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- ABSTRACT

Major effort is divided between two thruster sizes. One, a small
S5-cm or 8-cm size 1s for spacecraft station keeping. The other,
30-cm (130 mN thrust), is for a thruster array to do primary solar
electric propulsion, A S5-cm thruster (1.8 mN) has recently com-
pleted 9715 hr of life testing., Use of dished grids in the 30-cm
thruster has increased beam current from 2 to 5 A, The total
thrust system mass is compared for present small thrusters at dif-
ferent operating conditions for station keeping of synchronous
satellites.



REVIEW OF KAUFMAN THRUSTER DEVELOPMENT AT
THE LEWIS RESEARCH CENTER - 1973
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INTRODUCTION

Previous papers written on Kaufman thruster development at the Lewis Re-
search Center (LeRC) have summarized work prior to 197'1.1’2 This paper
deals primarily with work completed in the subsequent two years. Thrusters
tested have ranged in size from 2.5-cm to 150-cm diam; thrust, 0.4 to

4300 mN; and power, 0,03 to 203 kW. A 2.5-c. thruster was briefly tested
and found to have surprisingly high thruster efficiency, but as no distinct
present application exists, further work is not pla.nned.3 The 150-cm
thruster has not been tested for the last 4 years because of the unavail-
ability of near term spacecraft having megawatt-level power sources, A 15-
cm thruster was operated on various gases for possible ground-base applica-
tion.*% Presently, the major research and development efforts are directed
into two areas of thruster size. One is a small size, 5- or 8-cm diam, to
be used for station keeping and attitude control of synchronous space-
craft,5 12 The other is a 30-cm diam thruster to be used for primary pro-
pulsion in a 3- to 7-thruster array for solar electric propulsion of inter-
planetary or orbit raised spacecraft,—~~ 6 Emphasis is placed on thruster
system reliability and lifetime as previous work has increased thruster ef-
ficiency to a high level.13:16  york also proceeds on definition of
thruster-spacecraft interactions,l7-19

5-CM THRUSTER

A 5-cm diam thruster has been developed over the past several years for
station keeping of synchronous satellites.® 12 This effort, conducted both
at LeRC and by contract with the Hughes Research Laboratory, resulted in
the efficient, lightweight, reliable thruster system shown in Fig. 1. LeRC
has emphasized thruster component and thruster system reliability through
extensive life testing. A 5-cm thruster life test was terminated in Decem-
ber 1972 after accumulating 9715 hr of total operation with a structurally
integrated thruster (SIT-5). Two different accelerator grid systems were
evaluated in this test. One, a thermomechanical misalinement vector grid
was tested for the first 2027 hr, and the other, a two-axis electrostatic
deflection grid was then tested for 7688 hr.20 "The thermomechanical grid
was tested for an additional 3000 hr on another but similar thruster to
raise its total test time to 5000 hr.2l At 5000 hr the test was stopped
by plan. Post-test grid erosion measurements indicated a minimum projected
grid lifetime of 20 000 hr. The electrostatic deflection grid test was
stopped at 7688 hr (9715 hr total on thruster) when a grid element eroded
through. This anomalous erosion was caused by a loose flake of metal which
fell on a screen grid hole, causing its beamlet to be distorted and even-
tually erode through the failed grid element. Other elements of the grid
were sufficiently worn (not caused by flakes) that the design life of this
grid is probably close to the actual test time of 7688 hr. By redesign of
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the worn elements, however, the grid life could be 10 000 to 15 000 hr.

The balance of the thruster components were operating correctly at 9715 hr
when the grid element failed. The main cathode showed little wear and the -
propellant isolator resistivity showed no change. The neutralizer cathode
tip face was eroded, however, to a beveled shape, which precluded lifetime
projection significantly beyond 10 000 hr.20 There was slight-to-moderate
erosion of the discharge baffle assembly accounting for the flake formation
described above, There was no appreciable grid erosion due to neutraligzer
ions, Such erosion was apparent on SERT II thruster configurations. Other
thruster camponents have been separately endurance tested in bell jars, A
.propellant feed system, propellant flow isolator, and main cathode was op-
erated for 5400 hr with successful feed system operation and no electrical
leakage in the isolator. The test was stopped to replace the components
with prototype hardware. The subsequent test has been run for 4200 hr and
is continuing at this writing. In four other bell jar tests S-cm thruster
cathodes have been tested for 3700 to 8700 hr and up to 580 cycles,

Analysis of the rate of baffle assembly mass wear for the 9715-hr test and
sputtering yields predict an ion arrival flux of either 70 mA/cm of Hgt or
SuA/cm2 of Hg**. As the local plasma density can only deliver several
mA/cm (Boehm criteria for stable sheath) and the self-heating from

70 mA/cm2 would be higher than the observed surface heating, it is theo-
rized that the major part of discharge chamber (and perhaps hollow cathode)
erosion is caused by a relatively small flux of impinging Hg++ ions. If
such a theory is correct, the effective control of chamber sputtering must
be through a reduction of Hgtt density rather than a lowering of impinging
ion energy (discharge voltage). The rate of change of sputtering yield .is
much less near the Hg'' energy of 80 V, than at the near threshold energy
of 40 V for a Hg' ion,

8-CM THRUSTER

The 8-cm thruster reduces the duty-cycle requirement on small spacecraft
applications, as well as produces enough thrust to station keep large
spacecraft without resorting to multiple thrusters. Its use offers signif-
icant advantages of (1) hlgher propellant utilization through use of a
larger discharge chamber increased reliability due to a shorter duty
cycle, and (3) a shorter prefllght verification program because of lower
required thruster lifetime, TInitial operation of the 8-cm thruster is pro-
posed at 72 mA beam current and 2800 sec specific impulse using dished,
misalinement vector grids. 6,15 As dished grids are capable of running at
beam current density of 3.5 mA/cm2 future 8-cm thrusters may be capable of
operation at 140 to 150 mA beam current. Early component tests using 5-cm
thruster hardware run at 8-cm thruster conditions corresponding to 72 mA
beam current indicate equal or improved performance at the 8-cm thruster
conditions. Since 5-cm thruster component (cathodes, isolator, vaporizer,
grid design) technology will be used in the 8-cm thruster, the reliability
and confidence gained through 5-cm component endurance tests will apply to
the 8-cm thruster design.

15-CM THRUSTER

No testing is presently being performed with 15-cm thrusters at LeRC. The
SERT II spacecraft (with two, 15-cm thrusters on board) has been inactive
since February 1972. Repeated attempts with both thrusters on the space-
craft to clear the high voltage short between grids were unsuccessful.Zd
During each attempt, however, the thruster cathodes restarted readily. The
total number of cathode (both main and neutralizer) restarts in space since
launch has been 23 for thruster 1 and 67 for thruster 2. Because future



missions may possibly require a thruster size between the 8-cm. and 30-cm
thrusters, which presently receive major emphasis, a research grant was
awarded to Colorado State University to further study the 15-cm thruster.24 :
One suggested application would be N-S station keeping using shared power
from an on-board battery,29 If high power levels (800 to 1000 W) were
availlable, a 15-cm thruster could be operated for approximately 1 to 2 hr
per day and N-S station keep a 1500 kg synchronous satellite. Efficient
(high depth of discharge) batteries capable of many recycles (2000 in 5 yr)
would be reguired.

"5~, 8-, 15-CM THRUSTER COMPARISON

To compare the relative advantages of thrusters and define ranges of re-
quired thruster operation, the following analysis has been done. A single
size satellite (1364 kg/3000 1lb) was picked and three sizes of thrusters
were used to perform N-S5 station keeping for 5 yr. The total system mass
and required thruster lifetime were calculated for each size thruster and
plotted as a function of specific impulse (Ig,) on Fig. 2. The total sys-
tem mass includes thrusters, individual propellant and tank for each -
thruster, a power processor unit (PPU) for each thruster and the chargeable
solar cell mass. Two extremes of chargeable solar cell mass were assumed,
One, no power sharing, includes the full mass of solar cell required to run
each thruster. No switching or sharing of solar cells is assumed. The .
other extreme was ideal solar cell power sharing in which the mass of solar
cell was multiplied by the fraction of thrust on time, In this extreme
when the thruster is off, some other spacecraft function will be using the
solar cells. Other assumptions made in computing Fig. 2 were: (1) A N-S
station-keeping velocity requirement of 46 M/S per year at zero duty cycle
" and increasing to 72 M/S per year at unity duty cycle.26 (2) Thrusters
placed to fire directly north or south (on tips of solar arrays, for exam-
ple) and no loss of thrust due beam divergence of Hgtt ions. (3) No redun-
dant thrusters used. (4) A PPU electric efficiency and specific mass as
shown in Fig. 3. (5) A solar cell specific mass of 23 kg/kW. (6) Dished
grids for 8-cm and 15-cm_thrusters operated at 2.8 mA/cmz beam current den-
sity above 2700 sec Ig.,. Below 2700 sec the beam current drops due to a .-
grid perveance limit ag an assumed constant grid spacing. (7) Electrostat-
ic deflection grid for the S5-cm thruster, operated at grid perveance limit
with fixed grid spacing lower than 3000 sec Igp and with increased spacing
higher than 3000 sec Igp (constant field, 3x108 v/m). (8) Respective
values for 5-, 8-, and 15-cm thrusters of: chamber propellant utilization,
0.75, 0.86, and 0.90; neutralizer flow, 3, 6, and 15 mA; EV/ion loss (in-
cluding beam coupling loss), 400, 300, and 235; fixed power loss, 30, 13,
and 30 W; thruster shell, gimbels and mounts, 2.2, 2.3, and 4.0 kg; propel-
lant tank and structure, 0.19 fraction of propellant mass for every thrust-
er size.

Figure 2 indicates that for a 1364 kg satellite, six S5-cm thrusters, two
8-cm thrusters or one 15-cm thruster would be required, Total system mass
varies from 24 to 85 kg with large mass savings possible if ideal power
sharing is possible. The required thruster life varies from 22 000 hr
(unity duty cycle limit, 12 hr north or 12 hr south thrusting at 3.1 mN)
down to 1300 hr. The 5-cm thrusters are unsuitable for this spacecraft be-
cause more thruster units are required, and their total system mass is sig-
nificantly higher with higher individual thruster life also required. The
choice between 8-cm and 15-cm thrusters, however, is close with only 5 kg
system mass difference, The major drawback to the lighter mass 15-cm
thruster system is the need for high power (~800 W) from the solar panel or
an on-board battery.25 If power sharing or an on-board battery is avail-
able (solid curves of fig. 3), the optimum Isp is very broad and shifted to
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high (4000 to 6000 sec) Ig,. The propellant flow isolator has been devel-
oped only to 3000 sec Ig, and would need further research to achieve isola-
tion at high Igp voltageS. With no power sharing, the two 8-cm thruster
system has optimum system mass of about 45 kg over a range of 2000 to 3500
sec Iy and a required thruster life of 4000 to 6000 hr. Because of a sig-
nificant trade-off between beam current, total system mass and required
thruster life, Fig. 4 was computed. The same assumptions used in Fig., 2
were also used in Fig, 4. Pigure 4 indicates a 5 to 10 kg lower total sys-
tem mass is possible at beam currents of 50 or 72 mA instead of 142 mA for
the no power sharing curves, Also the optimum Ig, is spread over a wider
“range for the lower beam currents. The required ghruster life, however, is
higher for 72 mA and 50 mA beam current, respectively, than for the 142 mA
beam current. With ideal power sharing, there is only S to 9 kg saving in
the 3000 sec ISp region. : :

'30-CM THRUSTER

The 30-cm thruster is planned to support multikilowatt solar electric pro-
pulsion (SEP) future spacecraft. This size thruster has been research
tested since 1969 at both LeRC and Hughes Research Laboratory and is pres-
ently in an advanced state of devlopm.ent.ls"l6 Contractual effort is on-
going to make an engineering model thruster, lightweight, vibration and
thermal-vacuum qualified. A major advance has occurred in grid technology
through the use of dished grids.lS With dished grids beam currents of 4 to
5 A have been obtained at 3300 sec Isp- Two other approaches to grid de-
sign using multiple points of support across the grid were unsuitable be-
cause of excessive charge exchange ion sputtering wear on the downstream
portion of the support structure,2/ The other design, flat grids with ra-
dial tension, achieved 2 A beam current at 3000 sec Ig,,. The radial ten-
sion in the grid needed to overcome thermal buckling, gowever, was near the
material 1limit of the molybdenum grid. Another major advance has been made
in the position of the neutralizer cathode which eliminates any significant
impingement of neutralizer ions on the accelerator grid.13:14 Improvements
continue to be made in the discharge chamber by refining the magnetic field
and baffle design. Present discharge losses are 190 eV/ion with 2 A beanm
and 95 to 97 percent discharge propellant utilization (uncorrected for
double ions). Short term (~1000 hr) life tests at 2 A beam current are on-
going to look for endurance problems with cathodes, grids, insulators, or
condensed sputtered metal. Also, bell jar tests to 4000 hr are on-going to
test cathodes at both present thruster operating conditions and at high
emission levels (>10 A).
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SPACECRAFT: MASS, 1364 KG (3000 LB); LIFE, 5 YR.
TOTAL SYSTEM MASS INCLUDES THRUSTERS, TANKS,
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