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Abstract

An experimental test program was carried out
to document all 30-cm electron bombardment Hg ion
bombardment thruster functions and characteristics
over the thermal environment of several proposed
missions. An engineering model thruster was placed
in a thermal test facility equipped with ~196° C
walls and solar simulation. The thruster was cold
soaked and exposed to simulated eclipses lasting in
duration from 17 to 72 minutes. The thruster was
operated at quarter, to full beam power in varicus
thermal configurations which simulated multiple
thiuster operation, and was also exposed to 1 and 2
suns solar simulation. Thruster control character-
istics and constraints; performance, including
thrust magnitude and direction; and structural in-
tegrity were evaluated over the range of thermal
environments tested.

I. 1Introduction

As part of the solar electric propulsion (SEP)

technology readiness program at Lewis, an experi-
mental test program was performed to demonstrate
30-cm Hg~ion bombardment thruster functions over
the thermal environment of various proposed mis-
sions.1,2,3 Goals of the program were to:

(1) demonstrate mechanical integrity of the Engi-
neering Model thruster stored at background temper-
atures as low as LNy (-196° C), (2) verify that
neither temporal nor spatial therm¢l gradients had
adverse effects on thruster componeats or thruster
operation, (3) verify that the thruster could oper-
ate at quarter-, half-, and full-beam power when
exposed to on-axis solar simulation from zero to

2 suns, (4) verify that other thrusters, operating
in close proximity, do not present thermal prob-
lems, and (5) define thruster restart characteris-
tics with a variety of simulated eclipse conditions.
Another goal of the program was to characterize the
thruster as a thermal element in the total space-
craft system and generate sufficient data for the
development of a thermal model of the thruster.

11. Apparatus

Facility

To implement this program a facility capable
of providing thruster background temperatures of
liquid nitrogen (-196° C) was developed. This was
accomplished by modifying a 1.5-meter diameter by
5.1-meter long vacuum tank equipped with four oil-
diffusion pumps. This modified tank, along with
the position of the thruster In the tank, is
sketched in Figure 1. This cank had a cylindrical
liquid nitrogen (LN;) baffle that was only 4.5-meter
long and radiation shielding, consisting of aluminum
and alumized Mylar, was attached to the ends of the
IN; baffle to reduce the thermal loading from the
room temperature tank walls (see Fig. 1). The
aluminum shielding was spray painted with a layer
of graphite to reduce sputtering and provide a bet-
ter background for solar illumination by reducing
reflections. Aluminum and aluminized-Mylar shield-
ing were also placed between the diffusion pumps on
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the floor of the tank and in places where gaps oc-
curred in the LN, baffle. These facility modifica-
tions provided uniform background temperatures.
Except for the radiation shields at the ends of the
baffle, these temperatures remained nearly constant
during thruster operation. Temperatures at the up-
stream radiation shield {behind the thruster) in-
creased due to thermal loading from the operating
thruster. The downstream (rarget) shield increased
{n temperature from the bombardment of the Hg-ion
beam. The target radiation shield had a hole 30 cm
in diameter on the tank centerline to allow on-axis
solar illumination of the thruster. A quartz win-
dow 26 cm in diameter was located on the centerline
of the tank end flange. This window was protected
with a movable shield wiien not in use.

Thruster

The thruster, was the modified 700 series
(702-A) shown in Figure 2 and had grids with a
1.25 cm dish. (The accelerator and screen grids
were 43 and 67 percent open, respectively.) This
thruster, unlike the 400 series thruster thermally
tested in reference 4, had a split cathode-isolator
vaporizer system.5

Some materials used in the 702-A thruster were
different from those in the 400 series thruster
previously tested. On the 702-A thruster the anode
was made of Ti, the backplate Ti, the outer shell
T{, and the rear cover Al. On the 400 series these
thruster components were made of stainless steel.

A difference between the 702-A thruster and the en-
gineering model 900 series thruster is the baffle-
pole piece assembly and the screened backplate-
anode.® However, because of similarity in com-
struction and design, no significant thermal dif-
ference exist between the 702-A thruster and the
900 series EMT.

Thruster mount system and thermocouple loca-
tions. The thruster was supported by four ceramic
(A1203) rods S-cm in diameter by 5-cm long. The
ceramic supports served the dual purpuse of pro-
viding both electrical and partial thermal isola-
tion for the thruster. The ceramic was in turn at-
tached to an aluminum collar to give structural
support. This thruster assembly was then attached
to an end flange by four, 2.54~cm diameter, 183-cm
long aluminum rods. The aluminum rods allowed the
thruster to extend through the radiation shield
and into the tank. Figure 3 is a back view of the
thruster and {ts mount system,

All power leads, propellant feed lines, and
thermocouple leads came out the back of the
thruster and were contained inside the aluminum-
rod-mount system. This allowed control of any con-
duction losses incurred by these leads or feed
lines. These losses were calculated to be about
80 mW for all thermocouples, 190 mW for the feed
lines, 44 mW for the Hg in the feed lines and
2.2 W for the supports, and are insignificant
w.r.t. the total power dissipated in the thruster
discharge.



The thruster, the mercury feed limes, and
thruster mount system were instrumented with
40 Chromel-Alumel (C-A) thermocouples. The 26
thermocouples located in the thruster are shown in
Pigure 4 and are listed in table II.

Solar Simulation

Shown in Figure 5 is the 40 kW cerbon arc lamp
used for solar simulation. The lamp radiation was
collected through a movable quarts lems systez to
allow either one or two suns intemsity (0.7 A.U.).
In reference 7 it was shown that the carbon arc
spectrally matched the Johnson curve for the solar
spectrum very closely. The solar intensity was ob-
tained by measuring the short circuit current of a
N/P silicon solar cell along with s calibrated,
water cooled, radiometer.

The solar beam flux density was uniform to
within 5 percent at the grid plane of the thruster.
The diameter of the solar beam at that plane was
over 60 cm which was sufficient to cever the
" thruster and azimuthal heat shield surrounding the
thruster. Over the time periods run in these ex-
periments, sometimes greater than 5 hours, there
was little or no variation in intensity of the so-
lar simulation. Also from run to rus the same con-
ditions could be duplicated. Thus, no appreciable
changes occurred in the performance of the entire
solar simulation system over the test period.

Thruster Thermal Environment

Four thruster thermal environments were se-
lected for thermal testings to provide sufficient
data for development of an analytic wmodel of the
thruster. Thermal confjguration I (Pig. 6) had no
radiation shielding surrounding the thruster so that
thruster surfaces radiated directly to the surround-
ing cold tank walls, except for the rear which saw
a heat shield 7.6-cm behind the thruster. (The rear
shield was made of aluminum and had C-A thermo-
couples to indicate shield temperature.} This
thermal configuration allowed a maximum interaction
with a space environment and a minimum thermal in-
teraction with other thrusters. This configuration
would be expected to achieve the coldest thruster
temperatures in either operated or stored modes in
a8 simulated space environment and most clceely rep-~
resents the thermal conditions for a deep space
mission. Configuration I was also used to establish
the measured bounds of the thruster during eclipse
gimulations.

Configuration II (Fig. 6) had & 360° azimuthal
shield around the thruster. This shield had heaters
so that the temperature of the shield could be con-
trolled to simulate the thermal input of other
thrusters. The rear shield 30 cm by 30 cm was lo-
cated 30 cm behind the thruster giving the rear of
the thruster a view factor to LN, walls of 0.70.
This configuration (II) was used to assess the im-
pact of other operating thrusters surrounding the
thruster and also provided uniform azimuthal back-
ground temperatures for correlation data to generate
an analytic thermal model.

Thermal configuration II1 (Fig. 6) was similar
to configuration II except that an additional shield
of aluminized mylar (Al/mylar) was placed between
the thruster and the azimuthal shield as well as
the rear shield to reduce to a negligible value all
the heat rejection to the rearward hemisphere. This

configuration (I11) simulated a condition of a
thruster thermally iaclated from the spacecraft and
other thrusters. The aluminized-Mylar heat shield-
ing vas meda of 0.0012 cm thick Mylar, coated on
both sides with 1000 X aluminum, The aluminized-
Mylar radiation shields used between the azimuthal
and rear shield consisted of six concentric cylin-
ders. In addition this configuration was used to
simulate & multiple thruster eavironment.

Thernal configeration IV was identical to con-
figuration II1 except that the 360° azimuthal heat
shield had a 90° segment removed in the upper quad-
rant. This wvas done in an attempt to simuiate as-
symetric thermal loading of the thruster.

111, Storage and Start U

Many missionsl:2:3 require long term storage
of a thruster and also restarts over a large range
of thermal enviroasents. During storage, the
thruster can become very cold, such that mercury
could be frosen in the feed lines. Teats were run
to simulate conditions where the mercury in the
feed lines were frozen in order to determine that
during exposure to the cold environment of space
the structural integrity of the thruster would be
maintained.

The thruster was cold soaked in the laboratory
about 20 times with various thermal configurations
and the coldest temperatures attained are shown in
Figure 7 (configuration 1). The coldest thruster
temperatures attained in this configuration were
-92° C on the engine body and the anode. The cold
soak equilibrium temperatures ware reached in about
24 hours. No structural changes were ever observed
in the thruster as a result of the cold soak tests.

A aumber of startup tests were carried out to
verify mechanical integrity and characterize sys-
tem requirements to achieve startup. The startup
from these conditions was expected to bound the
system startup requirements for thruster storage
at large A.U. missions. Normal startup® fiom fro-
zen conditions was attempted using configuration I,
where the coldest thruster temperatures were at-
tained. Generally, for all the tests the initial
temperature conditions of the thruster were the
same, and mercury was frozen in the feed lines.
The distance upstream of the vaporizers that the
mercury was frozen depended on the thermal config-
uration, and will be presented later.

With the thruster extended into the tank as
shown in Figure 1, 152 cm of the Hg neutralizer,
cathode and main propellant lines were exposed to
LNy walls of the tank. In the preheat mode,

60 watts was applied to the neutralizer tip heaters,
60 watts to the cathode tip heater, and 45 watts to
the cathode and main isolators. The thermal feed
back from the tip heaters and isolators caused a
rapid rise in temperatures at the vaporizers, such
that after 20 minutes the main vaporizer tempera-
ture was 124° C, the cathode vaporizer temperature
98° C and the neutralizer temperature 80° C. At

20 minutes the vaporizers were turned on to full
power, and the isolator power turned off. The
cathode and neutralizer 1it indicating no struc-
tural changes in these cathodes and at t = 38
minutes, the maximum beam attained was 0.75 amps.
However, because of the length of frozen feed line
the thermal feed back from the discharge was insuf-
ficient to thaw the feed lines. As a consequence,




liquid Hg could not be supplied and a discharge
could not be sustained. Within minutes, due to the
lack of a Hg pressure head on the vaporizer plug,
the cathodes went out.

With the thruster in thermal configuration I,
other attempts were made to thaw the feed lines and
start up the thruster using power applied to
thruster components only. These attempts included
adding various combinations of tip heater power and
vaporizer power [or periods of time up to 20 hours.
Thermocouples placed on the feed lines at various
locations upstream of the thruster are sketched in
Figure 8 along with temperature levels (open sym-
bols) at these locations at t = O (frorzen) before
any power was applied to the heaters or vaporizers.
With 10 watts to each isolator and 4 watts to each
vaporizer, the temperature levels after 20 hours
(svlid symbols) are indicated for each vaporizer
and some locations on its feed line system right up
to the Hg reservoir outside the tank. As shown in
the figure the thermocouples located 145 em from
the thruster back plate did not change temperature
and hence, were not significantly affected by the
thruster thermal feed back. The temperature levels
of the feed lines were near the temperature level
of frozen Hg at distances from the thruster back
plate of 38 cm for the neutralizer feed line, 51 cm
for the main vaporizer feed line and 63 cm for the
cathode feed line thruster. At startup, tempera-
tures indicated that Hg was still frozen in the
feed lines. The addition of 1 sua simulated solar
input to the thruster front was not enough input
energy to thaw the feed lines. Huwever, it should
be noted that no structural problems occurred be-
cause of these conditions.

To show that it was possible to start and sus-
tain a discharge in the 702 thruster with Hg frozen
in the feed lines, a 91 cm diameter bell jar was
added to one end of the tank to reduce the length
of feed line exposed to LNj. In this configuration
(tank, bell jar, and thermal configuration I) the
thruster was cold soaked until frozen in the lines
to at least the tee couplings. A conventional
startup using cathode tip and isolator power was
then performed. In addi{tion small amounts of power
were applied to the vaporizers in order to help
thaw the frozen mercury. Three watts of power was
used at the cathode and main vaporizers and 10 watts
at the neutralizer vaporizers (since the neutralizer
is isolated from the rest of the system more power
was used). From this frozen condition it was pos-
sible to attain at full beam of Jp = 2A in 34 min-
utes with a minimum of breakdown.

Absolute techniques in starting from a frozen
thruster condition to match any of the mul'iple
missions that may exist for an EM thruster and its
power processor were not within the scope of these
experiments. A goal here was to establish that it
is possible to attain full beam power, in the FM
thruster from a frozen condition, without any struc-
tural problems occurring in the thruster.

The results of starting a thruster from cold
storage are: (1) there is no mechanical or struc-
tural damage to the thruster during this time of
maximum “hermal stress with or without Hg frozen in
the feed lines, (2) with Hg frozen at least 38 cm
from the thruster vaporizers, a conventional re-
start, with some power applied to the vaporizers,
was insufficient to sustain a discharge, and

thruster it was possible to attain a full beam of
2 amperes in 34 minutes with a conventional restart
plus the addition of vaporizer heate: power.

IV. Eclipse Simulatien

In some proposed near earth missions the
spacecraft-thruster system will experience eclipses
for up to 72 minutes. For such missions it is de-
sirable to return to the thruster pre-eclipse power
condition in as short a time as possible. Tests
were performed to simulate eclipse conditions over
a number of thruster operating and eavironmental
conditions. The procedure followed was to let the
thruster approach thermal equilibrium at a given
beam power and solar simulation condition. The sun
simulator (if used) and all power to the thruster
were then turned off and the temperatures on the
thruster recorded. Although a range of eclipse
conditions were simulated only the ones which are
important to envelope the thruster thermal con-
straints will be presented here.

One eclipse condition is a thruster operating

at low beam power and a short duration eclipse. The
first thruster (configuration I) exposed to an
eclipse was running at low beam, Jg = 1A, Shown in

Figure 9 are the temperature-time profiles of the
vaporizers during a 17-minute simulated eclipse and
the corresponding rises in vaporizer temperature
during restart to a 1 amp beam 16 minutes after the
thruster came out of the eclipse. A conventional
restart was attempted but due to the warm nature of
the thruster this technique did not result in a
successful restart. Several tests were performed to
define a restart technique that would assure success
in this short eclipse condition. The following
startup sequence was found to be successful: Sixty
watts was applied to the cathode and neutralizer tip
heaters, and no power was applied to the isolator.
The cathode and main vaporizers are still warm at

t = 17 minutes and i{sclator power can vaporize Hg
ana cause an undesirable cathode ignition or Hg con~
densation in the discharge chamber. After heating
the cathodes for 10 minutes (t = 27 min), the vapor-
izers for the cathodes were placed on controllers,
the keeper supplies were turned on and the main va-
porizer set to 3 watts, The main vaporizer was not
placed in controllers, since with no beam the con-
troller would call for full vaporizer power and the
excessive Hg vapor can cause breakdowns when the
high voltage is turned on. Ome minute after the va-
porizers were turned on, the neutralizer lit (¢ =

28 min). The cathode 1it and discharge was estab-
lished at t = 30 minutes, or 13 minutes after the
end of the eclipse. The high voltage was also turn-
ed on at t = 30 minutes and 16 minutes after the
eclipse (t = 33 min) the thruster was back to the
pre-eclipse value of beam current at a 1 amp beam.

The longest expected eclipse in near earth or-
bit is one ot 72 minutes. Figures 10(a) and (b)
show cool-down curves for the vaporizer and other
thruster components for thermal configuration I for
& 72 minute eclipse. The open symbols are for a
thruster operating at full beam power exposed to
1 sun before the start of the eclipse and the closed
symbols represent the cooling curves of the same
thruster with no sun before the start of the
eclipse. Figure 10 shows the initial temperature
values of various thruster components for the vari-
able sum simulation. It is seen that after the
eclipse simulation the components cooled at differ-
ent rates up to about 30 minutes, After 30 minutes




each component temperature was nearly independent
of its initial remperature value. This means, that
for eclipse simulation of greater than 30 minutes,
sun simulation prior to the eclipse is not neces-
sary to obtain cooling curves of thruster compo-
nents. A point also clear in Figure 10(a) is that
vaporizer cooling is not strongly affected during
an eclipse by the temperature lovels of other
thruster compon-uts.

After the thruster had been in the eclipse
mode for 72 minutes, a conventional restart was
initiated and the Engineering Model thruster at-
tained a full beam in 15 minutes.

These studies indicate that little or no cher-
mal problems arise during an eclipse w.r.t. the
thruster. However, the duration of the eclipse can
significantly affect the restart sequencing of the
thruster to either a one or two amp beam current.
The restart of the thruster after an eclipse was
done with laboratory power supplies designed at
Lewis and restart capability compatable with the
entire spacecraft system (solar cell array, and
space power processor) is yet to be demonstrated.

V. Solar-Multiple Thruster Simulation Thermal

Equilibrium Tests

Operating Procedure

The object of these tests was to operate a
30-cm thruster at quarter, half, and full beam
power and determine the effects of thermal environ-
ments on the closed loop control of the thruster,
the thrust vector, and accelerator grid system in-
tegrity. To accomplish this objective, a number of
tests with the four thermal configurations were
performed.

The steady state control of a thruster is
achieved by means of set point parameters and via
proportional controcl of three vaporizers which are
used to hold three thruster parameters constant.
The beam current, discharge voltage and neutralizer
keeper woltage arc held at constant values by pro~
portional control of the heater power to the main,
cathode and neutralizer vaporizers, respectively.
Accommodation of changes in the thermal environment
can be accomplished by adjusting the power settings
to the vaporizers. If the thermal input from the
environment and thruster decrease the vaporizer
heater power to zero, control is lost, Tests were
run over a large range of conditions to determine
the margin for proportional control. Proportional
controllers similar to those of reference 9 were
used for all tests. Power settings of the vapori-
zers for each of the environmental test conditions
are shown in table 1.

The thrust vector was measured with a moly
button prope 1.25 cm in diameter and 1.0 m down-
stream of the measured beam profile a' each test
condition.

Accelerator grid integrity was evaluated by
measuring the perveance and the high voltage break-
down rates. Variations of either would indicate
grid movement or other phenomena which could impact
the operation of the grid system.

For each thruster power setting the thruster
was exposed to 0, 1, or 2 suns on axis solar simu-

lat{on. The data taken once thermal equilibrium
was reached also included the temperatures of
thruster components as a function of discharge
power and solar flux (trable II). To attain thermal
data the thruster was first allowed to come to
thermal equilibrium, which usually took 4 to 5
hours, with no solar illumination. The solar sim-
ulator was then turncd on. After about 2.5 hours
of solar illumination, the thruster again attained
thermal equilibrium. Presented in the next sec~
rions are some of the data taken for each thermal
configuration.

Thermal Configuration I

In thermal configuration I some of the
thruster surfaces radiated directly to the cold
tank walls. The rear of the thruster, however, had
a view factor of about 0.7 to the rear shield whose
temperature was around 40° C, to simulate a space-
craft surface. The thruster conditions run for
this thermal configuration were beam currents (Jg)
of 1/2, 1, and 2 amps.

Presented in table II and also shown in Fig-~
ure 11 are the temperature levels of varijous
thruster components as a function of discharge
power for O and 2 sun illumination for thermal con-
figuration I. The zerc sun case represents a mis-
sion of large A.U. from the sun where the thermal
input from the sun and other thrusters is negli-
gible. No thruster operating prublems were exper-
ienced, for this thermal condition, even at the low-
est beam current level (quarter power), where the
lowest equilibrium operating temperatures Were
reached (0° C on the ground screen). From the fig-
ure, it can be seen that increasing the discharge
power increases the temperature levels of most of
the components shown. It should be noted that as
the discharge power increases the cathode vaporizer
and main vaporizer temperatures are controlled by
proportional controllers to pruvide the Hg flows
needed to attain proper performance. A large ther-
ral gradiert exists between the front and back of
the arnode because most disiharge electron are col-
le:ted near the front end.10 At 375 watts dis-
charge power (Jg = 2 amps) a temperature difference
of 160° exists. The dashed curves show the in-
crease in temperature levels for the various compo-
nents during exposure to 2 suns. The largest in-
creases in temperature take place at the lowest
power levels, due to the relative energies of the
sun output and thruster power levels.

Shown in Figure 12 and table I are the power
settings needed to keep the temperatures at the
vaporizers constant at full beam.power (Jg = 2A),
as a function of solar illumination. These reduc-
tions occur due to rises in temperatures of thruster
components from solar radiation and the associated
thermal feedback to the vaporizers. Though the
vaporizer power settings are reduced as the solar
flux is increased there is no loss of centrol for
this baseline case (thermal configuration 1). The
margin for control will, of course, depend somewhat
on the chara:teristic of the vaporizer itself. The
vaporizers used on the 702-A thruster operate at
full beam power at temperature levels of 311° C for
the main vaporizer, 282° C for the cathode vapori-
zer, and 277° C for the neutralizer vaporizer. The
temperature level of the cathode vaporizer was some-
what lower (~20° €) than that for the present EMT
design.ll Figure 12 indicates that the maximum
tolerable solar flux will be determined by the



cathode vaporizer control margin and is estimated
to be approxinately 4 suns.

Shown in Figure 13 is a plot of the ratio of
the drain current to the beam current (Ja/Jp)
versus the total accelerating voltage for beam
currents of 1 and 2 amps, without and with 1 and 2
suns solar illumination. Also shown are the tem-
perature levels of the edge of the accelerator grid
for these conditions. This data indicates no
change in perveance for the baseline case due to
solar heating of the accelerator grid; i.e., no
change in grid spacing. Thruster performance data
algo taken indicate no change in gvid spacing.

Changes in grid gap can also cause changes in
beam profile. Shown in Figure 14 is a typical plot
of part of the beam profile as measured by the
moly button probe at full beam power for 0, 1, and
2 suns. The probe could cover only a little over
half the beam. No change in beam profile was de-
tected at this thermal configuration or any of the
other thermal configurations tested.

The thruster in this configuration was also
run at Jg = 10.6 A, aVy = 35 V, and Jg = 2A with
little or no differences in temperature levels or
power settings from the thruster run at Jg = 10 A,
avy = 37V, and Jg = 2A.

Thermal Configuration II

Shown in Figure 15 are the temperature levels
of various thruster components as a function of
discharge power for thermal configuration II with
no sun (the temperatures of all the components
measured are presented in table 1I). For the data
plotted in this figure the azimuthal shield temper-
ature at each power setting was equal to the aver-
age of the engine body and ground screen tempera-
ture. However, for zero power input to the shield
its equilibrium temperature was 90° C at Jg = 2A
and zero sun. Comparison of temperature levels of
specific components for configuration II with the
température levels of the same component for con-
figuration I of Figure 11, show that there 1is an
increase in temperature of all the components pre-
sented for each discharge power. For example, at a
2 amp beam current the anode front temperature
level increased to 450° C from 401° C in thermal
configuration I. Even though some temperatures,
like the manifold and back of the anode were close
to cathode vaporization temperd&tures, no loss of
con.rol of the thruster occurred.

Shown in Figure 16 is the effect of the azi-
muthal shield temperatures on thruster temperature
levels for a thruster operating at full beam power
and 0 sun. The shield temperature was varied from
90° C (0 power to shield) to 250° C. Also shown
are the temperatures of the thruster componentswith
no shield, the thruster having a view factor to LNj7.
Some components like the front of the anode and the
cathode flange show little or no increase in tem-
perature as the azimuthal shield temperature is in-
creased. The thruster component most affected by
shield temperature changes is the ground screen
which rises in temperature from 140° C at a shield
temperature of 90° C to 220° C at a shield temper-
ature of 250° C. This rise in ground screen tem-
perature transfers to other components, i.e., an
increase in the engine body temperature.

Associated with the rise in azimuthal shield
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temperatures, there were some decreases in power
settings to the main and cathode vaporizers. At a
shield temperature of 90° C, the main vaporizer
power setting was 6.2 watts, the cathode vaporizer
3.3 watts, and the neutralizer 4.1 watts. At a
shield temperaturs of 250° C, the pover settings
were reduced to 85 58, and 90 percent of their
initial values for the main, cathode, and neutra-
lizer vaporizers, respectively. Shown in Figurel’
is a plot of the power required for the main,
cathcde, and neutralizer vaporizer for Jg = 2A
(full beam power) as a function of on axis solar
illumination of 0, 1, and 2 suns for thermal con-
figuration 2. For the power shown at 0 suns the
azimuthal shield temperature was 220° C and at

2 suns the shield temperature was 250° C. There
are reductions in power with sclar intensity and
for all the vaporizers, but all reductions were
well within the thermal control margin of the va-
porizers, Thus, even with the thruster surrounded
with an azimuthal temperature of 250" C and 2 suns
i{llumination, there was no loss of control of the
thruster.

For all the above conditions for configura-
tion II there was no change in beam profile, hence,
no change in thrust vector. In addition, there
was no change in either the perveance or an in-
crease in the high voltage breakdown rate due to
multiple sun illumination. Hence, there was no
change in thruster performance as a function of
solar illumination or thermal configuration.

Thermal Configuration 111

For thermal configuration III, six wraps of
aluminized Mylar was placed between the aximuthal
shield and the rear heat shield to negate any view
factor of the thruster rear or sides to LN; walls.
This is an extreme experimental thermal configura-
tion of multiple thruster operation, for a thruster
never has such a high view factor (nearly 100 per-
cent) of other operating thrusters. However, ex-
posing a thruster exclusively to warm background
temperatures allows one to find the temperature
levels that do effect thruster performance, and
can represent test cases where the thruster is
thermally isolated from other thrusters and from
the rearward hemisphere,

Shown in Figure 18 are the temperature levels
of various thruster components as a function of
discharge power for thermal configuration III with
no sun., The 360° azimuthal shield temperature is
also plotted, and was the average of the ground
screen and engine body temperatures for each dis-
charge power level, When compared to the tempera-
ture levels of configuration II (Fig., 15), the
largest increase in temperature is for the rear
cover, which rose to 200° C from 175° C in config-
uration II. At the temperature levels shown in
Figure 18, there was no loss of control of the
vaporizers.

Plotted in Figure 19 are the temperatures of
various thruster components as a function of on
axis solar illumination of 0, 1, and 2 suns for a
2 amp beam current. As shown in the figure. with
the 360° shield at 250° C and ? suns illumination,
the cathode tee coupling increased in temperature
to 289° C. This increase in feed line temperature
(the tee coupling is attached to a structural
asupport-back of the manifold member)6 caused a loss
of control of the cathode vaporizer and even at




zero power to the vaporizer the vaporizer tempera-
ture increased to 287° C from its nominal 282° C.
There was no loss of control of the main vaporizer
for operating at 311° C, it was not adversely ef-
fected by the lower 285° C temperature of the main
tee coupling. A lower value of conductance of the
cathode vaporizer plug, allowing a higher operating
temperature or thermally isolating the feed line-
tee coupling from the manifold-support structure
would alleviate this problem. (A thermocouple
placed on the support structure rendered the same
temperiature as the tee coupling.) Because of this
cathode vaporizer problem, new vaporizer plugs are
being made that will operate for a 2 amp beam at
greater than 300° (.

Shown in Figure 20 are the corresponding
vaporizer power lvovels for the thruster-temperature
levels shown in the previous Figure 19, for a 2 amp
beam current. An increase in solar illumination to
2 guns, although reducing the power requirement for
the main vaporizer and neutralizer vaporizer,
leaves adequate margin for control of these twu
vaporizers. Also shown on Figure 20 are the 360°
azimuthal shield temperatures that correspond to a
given thruster operating configuration. At ore sun
illumiuation and a shield temperature of 230° C
there is control of the cathode vaporizer, the
power being 0.9 watts. At two suns, power require-
ments are shown for three different background 360°
shield temperatures. As the shield temp~>ature in-
creases from 180° ¢ to eventually 250° C, control
of the cathode vaporizer is lost. (At 2 suns,

Jg = 2A, and 0 power applied to the 360° shield,
the shield temperature is 150° C. With zero sun
and the same conditious the shield temperature is
100° C.) At lower beam currents and 2 suns, be-
cause of the lower thruster operating temperatures,
no such problems were encountered.

For 0, 1, and 2 suns illumination and shield
temperatures of up to 250° C for therual configura-
tion II1 there were no changes in beam profile as
measured by the moly button probe. This means no
change in thrust vector. No change in preveance
occurred for thermal configuration 3, at 2 suns and
a beam current of 2 amps, for an accelerator grid
temperature as high as 272° C. The extreme thermal
constraints imposed on the thruster by thermal con-
figuration 3 and 2 suns illumination caused no high
voltage breakdowns or changes in thruster perform-
ance level (i.e., utilization). There was also no
evidence of thermal warping of the grids.

Thermal Conflguration IV

Thermal configuration IV was similar to thermal
configuration 111, except a 270° azimuthal shield
was used instead of a 360° shield to simulate as-
symetric thermal loading of the thruster. This
configuration allowed the top of the thruster a
25 percent azimuthal view factor to LNy walls, a
realistic thruster thermal configuration. The
thruster was run at quarter, half, and full beam
power at 0, 1, and suns illumination. Shown in
Figure 21 are the temperature levels for various
thruster components, at Jg = 2A, Jg = 10A, and
AVy = 37 v for 0, 1, and 2 suns. Because of the
270° shleld is iu the lower quadrants there was a
very large azimuthal thermal gradient on the ground
screcn, the engine body, and anode. The top of the
ground screen is 100° C cooler than the ground
screen at the bottom for all sun conditions. This
large azimuthal thermal gradient caused no notice-

able thruster operation problems. Because of the
azimuthal view factor, the rear cover for this
configuration runs cooler than for thermal config-
uration II1I, for all conditions tested. The
cathode feed line tee coupling was at 265° C and
the 270° shield was at 240° C at full beam power
and 2 suns illumination. Thus, in this case, (as
shown in Fig. 22) there was no loss of control of
the cathode vaporizer, due to excess thermal input
from the feed line. The SS/Al Mylar rear shield
temperature is also plotted in Figure 21 and shows,
a sink temperature for the rear of the thruster of
102° ¢ to 122° C. These high rear shield temper~
atures to which the rear of the thruster had to
radiate did not effect thruster operation.

Shown in Figure 22 are the configuration 1V
vaporizer power values for 3 different thruster
power settings (1/2, 1, and 2 amp beam currents) as
a functien of sun illumination. As shown in the
figure rthe neutralizer vaporizer power setting at
Jg = 1 and 2A was nearly insensitive to solar il-
lumination. At a 1/2 amp beam current the neutra-
lizer vaporlzer power setting decreases with solar
illumination, but at all sun conditions it has a
higher power setting than for Jg = 1 or 2 amps.
Thus, in thermal configuratinn 4 there is plenty
of margin for control of the neutralizer. Like-
wise, the main vaporizer has plenty of control mar-
gin, for even at Jg = 1/2 A and 2 suns illumipa-
tion, the lowest power setting is &4 watts. For the
cathode, at Jg = 2A and 2 suns 1llumination, the
cathode vaporizer was controllable at 0.9 watts.
Thus, a 30 cm EM thruster in thermal configuration 4
has no problems w.r.t. control of the vaporizers,
even at a 270° shield temperature of 240° C and
2 suns illumination,

For the conditions tested in thermal config-
uration IV, there were no changes in beam profile
or perveance. Again, no change in thruster vector,
Thus assymetric therm: ~ loading did not change
thruster periormance level or cause grid warping or
high voltage breakdowns.

VI. Concluding Remarks

The Engineering Model thruster was cold soaked
at hackground temperatures of -196° C. No struc-
tural changes resulted during or after cold storage
and the thruster was restarted without any notice-
able problems. 1t was shown that if the Hg feed
lines are thawed up to the rear cover it was pos-
aible to res*art the thruster from thruster temper-
atures as l.w as -81° C to full beam power in
34 minutes with a minimum of breakdowns.

The thruster operated satisfactorily after
eclipse simulations that varied in length from 3
little as 17 minutes to as long as 72 minutes. It
was possible to return to full beam power, on lab-
oratory power supplies, in as little as 15 minutes
with little or no breakdowns. However, the dura-
tion of the eclipse can affect the restart seguenc-
ing of the thruster.

The thruster was run through extensive ther-
mal testing under a varfety of multiple thruster,
plus sun illumipation. Thruster control character-
istics were evaluated over a range of thruster
power settings, from 1/4 to full beam power. With
the 700 serjes EM thruster it was possible to ther-
mally isolate the thruster from the rearward hemi-
sphere and other thrusters at 1 sun solar illumina-



tion. At 2 suns solar illumination rearward
hemisphere isolation was possible, but not total
thruster isolation. At 2 suns, in the total isola-
tion case, control was lost for the cathode vapor-
izer, but not for the main or neutralizer vapori-
zers. At all multiple thruster and 2 sun condi-
tions run there was no changes in either thruster
performance level or in the thrust magnitude or di-
rections.

The thruster maintained structural integrity
over the range of thermal environments. There were
no indications of impact on thruster lifetime.

Enough data was generated to thermally charac-
terize the thruster and provide data for a future
theoretical thermal model. This information can be
used to characterize thruster performance in pro-
posed spacecraft-mission configurations.
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TABLE I1. - Concluded.

Thermocouple Tast numbar
location

18] 19j20] 210122 23] 24} 251261 27 ) 28] 29
2 256 ] 272 | 284 | 145 [ 148 | 188 ] 206 236 | 249 | 264 | 236 | 265
3 3081308 | 308) 270|269 295] 295} 315} 315 315|316 | 316
4 2831301 [314] 178 [ 201 | 224 244 273 ] 286 | 302 273 | 303
5 283 ] 304 {319 162 [192] 216] 239 269 | 285 | 304 | 269 | 305
é 284 1 302]316| 186 | 208 | 223 243 268 ] 268 | 298 | 266 | 298
7 2821302318 158 | 186 ]210] 2347 263 | 280 ] 299 ] 263 | 298
8 2821282 | 287 ] 301 [302 284 284 280 280 | 280 | 281 | 281
9 426 1 430 1429 326 {331 | 368 374 | 406 | 410 ] 421 | 410 | 421
10 405 | 418 | 423 | 250 j 267 1 320 335] 384 | 394 | 410 | 382 | 409
il 2631277 | 2891 187 |171 [ 194 209 238 | 250 ) 264 | 237 | 265

Engine body
14 2645 | 260 | 277 124 148 [ 172 192) 226 | 240 | 256 | 226 | 256
15 2831298 | 3161143 |172 1205 227 ] 268 | 284 | 300 | 267 | 299
16 2451 261 | 2801 132 |157 j181{ 202 237 [ 283 | 270} 239|271
18 2481263 282 131 [155|178 ] 198 233 ] 249 | 265 | 233 | 265
19 289 | 30€ | 324 | 149 [ 176 [ 207 230 270 ] 287 | 304 | 269 | 302
13 290|307 1323|145 1731203 22411 261 | 2781293 | 261 | 292
17 2631300 | 516 ] 152 1180 J213| 238} 274 | 290 ] 305 | 274 | 305
22 283 | 301 | 319} 155 {183 | 211} 234 ) 269 | 284 | 303 | 270 | 304
23 455 ] 463 {472 ] 261 | 281 | 344 ] 360 | 423 | 438 | 447 | 419 | 438
21 198 | 238 [ 2721 100 [ 152 | 146 1B4 | 192 ) 225 | 257 | 197 | 261
28 659 1 657 ] 600 ] 593 | 596 | 596 | 610 ] 643 | 644 | 648 | 643 | 646
26 2801280 | 280 283 | 283 | 276 | 276 | 280 | 280 | 280 | 280 | 280
2% 213 § 228 | 2451 47 ) 62 ] 74| 841021111 |123 100121
21 208 | 220 [ 243 | 111 |132 | 131} 169 ] 204 ] 216 | 230 | 203 | 232
29 2021124 229 | 92 |108 | 115140} 163 ] 174 | 186 | 163 | 187
27 190 {202 1215 ] 92 {108 [115) 141 166|175 | 187|173 {198
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Figure z. = Hughes 700 series 30 cm thruster.

Figure 3, - Back view of thruster and mount system.
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