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Abstract 

The current s ta tus  of research programs on 
mercury electron-bombardment thrusters  i s  re- 
viewed. Future thruster  requirements predicted 
from mission analysis are br ief ly  discussed t o  
es tabl ish the relationship with present programs. 
Thrusters ranging i n  s ize  from 5 t o  150 em diam- 
e t e r  are described. These thrusters have pos- 
s ib le  near t o  f a r  term applications extending 
from stat ion keeping t o  primary propulsion. Beam 
currents range from 10 mA t o  25 A at accelerating 
potent ia ls  of 500 t o  5000 V. 

Introduction 

I n i t i a l  applications of e l e c t r i c  propulsion 
probably w i l l  be with systems powered from photo- 
vol ta ic  ce l l s ,  Specific masses of present day 
solar.ceU. systems dictate  tha t  e lec t ros ta t ic  
thrusters  will be required t o  operate at specific 
impulses generally below 4,000 see (1600 V Hgf 
ion) i n  order to  minimize overall propulsion m In system specif ic  mass, estimated t o  range from 30 

2 t o  50 kg/kW. Several prospective solar e lec t r ic  
missions assume the use of mercury-electron bom- 
bardment  thruster^."^ The references i n  t h i s  
area are not complete but are only intended t o  be 
representative of trends i n  mission studies re-  
ported i n  the past year or  so. The studies d e t a i l  
the  requirements for thruster  operation a t  l e s s  
than 4,000 see specif ic  impulse. Because of in- 
herent ion production losses  and some unavoidable 
fixed losses, the efficiency of a bombardment 
thruster  decreases with specific impulse. Con- 
tinued research i s  being conducted t o  ensure op- 
timum performance at the required specif ic  im- 
pulse. 

General Thruster Description 

Kaufman thrusters  have been tes ted  over a 
s ize  (discharge chamber diameter) range of 2.5 t o  
150 cm. Fig. 1 shows a typical  thruster  system 
used i n  the 1970 orb i ta l  f l igh t  t e s t  (SERT I I ) .5  
Liquid mercury propellant i s  pressure fed t o  a 
heated, porous-tungsten plug which vaporizes the 
mercury. The vapor flows into the discharge 
chamber where it i s  electron-bombardment ionized 
by a 2 A, 40 V discharge. A re la t ively weak- 
( 3 5 ~ l O - ~  T) magnetic f i e l d  helps contain the dis- 
charge electrons and reduces discharge losses. 
Mercury ions diffuse t o  a para l le l  plate  gr id  
system which extracts, focuses and accelerates 
them into an exhaust beam. A neutralizer cathode 
emits electrons into the beam t o  maintain overall 
system n e u t r a l i t L B p e n d i n g  on thruster  size and 
accelerator gr id  design, single charged mercury 
ion beams from 10 m4 t o  25 A are  produced at 
energies between 500 and 10,000 eV. 

A heavy ion, such as  mercury, was chosen as 
a propellant because it  produces a maximum thrust  
per uni t  area of accelerator grid and a low value 
of power t o  thrust  ra t io .  Maximum thrust is  
l imited by the e lec t r ic  f i e l d  gradiant i n  the ac- 
celerator gr id  system. Minimum power i s  achieved 
by ionization of re la t ively few heavy ions. 
Mercury w a s  chosen over cesium primariry f o r  sim- 
p l i c i t y  of propellant feed systems. Heavy mole- 
cules or colloids were not chosen because they 
fragment when ionized by electron bombardment. 

The discharge chamber has bee developed 
primarily by experimental testing.’Y8 Permanent 
magnets may be replaced by electromagnets i f  a 
variable f i e l d  is desired. The shape ofA the mag- 
net ic  f i e l d  i s  produced by sof t  iron pole pieces 
around the cathode and near the screen grid. The 
shape and strength of the magnetb2 field. was ex- 
perimentally varied u n t i l  low values of discharge 
power and loss of ionized propellants were 
achieved. The discharge chamber has been probed 
and found t o  contain mexwelliam electrons a t  
several vol ts  e n e r a  plus a s a  f ract ion (Less 
than 0.1) of primary energy electrons.8 The 
electron density i s  of the order 1 O u  per cm3. 
Spectroscopic observations indicate less than 
10 percent (by volume) of the propellant atonis 
are i ~ n i z e d . ~  Because of re la t ive ly  high ion 
temperatures and s m a l l  favorable e l e c t r i c  f i e l d  
gradients, only 5 t o  15 percent of the t o t a l  pro- 
pel lant  escapes through the gr id  opening as un- 
ionized mercury. The plasma potent ia l  is near 
that of the anode, with most of the discharge 
drop occurring at a cathode sheath or across a 
discharge baffle. The neutra3 density i n  the dis -  
charge chamber is estimated t o  be 1012 per an3. 

The discharge cathode and the neutralizer 
cathode are  similar and are called hollow cath- 
odes. Figure 2 shows a cross section of a typi- 
ca l  hollow cathode. A tantalum tube i s  capped by 
a thoriated-tungsten disc  containing a small.ori- 
f ice .  A coiled tantalum f o i l  inser t  containing 
barium oxide i s  placed inside the tube and assures 
a small thermionic electron emission t o  start the 
hollow cathode discharge. A starting-keeper elec- 
trode produces a loca l  e l e c t r i c  f i e l d  f o r  s t a r t -  -. ___- __ ___- 
ing and maintaining a discharge. Mercury vapor at 
an estimated pressure of  3000 t o  6000 N/m2 (25 t o  
50 t o r r )  flows through the tube, and a discharge 
t o  the starting-keeper electrode occurs when suf- 
f ic ien t  density has been reached. The cathode 
flow of mercury enters the main discharge chamber 
where it  mixes with the main propellant flow. 
The neutralizer cathode flow escapes in to  the 
vacuum downstream of a thruster  and i s  l o s t  for  
producing thrust. 

The accelerator gr id  system consists of two 
para l le l  molybdenum plates  with matching holes. 
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The f i r s t  gr id  (screen) is  at  the common high 
positive potential of the thruster  body. The 
second gr id  (accelerator) i s  a t  a negative poten- 
tial for  two reasons. One i s  t o  prevent dam- 
stream electrons from backstreaming through the 
accelerator gr id  system. The other i s  t o  pro- 
vide a higher t o t a l  accelerating voltage which 
permits a larger, space charge limited, beam 
current t o  be extracted. The en t i re  thruster  
(except the accelerator grid) is enclosed i n  a 
ground screen which prevents electron- 
backstreaming t o  the positive potential thruster. 

SERT I1 Flight 

The Space Electr ic  Rocket Test I1 was launch- 
ed i n  February 1970 for  the purpose of demon- 
s t ra t ing  long-life space operation of e i ther  one 
of two 15-cm diameter ion thrusters. A cut-away 
f l igh t  model i s  s own i n  Fig. 1. The resu l t s  of 
the space testing' and correlary ground t e s t s  in- 
dicated excellent agreement of thruster  perform- 
ance i n  space compared t o  the same thruster pre- 
tes ted before launch. One f l igh t  thruster  oper- 
ated f o r  5 months, the other for  3 months. The 
nominal operation of the solar-cel l  powered 
thruster  was: 0.25 A beam current; 4150 sec spe- 
c i f i c  impulse; t o t a l  power input, 0.85 kw; over- 
all thruster  efficiency, 0.68; thrust ,  28 mN 
(6.3 mlb). 

Each thruster  operated i n  space with less 
degradation than corresponding ground t e s t s  
u n t i l  a sudden permanent e lec t r ica l  shorting 
occurred between high positive and negative volt- 
ages. A l l  cathodes and feed systems continued t o  
re l igh t  and function normally. 

After study of post f l i g h t  fa i lure  data, 
ground endurance t e s t  observations, and a number 
of possible causes, it was concluded that  both 
f l i g h t  thrusters  fa i led  (shorted) f o r  the same 
reason. Localized wear of the accelerator grid, 
due t o  neutralizer ions, caused a few small, metal 
grid fragments t o  detach. During ground t e s t s  
such fragments could f a l l  (by gravity) away from 
the thruster, but i n  space a fragment would be 
drawn by e lec t ros ta t ic  force and short between the 
closed space thruster grids. 

There are two possible solutions t o  the 
SERT I1 thruster problem. One is t o  move the 
neutralizer to  a new location which would reduce 
the localized accelerator gr id  wear t o  a leve l  a t  
which fragments would not form The other i s  t o  
provide a high current source t o  "burn out" such 
fragments if they should form. This capability, 
unfortunately, was  not incorporated i n  the 
SERT I1 power conditioner. The remaining par ts  
of the accelerator grid are  capable of useful 
l i f e  t o  10,000 hr  or  more i n  the absence of the 
fragment problem. 

30-em Thruster 

Future multi-kilowatt e lec t r ic  propulsion 
spacecraft, such as  the Solar Electr ic  Multiple 
Missions Spacecraft (SEMMS), requiring on the 

order of 10 kW power w i l l  probably not use the 
SERT I1 size (15-cm) thruster system. Instead a 
larger  diameter thruster, such as  50-cm w i l l  be 
used t o  reduce the t o t a l  number of thrusters  re- 
quired. 

A 30-cm diameter thruster  (Fig. 3) has been 
experimentally tested both a t  Lewis Research 
Center ?nd Hughes Research Laboratory the past 
several years 7 ~ 8  These programs defined c r i t i c a l  
design problems with increasing thruster size, op- 
timized the discharge chamber geometry and mag- 
net ic  f i e l d  shape, and experimentally documented 
higher propellant u t i l i za t ion  eff ic iencies .  The 
following paragraphs discuss the present c r i t i c a l  
design areas and current research programs. 

Accelerator Grid System 

The design beam current, 2.0 A, is  eight 
times that  of SERT 11, while the accelerator area 
i s  only increased four times. The accelerator 
gr id  i s  the present limiting thruster component 
for  maximum beam current and low specific impulse. 
More beam current and lower specific impulse  ma^^ 
be obtained by a two-grid system by decreasing 
the gr id  spacing and using smaller holes. De- 
creasing gr id  spacing i s  limited by thermal buck- 
l i n g  of the gr id  system and e lec t ros ta t ic  a t t rac-  
t ion  of the two grids. The use of small holes 
w i l l  eventually resu l t  i n  web-thickness-between- 
holes being too th in  compared t o  tolerances of 
fabrication. Present programs a t  Lewis Res$e_arEe_ 
Center are  emphasizing the mechanical design snd 
support of the grids t o  minimize the e f fec ts  of 
thermal buckling. 

Three approaches are under consideration. 
The f i r s t  approach i s  t o  design a radius of cur- 
vature (dish-shape) into the previously f la t  
grids. Such curvature reduces the t o t a l  movement 
due t o  thermal expansion, controls the direction 
of expansion and because both grids are  the same 
approximate temperature, resu l t s  i n  low relat ive 
change i n  gr id  separation. Grid systems with 
radius of curvature of 67 cm have been experi- 
mentally tes ted for  short (20 hr) periods and 
found t o  be capable of extracting a 2.0 A beam 
at a t o t a l  accelerating voltage of 1500 V. Grid 
separations of 0.06 cm (cold) have been used, but 
the design of a grid mounting assembly t o  re l iably 
hold th i s  spacing on a f l igh t  thruster  f o r  oper- 
a t ing times of the order of 10,000 hr has not 
been achieved. 

A second approach is  t o  design f la t  gr ids  
with enough radial  tension t o  exceed compressive 
forces (thermal buckling) produced by radial  
temperature gradients i n  the grids. Such an 
approach has been previously suggested. ll Grids 
are presently being made that  use a heavy circum- 
fe ren t ia l  r ing of s ta inless  s t e e l  or titanium 
attached t o  the molybdenum grid. As the grid sys- 
tem heats t o  operating temperature ( 3 O 0  t o  
400' C ) ,  the ring having a higher thermal expan- 
sion coefficient expands fas te r  and stretches the 
gr id  f l 8 t .  
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A t h i r d  approach i s  t o  use multiple points 
of support. Grids have shown adequate support if 
the aspect ra t io  (distance between supports di- 
vided by gr id  separation) is  kept below the range 
of 50 t o  75. For the gr id  separation of 0.06 em, 
the maximum distance between supports may be only 
3 t o  4 cm. 

In  the f i r s t  two approaches a center support 
may be necessary, i f  for no other reason, t o  
l imi t  e lec t ros ta t ic  movement of the grids. An 
al ternate  approach t o  center supports i s  the use 
of support rods between the screen gr id  and 
thruster  back plate  for a 20-cm diameter 
thruster.12 Other methods besides closer-spaced 
grids are  a lso being pursued t o  increase the 
maximum beam current. These are: (1) reduce the 
rad ia l  variation i n  the discharge-chamber plasma 
density t o  more effect ively use the outer diam- 
e t e r  areas of the gr id  system; (2) increase the 
percent open area of the screen grid; and (3) use 
thinner screen grids. The results of these re- 
search areas w i l l  be incorporated in to  f l i g h t  
prototype thrusters  when they become proven. 

The present state-of-the-art fabrication for  
flight thrusters i s  represented by a 30-cm 
thruster  tes ted f o r  450 hr (December 1970) at the 
Hughes Research Laboratory. (The promising 
dished-grid resul ts  noted previously, are not yet 
developed for flight use.) Using the 450-hr t e s t  
grid data at a beam current of 1.87 A, an extra- 
polation t o  2.0 A with Child's Law scaling, gives 
a t o t a l  accelerating voltage of 2080 V. Use of  a 
minimum value of 0.5 for net-to-total voltage 
ra t io ,  l imi t s  the specific impulse t o  values 
greater than about 2940 seconds fo r  the 2.0 a 
beam current. The 0.5 value was assumed t o  pre- 
vent excessive thrust  loss due t o  beam divergence 
and possible direct beam erosion of the grid. 
Two-grid lifetime due t o  sputtering by charge ex- 
change ions w i l l  be i n  excess of 20,000 hr. The 
adverse e f fec ts  of thinner gr id  material and high 
beam current density are more than offset  by 
lower gr id  voltages and high propellant u t i l i z a -  
t ion eff ic iencies .  A major l i f e t e s t  (6000 hr) i s  
contracted t o  begin i n  early 1972 a t  the Hughes 
Research Laboratory. A two-grid, 30-cm thruster  
wi l l  be tes ted in a vacuum f a c i l i t y  containing a 
frozen mercury beam target .  

Main Cathode 

Accumulated short term endurance t e s t s  (up 
t o  a t o t a l  of 1200 h r  f o r  the same cathode) have 
indicated acceptable o r  negligible wear ra tes  
for 30 cm type cathodes.lO These low wear ra tes  
resul t  from keeping the hollow cathode t i p  tem- 
perature low. Good designs include larger  t i p  
diameter and larger  hollow cathode or i f ice  diam- 
e te r .  The most promising design t o  date contains 
a chamfered or  diverging nozzle shape i n  the 
or i f ice .  8 

Neutralizer 

Hollow cathode neutralizers have been suc- 
cessfully used i n  30-cm t e s t s  but areas s t i l l  

ex is t  for improvement and are the  subject of pre- 
sent research programs. One area is the position 
and angle ( t o  the beam) of the neutral izer  cathode 
t o  reduce the localized sputterin2; of the accel- 
erator  gr id  by neutralizer ions. Preliminary in- 
vestigations of position and angle variables have 
indicated an order of magnitude reduction i n  loca l  
neutralizer ion impingement.13 Another improve- 
ment area i s  reduction of required neutralizer 
flow. Bell j a r  neutralizer t e s t s  have demon- 
s t ra ted up t o  12,000 hr durations. 

Throttling and Control 

The 30-cm thruster has been throt t led over a 
2 t o  1 range of beam current and experimentally 
controlled w e l l  enough t o  permit unattended en- 
durance operation over weekends.7 But the loss of 
thruster efficiency has been somewhat excessive 
(a drop from 0.60 t o  0.45 with 2 : l  th ro t t le  range) 
and the full range of possible f l i g h t  control has 
not been verified. Present research programs are 
studying main thruster control loops and ways t o  
improve thro t t led  thruster  efficiency. One pos- 
s i b i l i t y  i s  a variable magnetic baffle, such as 
used i n  Ref. 14. Recently a control system using 
a magnetic baffle has been developed at the Hughes 
Research Laboratory tha t  th ro t t les  a 30-cm thrust-  
e r  over a 5 t o  1 range by varying a single input 
t o  the power conditioning system. The loss of 
thruster  efficiency was excessive, however, when 
the thro t t l ing  range exceeded 3 t o  1. Additional 
information regarding thro t t l ing  loss  predictions 
can be found i n  the section Supporting Research. 

Near-Tern Flight Thruster Performance 

If the best of the endurance-proven research 
data i s  taken as a s ta r t ing  point for a 2-year 
development program, and if minor thruster  de- 
velopment improvements offset unplanned minor de- 
velopment losses, the following predictions of 
30-em thruster  performance could be met for near- 
term f l igh ts .  (The 2-year development program i s  
assumed t o  produce a prototype test model ( P T M ) .  
It should be a f l igh t  qualified thruster  that  has 
been array tes ted and i s  ready t o  go into the 
f i n a l  qualification program of a f l igh t  space- 
c raf t .  ) 

Figure 4 i s  a predicted performance plot of a 
30-cm nM thruster efficiency versus effective 
specif ic  impulse for a 3 t o  1 thro t t l ing  range of 
beam current. The following assumptions have 
been used i n  preparing Fig. 4. (1) Current s ta te-  
of-the-art grid designs l i m i t  the effect ive speci- 
f i c  impulse t o  the sol id  portion of the curves. 
(The dashed portion is  beyond present technology, 
but perhaps feasible i n  the future with closer- 
spaced accelerator systems. Note that  the range 
of usable effect ive impulse opens up at  lower 
beam currents where lower accelerating voltages 
are possible.) ( 2 )  The chamber propellant u t i l i -  
zation (not including neutralizer flow) i s  0.93 
a t  maximum beam current of 2.0 A and i s  reduced 
t o  0.90 and 0.81 a t  beam current levels  of 1.33 A 
and 0.67 A respectively. (3) The neutralizer 
f l o w  i s  constant at 50 mA equivalent flow. (4) A 
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constant value of 220 eV/ion discharge loss for 
all beam currents i s  used. (5) A neutralizer 
coupling loss of 20 V and a 0.6 percent acceler- 
a tor  g r i d  impingement is  assumed, (6) The fixed 
power losses (heaters, keepers, e t c . )  are 42 W. 

The suggested design point i s  2.0 A beam 
current at  an effective specif ic  impulse of 
3000 see. The thruster  efficiency i s  0.73 a t  t h i s  
point. The best manner t o  thro t t le  t o  lower 
power leve ls  i s  undecided at t h i s  time, but w i l l  
probably include a significant th ro t t l ing  i n  beam 
current leve l  and may include some decrease i n  
effect ive specific impulse. The performance of 
the SERT I1 f l igh t  thruster  i s  compared with the 
30-2111 &9L3--FMAhrusxter and with a f a r  term (1980) 
thruster  i n  Table I. 

The gr id  l i fe t ime of the €I'M thruster  should 
not be limited by ion erosion a t  maximum beam 
current. The gr id  spacing, however, does l imi t  
the maximum beam current and the effective speci- 
f i c  impulse. The design FTM thruster  grid l i f e -  
time i s  w e l l  over 10,000 hr. Based on a rela- 
t ively few short time cathode tes t s ,  the  cathode 
l i fe t imes should be similarly long. The problems 
of the development program should not be those 
associated with lifetime, but rather those of 
maintaining thruster efficiency and high beam 
currents without gr id  warping or control s t a b i l i t y  
problems occurring. 

5-em Thruster 

Spacecraft with design l i fe t imes of several 
years place severe requirements on a t t i tude  con- 
t r o l  and station-keeping subsystems. The long 
l i f e  and high specific jmpulse available from low 
thrust, e lec t ros ta t ic  thruster  subsystems makes 
them increasingly competitive for these functions. 
Thrust l eve ls  i n  the millinewton range, for  ex- 
ample, are of par t icular  i n t e r e s t  for  spacecraft 
i n  the 500-1000 kg class. 

The 5-em thruster  program at  LeRC i s  aimed 
at  both providing an e f f ic ien t ,  lightweight and 
durable thruster  for the above applications and 
serving as  a t e s t  a r t i c l e  upon which new compo- 
nent concepts can be demonstrated. The inhouse 
work i s  coordinated with a contract e f for t  being 
conducted a t  Hughes Research Laboratory. The 
physical characteristics of the 5-cm thruster  
are  given i n  table 11. Photographs of the Hughes- 
developed subsystem are shown i n  Fig. 5. 

The t o t a l  discharge chamber propellant flow 
is fed from the single gas pressurized tank 
through the cathode. The thruster  potent ia ls  are  
separated from the grounded tank by a vapor phase 
e l e c t r i c a l  isolator .  The neutralizer flow goes 
direct  from the tank t o  the neutralizer. 

Table I11 l i s t s  the performance character- 
i s t i c s  of the 5-em thruster. The best experi- 
ment data taken t o  date with a complete thruster  
subsystem has been obtained a t  the Hughes Re- 
search Laboratories under Contract NAS3-14129. 
These data are presented i n  the f i r s t  column of 

table 111. Similar component eff ic iencies  have 
been obtained at  LeRC i n  separate tes t s .  The 
second column of the table  i s  a reasonable goal 
for  any continued ef for t  on t h i s  thruster  and was 
generated by combining the best experimental com- 
ponent performances as the t o t a l  subsystem goal. 
The f i n a l  column of the table i s  the projected 
possible performance leve l  achievable by a 5-cm 
thruster  a f t e r  extended development. Lifetimes 
greater than 10,000 hr  are  consistent with a l l  of 
these performance parameters. 

In  1970 the resu l t s  of a 5-cm thruster  er- 
formance improvement program were reported.lg In 
that  study i t  was found that  cathode pole piece 
and baff le  position and geometry significantly in- 
fluenced ion chamber performance and could be used 
t o  t a i l o r  the discharge character is t ics  t o  obtain 

_ef f ic ien t  operational modes (e.g. t o  change 
current - ~ o i t a g ~ ~ h - ~ ~ c t e r i s t i c s  ) ;-EndLosedEollow 
cathodes were chosen f o r  both chamber and neutra- 
l i z e r  emitters based on discharge s tab i l i ty ,  op- 
erat ional  range, durability and s t ructural  design. 
Recent resu l t s  of 5-em thruster component t e s t s  
indicate tha t  acceptable l i fe t ime cycling (2800 
on-off cy es)  can be achieved for neutralizer 

Also, neutralizer positioning can be 
accomplished which is consistent with l o w  coupling 
voltages, and long accelerator gr id  lifetime, and 
does not resu l t  i n  direct  erosion f r o m  beam ions. 

Tbrust Deflection 

Thrust deflection can reduce the number of 
thrusters  required on a spacecraft by combining. 
the function of s ta t ion keeping and a t t i tude  con- 
t r o l  into a single thruster. Several th rus t  de- 
f lect ion methods have been demonstrated both a t  
Hughes Research Laboratories under Contract NAS3- 
14058 a t  LeRC and Electro Optical Systems, 
1 n c . 1 W  

A thermomechanical system, in which the 
screen gr id  i s  moved with respect t o  the acceler- '  
a tor  by heating opposite pairs  of actuating 
springs is  shown i n  Fig. 6. The relat ive move- 
ment of the screen and accelerator causes mis- 
dinement of the optics and the beam deflects  
toward the nearer.wall of each accelerator hole. 
Beam deflections of A S o  have been made i n  two 
orthogonal directions without significant increase 
i n  accelerator impingement. 

A more elegant solution t o  the beam deflec- 
t ion  problem is  shown i n  Fig. 7. This figure i s  
a photograph of a two-axis e lec t ros ta t ic  deflect- 
ing grid. The beam f r o m  each screen hole is  
accelerated and focused by orthogonal s e t s  of 
accelerator ribons. Differential potentials 
applied across pairs  of ribbons causes beam de- 
f lect ion i n  the same manner as the e lec t ros ta t ic  
scan systems on cathode ray tubes. Beam deflec- 
t ion  of do have been demonstrated without signi- 
f icant  increase i n  accelerator erosion. A 100-hr 
test with beam deflection has been conducted under 
contract.20 A 1000 hr t e s t  has been completed at 
LeRC.21 Continuing l i f e  t e s t s  a t  LeRC are i n  
progress and are aimed at demonstrating the 
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s u i t a b i l i t y  of t h i s  beam deflection concept t o  
mission applications. 

150-cm Thruster . 
The 15O-cm thruster  i s  designed for power 

leve ls  i n  excess of 100 kW, which places i t s  po- 
t e n t i a l  applications i n  the category of primary 
propulsion for large space vehicles, probably 
using nuclear-electric power conversion systems. 
Present investigations of thrusters of t h i s  size 
are  exploratory i n  nature, aimed primarily a t  
seeking general information. This thruster i s  
included herein mainly for comDleteness since no 
additional data has been obtained beyond;hak_ -- 
reported i n  Ref. 22. 

A cutaway view of the 150-cm thruster i s  
Shawn i n  Fig. 8. Propellant flows from a dis- 
t r ibu tor  manifold into the ion chamber v ia  per- 
forated radial  channels located on the chamber 
rear  w a l l .  Ten cathodes are equally spaced on the 
rear  w a l l  and the i r  rad ia l  positions may be 
varied. The ion chamber L/D (length t o  diameter 
ra t io)  is  0.15 and a conventional two-grid accel- 
erator  system i s  used with the exception that  it 
is s l igh t ly  dished and spacers are used t o  help 
maintain uniform grid spacing. Performance high- 
l i g h t s  are  l i s t e d  i n  table  IV. 

Supporting Research 

The energy required in the discharge chamber 
W&roduce a beam ion i s  about 200 eV/ion i n  
*$sent day optimized thruster. High percentage 
Dpen area grids and divergent magnetic f ie lds  are 
the two major factors  contributing t o  progress i n  
reducing discharge losses. No doubt additional 
gains w i l l  be made i n  the future, although an in- 
creagngdegree of sophistication may be required. 
As an example, one program recently investigated 
offers  additional insight i n t o  present limitations 
i n  the discharge chamber. 

In  t h i s  program chamber performance param- 
e t e r s  were monitored t o  determine possible limita- 
t ions on the propellant u t i l i za t ion  of the mer- 
cury electron bombardment thruster. The resul ts  
of t h i s  analyt ical  and experimental study show 
that the l o s s  r a t e  of un-ionized propellant a t  
maximum ut i l iza t ion  i s  nearly a constant over a 
wide range of propellant f l o w  ra te .  This con- 
stant loss r a t e  strongly e f fec ts  thruster  per- 
f o r p e e  during throt t l ing.  

Spectroscopic diagnostic techniques have 
been perfected for viewin6 the discharge chamber 
and the exhaust ion beam. These techniques 
quantatively measure re la t ive  density of ions 
(singly or doubly ionized) and neusrals as well 
as electron temperature and distribution. One 
immediate application of such work i s  estimat- 
ingz* any interference of a spacecraft s t a r  
tracker signal from radiat ion produced by the ion 
exhaust beam. 24 

To permit correct design of f l i g h t  discharge 
power supplies and t o  furnish a basic understand- 

ing the discharge type, volt-ampere curves have 
been taken by R. C. Finke using battery banks and 
pure res i s t ive  loading. Data as shown in Fig. 9 
indicate a classical  form of dark emission, glow 
. and abnormal glow and fina&l.y-arc discharge, 
Many of these discharge de ta i l s  are l o s t  if a 
commercial. power supply i s  used due t o  the high 
reactive impedance associated with these sup- 
p l ies .  25 

In another program a'15-cm SERT I1 thruster  
was operated on various gases.26 Xenon, krypton, 
argon, neon, nitrogen, carbon dioxide and helium 
were tested. These materials are l e s s  e f f ic ien t  
than mercury for  propulsion but have possible 
ground based applications. Changing the propel- 
l a n t  atomic mass while holding geometric and 
e lec t r ica l  parameters fixed allows a broad view 
of thruster  operation. The correlation of thrust- 
e r  data with a wide range of atomic characteris- 
t i c s  has resulted i n  greater design confidence for 
mercury thrusters. 

Program Summary 

The s ta tus  of the various thruster  programs 
can be conveniently summarized and discussed with- 
i n  the framework of a thruster  efficiency vs 
specif ic  impulse plot as  shown i n  Fig. 10. Shawn 
for comparison are  data points from the thrusters  
and an "ideal" curve i n  which all system losses 
( including m-ionized propellant) are assumed 
equal. t o  200 eV/beam ion. The open symbols repre- 
sent data points while the sol id  symbols represent 
design goals. 

The 150-cm data point falls signif icant ly  
below the ideal  curve. Problems specif ical ly  
associated with large thrusters  have been investi- 
gated and there appear t o  be no fundamental l i m i t s  
on t h i s  s ize  thruster. A decreased emphasis w i l l  
probably continue until a more specific require- 
ment for t h i s  power leve l  thruster  becomes ap- 
parent. 

The increased emphasis placed on the 5-cm 
thruster  over the past few years has resul ted i n  
an awti l iary propulsion subsystem with a highly 
desirable demonstrated power-to-thrust r a t i o  of 
31 W/mN (138 W/niLb). Values under 22 W/mN (100 
W/mlb) are expected with improved subsystem, The 
information gained i n  the 5-cm component and 
thruster  subsystem optimization program with 
small, re la t ively inexpensive pieces of hardware 
has had a significant benefit on the e f f ic ien t  
design and rapid optimization of larger  compo- 
nents and thrusters. The demonstration of accept- 
able l i fe t ime for space application is  i n  progress 
f o r  the 5-cm thruster subsystem with e lec t ros ta t ic  
beam deflect ion capability . 

Present m-cm research thrusters  using con- 
ventional grids have shown single point perform- 
ance, a b i l i t y  to  operate over a 3:l th ro t t l ing  
range, and good l i fe t ime of all components. Such 
thrusters, developed through a 2-year program 
would be capable of performing a var ie ty  of near- 
term space missions. 

https://gases.26


In the context of the needs of many ant ic i -  
pated missions, mercury electron bombardment 
thrusters  capable of f u l f i l l i n g  a wide variety 
of applications are  already available. Present 
developments aimed at specif ic  applications 
should resul t  i n  increased performance for  these 
applications perhaps without any loss of f lex i -  
b i l i t y .  
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15-cm 30-em m-cm 
SERT I1 1973 1980 
f l i g h t  I T M X  thrustei 

Input power, kW 0.85 2.7 2.3 
Net voltage, V 2900 1090 720 
Beam current, A .25 2.0 2.5 
Ilt il .izaLion cf'ficiency .77 0.91 0.94 
'Thruster efficiency .68 .73 .74 
Thrust;, mN 28 135 135 
Thrust, mlb G.2 30 TSO I iiL'rcc:tive spec. imp., SCL' I 4152 (.NW I 2500 

*Prototype t e s t  model 
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TABZE 11. 5-cm Thruster Subsystem Specifications 

7.5-cm diameter, 33-cm long 
2 . 1  kg empty weight 
6.2 kg propellant weight 
Synchronous orb i t  thermal design 

TABLE 111. 5-'cm Thruster Performance Values 

Input power, W 
Net voltage, V 
Barn current, mA. 
Utilization efficiency 
Overall efficiency 
Thrust, mN 
Thrust, mlb 
Effective spec. imp., sec 
Power t o  thrust  ra t io ,  

W/mlb 

TAPLE IV. 150-cm Thruster Perforrnance V a l u e s  

N e t  voltage, V 
Beam current, A 
Uti l izat ion efficiency 
Overall efficiency 
Thrust, N 4.0 (0.89 lb) 
Effective spec. imp., sec 7000 
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F i g u r e  1. - Cutaway sketch of 15 c m  SERT I1 th rus ter .  
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F i g u r e  2. - Hollow-cathode tip. 



Figure 3. - 30-cm dished two-grid thruster .  
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Figure 4. - 30-cm thruster efficiency (1973 PTM) versus 
specific impulse. 



Hughes prototype. 
Figure 5. - 5-cm thruster. 

F igure  6. - Therrnornechanica l  5-crn vectorable grid. (Cont rac t  NAS 3-14058, 
Hughes Research Lab.) 



Figure 7. - Electrostatic deflection 5-cm vectorable grid. (Contract NAS 3-14058, 
Hughes Research Lab.) 
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D I S T R I B U T O R  

Figure 8. - Cutaway view of 1.5 meter diameter Kaufman thruster. 
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Figure 9. - Character ist ic of hol low cathode discharge. 
Hg flow, 40 mA. 
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Figure 10. - Comparison of design goals with present data of various 
size mercury bombardment thrusters at maximum beam currents. 
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