n e s .  Thus, t o  the  ex ten t  

t h a t  cross f i e l d  d i f f u s i o n  i s  no t  a dominant process the on ly  l o s s  o f  ions  

should occur a t  the small area o f  the t h r o a t  reg ion and a t  the  screen g r i d .  

4.3.2 Microwave C i r c u i t  

Microwave power f o r  the experiment was suppl ied by a Varian VA888b 

k l y s t r o n  ampl i f i e r  operat ing a t  5 GHz a t  ou tput  power l e v e l s  o f  up t o  1 kW 

cw a t  the tube. The k l y s t r o n  ampl i f i e r  e l e c t r i c a l  e f f i c i e n c y  a t  f u l l  

ou tput  power i s  28 percent. The c i r c u i t  diagram shown i n  F igure  4-7 i n d i -  

cates the microwave conf igura t ion  used t o  supply power t o  the  t h r u s t e r  as 

we l l  as the power moni tor ing and tube p r o t e c t i o n  c i r c u i t r y .  The c i r c u l a t o r  

i s  connected t o  a c t  as an i s o l a t o r  and thus p ro tec ts  the ampl i f i e r  from 

r e c e i v i  ng excessi ve and damaging r e f  1 ected power from c i  r c u i  t impedance 

mismatches. Power was t ransmi t ted  by fundamental mode c-band waveguide. 

The forward power coup1 i ng monitor was c a l  i b r a t e d  c a l  o r i m e t r i c a l  l y  by 

p lac ing  a matched water cooled load where the guide enters the t h r u s t e r  

chamber. A copper te rminat ion  b lock was i n s e r t e d  i n  p lace o f  the matched 

load  i n  order t o  c a l i b r a t e  the r e f l e c t e d  power monitor;  t he  measured 

r e f l e c t e d  power, w i t h  the copper sho r t  i n  pos i t i on ,  as a func t i on  o f  f o r -  

ward power i s  shown i n  Figure 4-8. Also shown i n  t h a t  f i g u r e  i s  the amount 

of power re f l ec ted  when the copper sho r t  was taken o u t  and the t h r u s t e r  
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a .  F i g u r e  4-7. C-band microwave c i r c u i t  f o r  ECH source; 4.4 t o  5 GHz, 1.4 kW CW 



Figure 4-8. Measured ref lected microwave power a s  a function of forward 
power with no plasma 



chamber was connected t o  the guide. It appears t h a t  w i thou t  plasma the 

h igh  Q t h r u s t e r  chamber, which was constructed o f  welded aluminum and had 

no microwave absorpt ive ma te r ia l s  i n  the  i n t e r i o r ,  was s t i l l  able t o  absorb 

or  leak an appreciable f r a c t i o n  o f  the  forward microwave power. We mention 

t h i s  because c o r r e c t  c a l i b r a t i o n  o f  the forward and r e f l e c t e d  power i s  o f  

course important  f o r  an accurate determinat ion o f  the eV/ion. We asce r ta in  

t h a t  the forward power c a l i b r a t i o n  measurement i s  accurate t o  10 percent  

b u t  t h a t  the r e f l e c t e d  power measurement may have a h igher uncer ta in ty .  

4.3.3 Operation o f  I n i t i a l  Conf igura t ion  

The f i r s t  t e s t  o f  the solenoidal -B f i e l d  ECH plasma generator was made 

w i t h  the con f igu ra t i on  as shown i n  F igure  4-6. The f i r s t  p a i r  o f  e l e c t r o -  

magnets was constructed o f  c l o s e l y  spaced sol i d  conductor magnet w i re  and 

was water cooled only a t  t h e i r  ou ter  edges. I n t e r n a l  copper heat  f i n s  

running r a d i a l l y  from the center  t o  the outer  edges were t o  provide con- 

duc t ion  o f  heat by ohmic losses from the cen t ra l  regions. The design 

spec i f i ca t i on  was t h a t  the magnets were t o  operate up t o  a maximum ser ies  

cu r ren t  o f  180 amperes through the  96 t u r n  windings o f  each magnet. The 

t o t a l  vo l tage drop across the p a i r  o f  pancakes connected i n  ser ies  was t o  

be 25 v o l t s .  Upon t e s t i n g  these electromagnets i t was found t h a t  t h e i r  

IR-drop was considerably h igher  than the manufacturer had quoted. I n  

add i t ion ,  the water coo l i ng  o r  heat exchange on the magnets was found t o  be 

i n s u f f i c i e n t .  Nevertheless, w i t h  the a c q u i s i t i o n  o f  a new magnet power 

supply having h igher vol tage output,  we were able t o  operate the  magnets 

f o r  sho r t  t ime periods, s u f f i c i e n t  f o r  some i n i t i a l  t e s t i n g  o f  t h i s  

conf igura t ion .  The measured on-axis magnet f i e l d  s t rength  produced by 

these electromagnets operat ing a t  80 amperes i s  shown i n  F igure  4-9. 

For i n i t i a l  operat ion, no microwave l i m i t e r s  were used near the m i r r o r  

region. To i g n i t e  the plasma, the chamber pressure had t o  be ra i sed  t o  

5 mtor r  b u t  a f t e r  the discharge was s t a r t e d  could be lowered t o  an 

operat ing l e v e l  of 5 x loe4 t o r r .  I n  t h i s  con f igu ra t i on  the discharge, as 

viewed through the per fora ted copper e x t r a c t i o n  p la te ,  appeared t o  be 

conf ined t o  on ly  the  small anti-chamber region surrounded by the  e lec t ro -  

magnets and very 1 i t t l e  i o n  c u r r e n t  (100 ma) cou ld  be c o l l  ected a t  t he  

negat ive ly  biased e x t r a c t i o n  plane. This was su rp r i s ing  t o  us since we had 

thought tha t ,  even though the  ECH heat ing zone was loca ted  i n  the  m i r r o r  
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reg ion o f  the anti-chamber, the heated e lec t rons  would f i n d  t h e i r  way along 

the f i e l d  1 ines o u t  t o  the l a r g e r  solenoid f i e l d  volume and, thus, produce 

plasma i n  t h a t  region. It appears, however, t h a t  the e lec t rons  are l o s t  

r a p i d l y  t o  the  w a l l s  r e s u l t i n g  i n  ra the r  poor performance w i t h  t h i s  c o n f i  g- 

u ra t i on .  I n  add i t ion ,  the  conversion e f f i c i e n c y  was very ,poor w i t h  70 t o  

80 percent o f  the forward power being r e f l e c t e d  back down the  power feed. 

We mention t h a t  the inner  diameter o f  the  anti-chamber was 4.4 cm, j u s t  

l a rge  enough t o  propagate the  TEll c y l i n d r i c a l  mode i n  a vacuum. 

4.3.4 Revised Conf igura t ion  

As a r e s u l t  o f  t h i s  i n i t i a l  performance i t  was decided t o  e l im ina te  

the anti-chamber region from the vacuum volume and t o  form a heat ing  zone 

i n  the  solenoidal p a r t  o f  the vacuum chamber. Since the electromagnets 

could n o t  be operated a t  h igh  enough cu r ren ts  t o  produce the  ECH zone a t  

s u f f i c i e n t  distances from the chamber wa l l ,  two 5 cm diameter, 1.3 cm t h i c k  

SMC05 d isk  magnets were placed a t  the p o s i t i o n  shown i n  F igu re  4-9. A1 so 

i nd i ca ted  i s  the r e s u l t i n g  on-axis a x i a l  magnetic f i e l d .  The mod-B reso- 

nance surface f o r  5 GHz o f  1.7K g i s  now placed about 1.0 cm from the wa l l  

even when the electromagnet cu r ren t  i s  zero. I n  add i t i on ,  i t  should be 

noted t h a t  the f i e l d  1 i ne d i  vergence w i  t h  these permanent magnets i s  some- 

what greater  than ind i ca ted  i n  F igure  4-6 f o r  the electromagnets. Dis- 

charge operat ion w i t h  the combination o f  two rare-ear th  permanent magnets 

and the electromagnets, now bu t ted  together, was considerably improved. We 

were able t o  c o l l e c t  up t o  2 amperes o f  i o n  c u r r e n t  a t  the  e x t r a c t i o n  p lane 

w i t h  an energy expenditure o f  about 200 wa t t s  per ampere. However, because 

of the severe over-heat i  ng problem w i t h  the  electromagnets , de ta i  1 ed 

probing and measurement could n o t  be c a r r i e d  out. 

A new p a i r  o f  electromagnets having the  same outer  dimensions as the  

o r i g i n a l  se t  were there fore  designed and procured. Each new pancake had 

tu rns  of hol low core copper, 0.188-inch square, and w i t h  proper water 

coo lant  could be operated cont inuously a t  cur rents  o f  up t o  500 amperes. 

The ampere-turns and magnetic f i e l d  d i  s t r i b u t i o n  i n s i d e  the  t h r u s t e r  us ing 

t h i s  second p a i r  o f  magnets was very s i m i l a r  t o  t h a t  produced w i t h  the 

f i r s t  96-turn pancakes. The measured ax ia l  magnetic f i e l d  a t  z = 0 (see 

i n s e r t  F igure 4-9 f o r  coordinate i d e n t i f i c a t i o n )  as a func t i on  o f  the 

ser ies  c u r r e n t  i s  shown i n  F igure  4-10a and the a x i a l  v a r i a t i o n  o f  B, i s  



F i g u r e  4-10a. V a r i a t i o n  o f  BZ a t  Z = 0  as a  f u n c t i o n  o f  t h e  s e r i e s  
c u r r e n t  i n  t h e  improved e lec t romagne ts .  
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Figure 4-lob. Axial variat ion of the on-axis B, f o r  the improved 
electromagnets 



i nd i ca ted  i n  F igure 4-lob. Note t h a t  the resonant surface, B = 1.7K g, i s  

a l i t t l e  more than 2 cm away from the inne r  vacuum wa l l  when the  magnet 

c u r r e n t  i s  300 A; consider ing the representa t ive  magnetic f i e l  d  p l o t  o f  

F igure  4-6 t h i s  means tha t ,  w i thou t  a microwave 1 i m i  t e r ,  plasma should be 

produced on almost a1 1 f i e l d  l i n e s  i n  the th rus ter ;  hence, the  energy 

expenditure, which i s  n o t  expected t o  be very good w i thou t  1 i m i  te rs ,  shoul d 

improve when the l i m i t e r s  are i n  place. 

The f i n a l  solenoidal con f igu ra t i on  which was used, and from which the  

data presented i n  the remainder o f  t h i s  sec t ion  was obtained, i s  shown i n  

F igure  4-11. Two Samarium-Cobalt magnet d isks  are s i t u a t e d  i n  the  center  

o f  the t h r u s t e r  backplate and are surrounded by the  two new electromagnets 

bu t ted  against  each other .  Superposed on the  plasma volume i n  t h a t  f i g u r e  

i s  an i r o n - f i l  i n g  map o f  the f i e l  d  1 ines  produced by the  electromagnets 

only.  The microwave power feed l o c a t i o n  remained unchanged from t h a t  shown 

i n  Figure 4-6. The e x t r a c t i o n  plane, which was a per fora ted copper p la te ,  

simulated, as i n  previous experiments, beam e x t r a c t i o n  when biased w i t h  

respect  t o  the t h r u s t e r  r a d i a l  w a l l s  and backplate. I on  c u r r e n t  c o l l e c t i o n  

probes, PI-P6, were mounted f l u s h  t o  the  r a d i a l  wa l ls .  A1 so i nd i ca ted  i n  

F igure 4-11 i s  the l o c a t i o n  o f  the  l i m i t e r  when i t  was used and the  gas 

feed . 
4.3.5 Test Resul t s  Without L i m i t e r  

The operat ing parameters o f  t h i s  con f igu ra t i on ,  w i  t hou t  a 1 i m i  t e r ,  are 

given i n  Tab1 e 4-1. I nd i ca ted  i s  the quan t i t y  o f  argon i o n  c u r r e n t  ( I g )  

c o l l e c t e d  a t  the e x t r a c t i o n  plane as a func t i on  o f  the  e x t r a c t i o n  plane g r i d  

b i a s  (VG) and electromagnet cu r ren t  (1,) f o r  a constant  forward microwave 

power (PF) o f  600 wat ts .  For a constant  magnet current ,  the  i o n  cu r ren t  t o  

the  g r i d  i s  seen t o  increase as the  g r i d  b ias  becomes more negative. Th is  

would seem t o  i n d i c a t e  e l e c t r o s t a t i c  r e f l e c t i o n  o f  e lec t rons  by the  ex t rac-  

ti on plane as o r i g i n a l  1 y hypothesi zed. However, the  e l  ec t ron  temperature as 

measured by a Langmuir probe was on ly  6 eV t o  8 eV and the  plasma p o t e n t i a l  

w i t h  respect t o  the r a d i a l  w a l l s  was 16 t o  20. eV. Thus, i t  i s  d i f f i c u l t  t o  

see how a 35 v o l t  increase i n  g r i d  b ias  would cause a considerable (30 

percent) increase i n  g r i d  cu r ren t  when the bulk o f  e lec t rons ,  which pre- 

sumably have a Maxwell i a n  d i s t r i b u t i o n ,  are a1 ready r e f l e c t e d  by the  plasma 

sheath near the g r i d  when i t  i s  biased a t  -50 v o l t s .  The increase i n  g r i d  
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Tab1 e 4-1. Solenoidal B - f i e1  d plasma generator ope ra t i ng  parameters 
(no 1 i m i t e r )  



current with increasing negative grid bias may be due to secondary electron 
emission from the grid b u t  operation of th i s  thruster with various gasses 
(krypton and xenon) as described below does not indicate that  t h i s  i s  the 
case. Note also that  the amount of reflected microwave power decreases 
with increasing negative grid bias i n  jus t  such a way as to  keep the eV/ion 
value essentially constant. The mechanism for  th i s  i s  not easily understood. 

A t  a constant grid bias the current collected by the grid was reduced 

substantially as the magnet current was lowered b u t  the eV/ion value d i d  

not change dramatically as i s  indicated in Table 4-1. This would be 

expected i f  the fraction of ions l o s t  to the radial walls and to  the 

backplate i s  not a strong fuction of the magnetic f i e ld  amp1 i tude as would 
be the case since, without a l imiter ,  a substantial portion of the plasma- 

f i l l e d  magnetic f i e ld  l ines  do not terminate a t  the extraction plane. The 
increase i n  the ref l  ected microwave power as the magnet current i s  reduced 

may simply mean an increase in plasma density on those fie1 d 1 ines which 
terminate a t  or near the microwave. power feed. A suitably placed 1 imi t e r  

should thus reduce the refl  ected power level . 
Further evidence of considerable ion loss to non-extraction surfaces 

i s  indicated i n  Table 4-1 by the amout of ion current, Ipl through I 
~5 ' 

collected by the wall probes, P 1  through P5, which were biased a t  -40 
2 vol t s .  Each of these probes had a coll ect i  on area of 1.27 cm . I t  i s seen 

tha t  the ion current density to the cylindrical walls of the thruster 
gradually decreases i n  the upstream direction toward the backpl ate.  Note 
tha t  the current density to these probes i s  l i t t l e  affected as the grid 
current i s  varied by changing the grid bias. This indicates tha t  variation 
of the grid bias does not influence cross-field transport nor does i t  

substantially change the microwave f ie ld  structure w i t h i n  the thruster  
cavity. However, the current density to these probes i s  changed when the 

pancake magnet current i s  reduced; i n  comparing the grid current with the 
current to each of these probes i t  appears tha t  proportionately more 
current i s  l o s t  to the radial wal'l s as the magnet current i s  reduced. One 
would expect th is  since the magnet f ie ld ,  which i s  the sum of f ie lds  from 
both the permanent and electromagnets, becomes more divergent as the 
electromagnet current i s  reduced. Again, i t  i s  not c lear  why empirically 
the eV/ion val ue remains essenti a1 ly unchanged. 



Probes s i m i l  a r  t o  those mounted on the c y l  i n d r i c a l  wal l  were a1 so 

placed on the e x t r a c t i o n  g r i d  t o  ob ta in  a measure o f  the  r a d i a l  plasma 

un i fo rmi ty ,  which u l t i m a t e l y  would be t rans la ted  t o  the  beam f l a tness .  The 

r e s u l t  of these measurements i s  shown i n  F igure  4-12. Plasma u n i f o r m i t y  i s  

' no t  very good bu t  t h i s  was expected since f l u x  tubes a t  ou ter  r a d i a l  posi -  

t i o n s  expand t o  l a r g e r  areas a t  the  e x t r a c t i o n  plane than those f l u x  tubes 

nearer the center ( r  = 0)  o f  the device. 

To ascer ta in  whether o r  n o t  plasma i s  channeled a1 ong the  magnetic 

f i e l d  l i n e s  between the backplate and the e x t r a c t i o n  plane, we constructed 

a Langmuir probe (0.023 cm diameter, 0.40 cm long tungsten t i p )  which was 

i n s e r t e d  a t  probe p o s i t i o n  P6 i n  F igure  4-11 and which could be moved 

r a d i a l l y  i n  and out. The r e s u l t  o f  the  r a d i a l  dens i ty  and e l e c t r o n  

temperature v a r i a t i o n  measured w i t h  t h i s  probe i s  i n d i c a t e d  i n  F igure  4-13. 

It i s  seen t h a t  the e lec t ron  dens i ty  va r ies  by a fac to r  o f  10 as the  probe 

i s  moved from a r a d i a l  p o s i t i o n  o f  r - 5 cm t o  the center  o f  the  device. 

There i s  thus a ra the r  steep r a d i a l  dens i ty  g rad ient  nearest the  h igh  f i e l  d 

regions o f  the device as had been an t i c ipa ted  when t h i s  solenoidal  concept 

was or ig ina ted.  The measured e lec t ron  temperature i s  seen t o  take a d i  s- 

continuous jump a t  r - 1 t o  2 cm which may be due t o  non-uniform i l l u m i n a -  

t i o n  o f  the heat ing zone by the microwave f i e l  ds, assuming t h a t  the probe 

has a non-perturbing e f f e c t .  

It i s  i n t e r e s t i n g  t o  compare the measured plasma dens i ty  a t  z = 5.2 cm 

shown i n  F igure  4-13 w i t h  the c u r r e n t  dens i ty  shown i n  F igure  4-12 a t  the  

e x t r a c t i o n  plane. The maximum plasma dens i ty  a t  z = 5.2 cm was about 2.0 x 

1 0 ~ ' / c m - ~  which i s  very c lose t o  the  microwave c u t o f f  dens i ty  g iven by o 
Pe 

= w f o r  5 GHz power. The maximum c u r r e n t  densi ty  a t  the  e x t r a c t i o n  plane 
P 2 was about 7 mA/cm and a1 so occured a t  the r a d i a l  center,  r - o. I f  we 

assume an e lec t ron  temperature a t  the e x t r a c t i o n  plane o f  3.5 eV and use 

the  formula f o r  a s tab le  sheath 

where J i s  the c u r r e n t  density,  n the plasma dens i ty  and c the  sound speed 
2 f l  3 we ob ta in  a c u r r e n t  dens i ty  o f  J - 7 mA/cm f o r  n - 3 x 10 /cm . This 

means tha t ,  a t  l e a s t  near r - o, the plasma densi ty  i s  a x i a l l y  near ly  

uniform and does not  increase i n  the d i r e c t i o n  o f  h igher magetic f i e l  d 

s t rength !  Th is  comparison a lso i nd i ca tes  t h a t  the  maximum e x t r a c t i o n  



Figure  4-12. Radial ion s a t u r a t i o n  c u r r e n t  p r o f i l e  a t  t h e  e x t r a c t i o n  plane 
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F igu re  4-13. Radial e l e c t r o n  temperature and dens i t y  measure w i t h  a 
Langmuir probe i n s e r t e d  a t  probe p o s i t i o n  P6. 
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cu r ren t  (about 2 amperes) which we were able t o  c o l l e c t  on the 28 cm dia-  

meter e x t r a c t i o n  g r i d  i s  l i m i t e d  by the microwave c u t o f f  c o n d i t i o n  w = w 
Pe !J 

as was the case w i t h  the a x i a l  and azimuthal permanent magnet devices 

d i  scussed ea r l  i e r  i n  Sect ion 4.2. 

4.3.6 Evidence o f  Density Satura t ion  

Fur ther  evidence t h a t  the maximum i o n  cu r ren t  c o l l e c t e d  by the  extrac-  

t i o n  plane was 1 i m i  t e d  by microwave c u t o f f  i s  g iven i n  Tab1 e 4-2. Shown i n  

t h i s  tab le  are the measured g r i d  cur rents  f o r  var ious g r i d  b ias  cond i t i ons  

f o r  operat ion w i t h  three d i f f e r e n t  gasses: argon, k ryp ton and xenon. 

Operation w i t h  each o f  these gases was w i t h  a constant  forward microwave 

power l e v e l  o f  700 watts. As f o r  argon, the g r i d  c u r r e n t  increased w i t h  

increas ing negative g r i d  b ias  f o r  both k r y p t i o n  and xenon, a1 though the 

magnitude o f  the  g r i d  cur rent ,  a t  a given b ias  l e v e l ,  decreases as the  i o n  

mass goes up. This l a t t e r  f a c t ,  i s  expected i f  the  g r i d  cu r ren t  obeys the 

funct ional  r e l a t i o n  IG a (Te/MION)1/2. I n  fac t ,  above about -40 v o l t  g r i d  

b ias,  the r a t i o  o f  g r i d  cur rents  I (argon) / I  (k ryp ton)  and I (argon) / I  (xenon) 

becomes constant  and equal t o  the inverse r a t i o  o f  the square r o o t  o f  the 

i o n  masses. That i s ,  

I (argon) / I  ( k r y p t i  on) = (M(  krypton)/^( argon) J 'I2 = 1.45 

and 

I ( argon) / I ( xenon) = (M( xenon) /M( argon j 'Iz = 1.8 

This would no t  be the case i f  the plasma density,  whatever i t s  d i s t r i b u t i o n  

a t  the e x t r a c t i o n  plane may be, had n o t  reached i t s  maximum value. Fur ther ,  

t h i s  maximum densi ty  cannot depend on the type o f  gas since the i o n i z a t i o n  

and e x c i t a t i o n  ra tes  vary considerably f o r  argon, krypton, and xenon. 

Therefore, the maximum density,  and hence the maximum g r i d  cu r ren t  a t  a 

given b ias,  must be determined by the  microwave frequency used. With a 

forward power of 700 wa t t s  we always measured a considerable amount of 

r e f l e c t e d  power so the densi ty  was n o t  power 1 i m i  ted. O f  course, the  

ev/ion, which i s  obtained from the ne t  microwave power d i v ided  by the  g r i d  

cur rent ,  decreased successively i n  going from argon t o  krypton t o  xenon 

since the i o n i  z a t i n  cross-sect ions by e lec t ron  impact increase successively 

i n  the same order. 



Tab1 e 4-2. E x t r a c t i o n  c u r r e n t  compari son f o r  opera t ion  w i  t h  Argon, 
Krypton, and Xenon 

pu F = 700, watt 

I, = 300, Amp, 

Argon 
IG(A) 

Krypton Xenon 

Table 4 . 2  E x t r a c t  i on  c u r r e n t  comparison f o r  opera t  ion w i t h  
Argon, Krypton, and Xenon 



4.3.7 Test Results w i t h  L i m i t e r  

Operat i  on o f  the sol enoi dal B-f  i e l  d t h r u s t e r  w i  t h o u t  a 1 i m i  t e r  y i  e l  ded 

an e f f i c i e n c y  o f  260 eV/ion as i n d i c a t e d  i n  Table 4-1. Operat ion w i t h  a 

s u i t a b l y  chosen l i m i t e r  which prevents e l e c t r o n  heat ing  and plasma pro- 

duc t ion  on those f i e l d  l i n e s  which i n t e r c e p t  the r a d i a l  wa l l  should improve 

the  performance. The i r o n - f  il i ng map i n  F igure  4-11 and the  computer 

generated f i e l d  p l o t  i n  F igu re  4-6 were used as a guide i n  choosing the  

1 i m i  t e r  dimensions which would e l  im ina te  the  resonant surfaces f o r  funda- 

mental heat ing  on those f i e l d  1 ines  which go t o  the  r a d i a l  wa l l  s. The 

1 i m i t e r  dimensions chosen were an annulus o f  th ickness 1.0 cm, i nne r  d ia -  

meter o f  3.3 cm and outer  diameter o f  8.0 cm. This annulus was mounted t o  

the  backplate as shown i n  F igure  4-11. 

Some r e s u l t s  o f  opera t ion  w i t h  t h i s  1 i m i  t e r  a re  g iven i n  Tab1 e 4-3. 

Q u i t e  unexpectedly, the eV/ion values were considerably h igher  w i t h  the 

l i m i t e r  i n  p lace than i n  opera t ion  w i thou t  a 1 i m i t e r .  One might  speculate 

t h a t  the l i m i t e r  dimensions were chosen i n c o r r e c t l y  so t h a t  plasma i s  

channeled t o  a small c e n t r a l  p o r t i o n  o f  the  e x t r a c t i o n  plane. I f  i t  were 

the  case t h a t  the e f f e c t i v e  e x t r a c t i o n  area has been reduced by the  1 i r n i  t e r  

then the eV/ion, which i s  ca l cu la ted  from P,/IG, would increase s imply 

because l e s s  t o t a l  g r i d  c u r r e n t  i s  ava i l ab le .  However, t h i s  argument 

cannot be c o r r e c t  s ince we have a1 ready demonstrated t h a t  a maximum dens i ty  

has been reached and t h a t  presumably the n e t  microwave power goes on ly  t o  

feed energy t o  the plasma channel . Thus, i f  anything, the  ev/ ion should 

have decreased s ince i t has been demonstrated i n  F igu re  4-12 t h a t  th'e 

dens i ty  peaks i n  the r a d i a l  center.  A r a d i a l  i o n  c u r r e n t  dens i ty  p r o f i l e  

a t  the e x t r a c t i o n  plane was un fo r tuna te l y  n o t  taken. The reasons f o r  t he  

l e s s  e f f i c i e n t  operat ion w i t h  the l i m i t e r  has n o t  been resolved. 

A t  t h i s  p o i n t  o f  the experimentat ion w i t h  the  microwave so leno ida l  B- 

f i e 1  d t h r u s t e r  was terminated i n  order  t o  d i v e r t  more resources t o  the more 

promi s ing  RFI t h r u s t e r  devel opment a1 ready d i  scussed e a r l  i e r  i n  t h i s  repo r t .  

4.4 SUMMARY AND DISCUSSION 

We have presented some o f  the operat ional  c h a r a c t e r i s t i c s  o f  a 30 cm 

t h r u s t e r  which u t i  1  i zes a solenoidal  o r  m i  1  d l y  d ivergent  vo l  ume magnetic 

f i  e l  d  geometry f o r  plasma confinement and e l e c t r o n  c y c l o t r o n  resonance 



Tab1 e 4-3. Sol enoi dal  B-f i e l  d p l  asma generator ope ra t i  ng parameters 
( w i t h  l i m i t e r )  

po = 6, x ARGON 

GRID BIAS AT -50,V 



heat ing w i t h  microwaves a t  a frequency 5 GHz f o r  plasma product ion. The 

volume magnetic f i e l d  was produced by a combination o f  permanent magnets 

and va r iab le - f i e1  d magnets. We have succeeded i n  producing a steady p l  asma 

i n  t h i s  con f igu ra t i on  whose dens i ty  i s  l i m i t e d  by the microwave frequency 

used. 

The o r i g i n a l  propose i n  b u i l d i n g  and t e s t i n g  a t h r u s t e r  w i t h  t h i s  

magnetic f i e l d  con f igu ra t i on  was t o  study c r o s s - f i e l d  plasma t ranspor t .  We 

s p e c i f i c a l l y  wanted t o  t e s t  the degree t o  which plasma cou ld  be channeled 

a1 ong magnetic f i e l d  1 i nes which are i n te rcep ted  by the  t h r u s t e r  i o n  

e x t r a c t i o n  plane even though the s t rength  o f  the  magnetic f i e l d  near the 

e x t r a c t i o n  g r i d  was such t h a t  ions, b u t  n o t  e lectrons,  cou ld  be considered 

unmagnetized. It was an t i c ipa ted  t h a t  a study o f  t h i s  solenoidal  magnetic 

geometry would a i d  i n  i d e n t i f y i n g  a con f igu ra t i on  which u t i l  i z e d  on ly  

permanet magnets and y i e l d e d  a more energy e f f i c i e n t  t h r u s t e r  than had been 

prev ious ly  developed under the i n i t i a l  phase o f  t h i s  program. 

The degree t o  which we have succeeded i n  our o r i g i n a l  purpose i s  c lear .  

a I n  a l l  probabl il i t y  the a x i a l  losses o f  both ions  and e lec t rons  exceeded the  

r a d i a l  losses. Although we have demonstrated t h a t  the i o n  e x t r a c t i o n  cur- 

r e n t  i s  dependent on the value o f  the negative g r i d  b i a s  p o t e n t i a l ,  t he  f a c t  

i s  t h a t  the eV/ion does n o t  vary subs tan t ia l l y .  Furthermore, the eVl ion  d i d  

n o t  change d r a s t i c a l l y  when the magnetic f i e l d  s t rength  from the e l e c t r o -  

magnets was reduced. F ina l  1 y , and most perplex ing , was the demonstrati on 

t h a t  the  eV/ion increased considerably when a l i m i t e r ,  which was t o  channel 

the  plasma t o  the g r i d  and reduce r a d i a l  wa l l  losses, was introduced. 

A1 though the resu l  t s  o f  the sol enoidal con f igu ra t i on  described here 

are no t  very p o s i t i v e ,  one should nevertheless n o t  overlook the  poss ib le  

app l i ca t i ons  of a plasma generator concept based on e lec t ron  c y c l o t r o n  

heating. The ECH plasma generator w i t h  permanent magnets arranged i n  an 

azimuthal cusp geometry which was developed and described under the f i r s t  

phase o f  t h i s  program performed very wel l  i n  terms o f  e l e c t r i c a l  e f f i c i -  

ency, r e l i a b i l i t y ,  and s i m p l i c i t y  o f  operat ion.  It provided a steady 

state,  uniform plasma dens i ty  o f  3 x 1 0 ~ ~ / c m ~ ,  1 i m i  t e d  by the  frequency of 

the microwaves. Most - important ly ,  as w i t h  a l l  the ECH plasma generator 

conf igura t ions  we have tested, t h i s  device contained no i n t e r n a l  e lec t rode 

s t r u c t u r e  or  antenna and could thus produce plasmas o f  exo t i c  ma te r ia l s  (be 



they i nsu la to rs ,  meta ls  o r  cor ros ives)  which would be very d i f f i c u l t  t o  

produce w i t h  a  hol low cathode, arc, f i lament ,  o r  RFI discharge. We have 

ser ious reserva t ions  t h a t  the type o f  ECH plasma generator discussed i n  

t h i s  r e p o r t  cou ld  complete w i t h  a  ho l low cathode o r  RFI discharge f o r  

e l e c t r o s t a t i c  t h r u s t e r  a p p l i c a t i o n  should i t  ever a r ise .  
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