VOL. 7, NO. 1, JANUARY 1970

J. SPACECRAFT 7

SERT II: Thruster System Ground Testing

Davip C. Byers* and Joa~x F. Stacast
NASA Lewis Research Center, Cleveland, Ohio

The performance of the SERT II thruster system over the range of operating parameters
expected on the SERT II mission is described. Extraction voltages were varied over a range
of 1000 v, and the thrust level was varied over a three to one range. At the rated (0.25-amp)
beam current the over-all thruster efficiency decreased from 719, at 4770 sec specific impulse to
about 689, at 4300 sec specific impulse. The required neutralizer equivalent neutral flow rate
increased by about 0.007 amp when the neutralizer anode voltage was decreased from 30 to
22 v. The neutralizer flow rate more than doubled when the beam current was decreased
from the rated value of 0.250 to 0.075 amp. Various life tests indicate that the operational
lifetimes of all thruster components exceeded mission requirements.

Introduction

HE SERT II (Space Electric Rocket Test IT) missiontis a

6-month life test of a 15-cm-diam, mercury, hollow-
cathode thruster. The spacecraft, auxiliary space experi-
ments, and thruster design philosophy have been described
previously.n? The basic discharge-chamber optimization of
the thruster for its single-design-point operation has been
described in Refs. 3 and 4, which include the use of both a
thermionic cathode® and a hollow cathode.* The neutralizer
is of the plasma bridge type,®® and the specific configuration
is based on the data presented in Ref. 7. However, several
design changes have since been incorporated into the thruster,
and, due to various mission constraints, it will be required to
satisfy larger ranges of operating parameters than considered
in previous work. A test program established its perform-
ance at lower thrust levels and determined operational pro-
cedures necessary to insure safe operation.

This paper gives details of the SERT II configuration and
expected performance over the required ranges of operating
parameters, including a 3:1 change in thrust level and varia-
tion of total extraction voltage by more than 1000 v. Such
variations are of interest for other missions.® Rather small
positional variations of certain components can significantly
affect performance. Data on thruster power efficiency and
over-all efficiency, and some details of endurance tests are
presented.

Thruster Subsystem

The SERT-II thruster subsystem is shown in Fig. 4 of a
companion paper.! The design of the bar magnets, the
accelerator and screen electrodes, the distributor pole piece,
and the thruster cathode geometry was firmly established by
the work presented in Refs. 3 and 4. Ttems that were not
covered, or that required modification on the flight configura-
tion, included the thruster propellant tank, the mercury pro-
pellant vaporizer and phase separator, the main flow orifice
which divides the propellant flow between the cathode and
distributor, the method of cathode keeper support, and the
baffle mount.

The propellant tank has a 14.5-kg capacity and is similar to
the type described in Ref. 9. It consists of a spherically
shaped Hg reservoir. The rear hemisphere is formed by a
butyl rubber diaphram. Behind the diaphram is a nitrogen

Presented as Paper 69-235 at the AIAA 7th Electric Pro-
_pulsion Conference, Williamsburg, Va., March 3-5, 1969; sub-
mitted March 19, 1969; revision received August 14, 1969.

* Research Scientist. Member ATAA.

T Aerospace Research Tngineer; now Applications Specialist,
Clevite Corporation, Cleveland, Ohio. Member ATAA.

gas reservoir pressurized to 2.4 X 10° N/m? (35 psia) at the
start of the mission. This pressure maintains the liquid-
vapor interface at the porous tungsten disk. The Hg and
nitrogen reservoirs are approximately equal in volume, so that
the nitrogen pressure is reduced by half at the end of the
mission.

The thruster vaporizer and phase separator (Fig. 1) is a
porous tungsten plug, 0.147 em thick, welded into a 0.635-cm-
diam tubular tantalum body. The swaged heater for the
vaporizer is constructed with No. 24 (0.064-cm-diam)
Nichrome-V filament and Al:O; insulation. A tantalum
sheath is used, and commercially available cable-end secals
terminate the heater. Approximately 3.5 turns of the heater
are wound on the outside of the tubular vaporizer body and
brazed in place. The heater islocated 0.5 cm upstream of the
porous tungsten disk. Contamination of the porous tungsten
by various materials caused a number of problems until a
rigorous fabriecation procedure was established that included
steps such as degreasing, ultrasonic cleaning, and vacuum
firing the components at a number of points in the fabrication
cycle.

In prior hollow-cathode thruster work, separate vaporizers
have been used for cathode flow and main propellant flow.
In present configurations, one vaporizer supplies both; a
main flow orifice (Fig. 1) divides the total propellant flow
between the cathode and thruster distributor. The main flow
orifice is drilled in a small plug that is inserted in the down-
stream face of the plasma isolator (Fig. 1). Because of the
lack of a reliable plasma isolator to date, the thruster systems
have been fabricated with a metal mock-up of the proper
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Fig. 1 Cross-sectional view of thruster propellant feed-
cathode-baffle system.
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Fig. 2 Cross-sectional view of neutralizer subsystem.

dimensions. In the event that a reliable isolator becomes
available, it may be substituted for the mock isolator with
minimum disruption of the system integrity. The diameter of
the main flow orifice is very critical to proper distribution of
flows. Orifice size iterations are made until desired thruster
discharge characteristics are obtained. The sizes used range
from approximately 0.18 to 0.23 mm. Available drill sizes
in this range increase by 0.01-mm steps starting at 0.18 mm.
Orifices are drilled in the removable plugs and are then photo~
micrographed to determine the exact size. The orifice in the
cathode is nearly constant at 0.19-mm diam,

In order to maintain the cathode keeper electrode in its
position accurately, the 0.152-cm-~diam tantalum keeper wire
is enclosed in an AlyO; tube with a tantalum sheath swaged
onto the alumina and is brought into the thruster along the
downstream face of the distributor. This assembly is
strapped directly to the distributor. An opening at the
base of the pole piece allows the keeper ring to extend into the
center of the pole plece. The keeper ring is concentric with
the cathode to within 0.025 em and spaced downstream of the
cathode face 0.152 == 0.0075 ecm. The positions of the legs
of the three-legged baffle mount with respect to both the
baffle and the distributor pole piece (Fig. 1) strongly in-
fluences thruster performance as discussed later. The
tolerances on baffle position are 0.025 cm on concentricity of
baffle and pole piece and =+ 0.025 em on baffle location 0.477
em downstream of the end plane of the distributor pole piece.

Neutralizer Subsystem

The neutralizer subsystem comprises the mereury tank,
vaporizer, cathode, and keeper (Fig. 2). These components
are very similar to their respective counterparts on the thruster
subsystem; the vaporizer and tank are basically scaled-down
versions of the corresponding main thruster components.
The porous tungsten plug in the neutralizer is enclosed directly
in the 0.318-cm-diam feed line. The vaporizer is located ~10
em along the feed line from the cathode tip. This distance
eliminates thermal feedback from the cathode as a control
problem but allows some heat flow to the neutralizer reservoir
to assist in prevention of freezing of the Hg. The 0.469-kg-
capacity tank has a butyl rubber diaphram as in the thruster
tank. A pressure transducer and thermistor will monitor its
N pressure and temperature on the flight system.

The neutralizer cathode fabrication is similar to that of the
thruster cathode. TIts orifice is ~0.23 mm in diameter. The
position of the orifice—1.75 em downstream of the thruster
accelerator doubler plate (see Fig. 2) and 1.90 em radially
outward from the outer row of holes in the accelerator—is a
critical assembly feature. The longitudinal axis of the
cathode forms a 20° angle with the plane of the accelerator and
is directed through the center of the exhaust beam.

The neutralizer keeper is mounted near the side of cathode
and extends into position 0.152 ¢m downstream of the cathode
face. The ring and support is fabricated of flat tantalum
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sheet. Position and tolerances with respect to the cathode
are the same as for the thruster main keeper-cathode assembly.

System Integration

The thruster system is mounted to a gimbal system, which
in turn mounts to the spacecraft. The gimbal system consists
of two rings connected by plastic bearings. The thruster
system is mounted to the spacecraft by another set of bear-
ings. The two sets of bearings allow two-dimensional thrust
vectoring. The inner ring of the gimbal weighs 1.8 kg and is
designed as an integral part of the thruster system. DBoth
mercury tanks, the thruster, and cover screen that encloses
the entire thruster system, are mounted from the inner ring.
All of the electrical leads inside the cover screen are bare
copper wires that terminate on two groupings of standoff
insulators, which are shadow-shielded so as to avoid entrap-
ment of gases and electrical breakdown.

The weight of the entire thruster system, including the
thruster, mercury (15 kg), inner gimbal ring, cover screens,
wiring harness, and the pressure transducer, is ~25 kg.

Control Logic and Power-Conditioning Outputs

An electrical schematic of the SERT II thruster system
is shown in Fig. 3. The outputs of the power conditioning are
of two types: controlled (or regulated) and unregulated. The
unregulated outputs are approximately proportional to the
output voltage of the solar cell array. The solar cell array
voltage will decrease, due to radiation damage and sun-line
orientation decay, by an estimated 169, over the 6-month
mission lifetime.

Thruster Subsystem

Both the net accelerating potential V; and the accelerator
potential V4 are unregulated and will decrease with the solar
array output voltage. For the aforementioned 169, degrada-~
tion, the total accelerating voltage Vrwill drop from the initial
design value of 5100 v (V;, 3000 v; V4, —1900v) to 4285 v,
but V;/Vr will remain approximately constant. Therate and
nurmber of high-voltage breakdowns will be monitored
throughout the mission. The power supplies are adjusted so
that V;and V4 drop to zero at currents in excess of 0.300 and
0.050 amp, respectively. After an electrical breakdown the
high voltage supplies recycle in 100 msec. To prevent the
occurrence of sustained breakdowns, all input voltages to the
thruster are automatically shut off if continuous breakdowns
oceur for periods in excess of 40 to 60 sec. After this type
of shutdown it is necessary to restart the thruster via ground
commands. The design thrust level is ~2.9 X 1072 N (6.5
mlb), which corresponds to an ion beam current Jp of 0.25
amp at V4 = 3300 v. The thruster will also be required,
however, to operate at about 30 and 809 of this thrust value,
so that gimbal corrections may be made, if necessary, at low
disturbance torques. The thrust level will be adjusted by
comparing Jg with a predetermined set point and controlling
Jg via a feedback loop to the thruster vaporizer. Because a
single vaporizer is used, variation of the vaporizer power
changes the total neutral flow through both the cathode and
main flow orifices. A variation in flow, especially through the
cathode,* strongly alters the volt-ampere characteristic of the
discharge. Thus, with this system, performance is optimized
at only one set point and degrades considerably at off-design
points.

The discharge potential AV; may be set by ground com-
mand to provide 40, 37, or 35 v operation at about 1.8 amp
discharge current. These set points are included to com-
pensate for possible variation of the volt~ampere character-
istic of the discharge plasma or drift in the power-conditioning
outputs. The nominal operating point is 837 v at 1.8 amp.
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The output characteristic curve of the discharge chamber
supply (AV7) is essentially constant voltage in the region of
intersection with the discharge plasma volt-ampere character-
istie curve. The no-load voltage is about 50 v in order to
ensure coupling between the keeper discharge and the thruster
anode. With increasing current, AV; drops with approxi-
mately a 13-Q slop. At about 2.5 amp the supply output be-
comes nearly current-limited, and the voltage drops to 10 v
at about 2.6 amp. The current limit is included to prevent
large values of discharge current which, as explained in a
companion paper, can degrade cathode lifetime.

The cathode-tip power supply is current-limited. The
cathode tip and mock isolater heater are in series. During
preheat (no discharge) the heater current is set at 2.8 amp
(or a cathode power of about 33 w) to heat the thruster and to
insure sufficient thermionic emission for reliable ignition of the
cathode keeper discharge. After the keeper discharge
couples to the thruster anode, the cathode heater current
drops to 1.5 amp (or a power of ~18 w) at a discharge current
of about 0.25 amp and is constant at 1.5 amp at all higher dis-
charge currents. The heater current is reduced to allow cooler
operation of the cathode.

The thruster keeper power supply is also unregulated. The
no-~load supply voltage is in excess of 300 v to insure reliable
starting of the keeper discharge arc. The keeper voltage Vgx
drops with increasing keeper current from 300 v at 0.010 amp
to zero at 0.300 amp. The volt-ampere characteristic curves
of the keeper discharge arc and the keeper power supply inter-
sect in the 10-15 v range, where the supply current is nearly
coustant. The drop in solar cell array vollage will cause a
decrease in the keeper current from the initial values of 0.300
amp to about 0.270 amp over the 6-month mission.

Neutralizer Subsystem

The neutralizer tip and vaporizer heaters arc in series.
During preheat, previous to ignition of the neutralizer kecper
discharge, the power supply current is set at 2.8 amp to insure
sufficient thermionic emission and neutral flow rate for reliable
ignition of the neutralizer keeper discharge. The power to
the vaporizer and cathode heaters is controlled via a feedback
loop which maintains a fixed voltage between the neutralizer
keeper and tip.

The neutralizer keeper power supply also is unregulated.
The supply voltage drops from about 300 v at 0.005 amp load
to zero at about 0.200 amp. As previously stated, the keeper
voltage is controlled by the neutralizer propellant flow. Two
control set-points of the keeper voltage are available by
ground command. Solar-cell-array degradation will cause the
neutralizer keeper current to drop by ~10% by the end of the
mission.

Thruster Subsystem Performance

Thruster parameters can be conveniently separated into
those relating to the initial electromechanical configuration of
the thruster and those which can be expected to vary because
of degradation of the solar cell array, low-level disturbance
torques, or drift in the power-conditioning outputs. The
parameters of most interest are the volt-ampere characteristic
of the discharge and the energy to form a beam ion, ev/ion,
as a function of the propellant utilization efficiency. The
former is of interest because:

1) The ion-chamber discharge power is the largest power
loss of the thruster and hence, appreciably affects the thruster
power efficiency.

2) The cathode lifetime is sensitive to both the the voltage
and current of the discharge. A companion paper® discusses
lifetime criteria in detail.

3) The shape of the volt-ampere curve is important in the
specification of desirable power conditioning output character-
istics.

SERT II: THRUSTER SYSTEM GROUND TESTING 9

THRUSTER SUB-SYSTEM
C T T oo s oo EUTRALIZER
MOCK == | ||SUB-SYSTEM

i

{ ISOLATOR :—‘_.:>
Hlome B

; LIQuiD 4

|

|

|

Fig. 3 Electrical schematic of SERT II thruster.

4) The discharge power strongly influences the propellant
utilization efficiency. In addition, at a fixed Jg, a curve of
discharge chamber losses vs propellant utilization efficiency
is defined by the discharge potential.*

The nominal operating point of 37 v discharge potential and
1.8 amp discharge (anode) current has been selected on the
basis of over-all performance and cathode lifetime. The
specific electromechanical configuration has been selected to
provide the nominal operating point at the midpoint of the
mission.

Baffle and Baffle Mount

The baffle (Fig. 1) is identical to the 6-hole baflle described
in Ref. 4. However, an additional (third) wire has been added
to the baffle mount to insure adequate mechanical strength
through the launch. Because the extra wire increased the
discharge potential by several volts for a given ratio of
cathode-to-main propellant flow, the flow ratio was increased
to make the discharge characteristics identical to those of Ref.
4 (for the 6-hole baffle).

Reference 4 showed the extreme sensitivity of the thruster
volt-ampere characteristic to baffle dimension and indicated
that the role of the baffle was primarily electrical in nature, as
opposed to an effect on neutral efflux patterns. It is not
surprising, therefore, that the volt-amperc characteristics of
{the discharge can be very sensitive to small variations of baffle
mount geometry. Due to this sensitivity, all data reported
herein were taken with the final design tripod mount and 6-
hole baffle system.

Ratio of Propellant Flows and Thrust Level

The thruster performance is a strong function of the
neutral flow through the main and cathode orifices and the
thrust level. As stated previously, the cathode/main flow
ratio is controlled by diameter of the main feed orifice. The
cathode orifice diameter was constant (0.19 mm) for the
data presented below.

Figure 4 shows the discharge volt-ampere characteristics
with three main flow orifices at three beam currents, which
correspond to three required thrustlevels. AtJp = 0.25amp,
the volt-ampere characteristics are most sensitive to a change
in diameter of the main flow orifice (or ratio of cathode to
main propellant flow). At lower Jp's the volt-ampere
characteristic is nearly parallel to the voltage axis and, in fact,
at the lowest Jg, several prototype thrusters evidenced a
negative resistance characteristic at the lower range of
discharge chamber voltage. Separate tests with a two-
vaporizer system (onc for cathode and one for main flow)
indicated that, at the rated J5 of 0.25 amp a 37-v, 1.8-amp
discharge was obtained with about 0.080 equivalent amp of
neutral flow through the cathode. The ratio of the cathode
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with three main flow orifices and at three beam currents
net extraction voltage ¥V, 3000 v; accelerator voltage V.,
—2000 v; cathode orifice diameter, 0.19 pam.

to main flow was about 0.37. However, the ratio of the
cathode to main flow orifices is only slightly less than one.
The difference in flow is explained by an effective decrease of
conductance through the cathode due to the cathode dis-
charge. The effect of the discharge on the conductance of a
hollow cathode has been noted previously.'* The fact that the
cathode flow (0.080 amp) required to achieve the nominal dis-
charge characteristic was larger than that required in Ref. 4
was due to the use of a 3-wire baffle mount as previously
described.

Figure 5 shows the discharge current J vs J5 (thrust level)
for 37-v discharge voltage and three main flow orifice diam-
eters. The J; increase is more than linear with Jp for Jz >

~
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Fig. 6 Discharge chamber losses at various beam currents

for various combinations of cathode and main propellant

flow. Net extraction voltage Vi, 3000 v; accelerator vol-
tage Vg, —2000 v.

0.19 amp. Then, for a fixed discharge voltage, the thruster
operates at increased discharge chamber losses (ev/ion) as Jp
is increased. In addition, J; becomes more sensitive to
changes in main flow orifice diameter as Jz increases. The
exact reason for this behavior is not known. The ratio of flow
through the cathode and main flow orifices could, however,
vary more severely with increasing values of discharge current.
This possibility was not investigated in these tests because the
data were taken with a single vaporizer, but it is known from
other tests that the discharge in the cathode strongly affects
the conductance.

The energy to form a beam ion as a function of propellant
utilization efficiency is shown in Fig. 6 at the three required
levels of Jp. These data were generated by varying the dis-
charge chamber voltage at fixed Jz. At Jz = 0.25 amp, the
discharge chamber losses Er, for a given value of propellant
utilization efficiency, tend to decrease with increasing main
flow orifice diameter (decreasing cathode flow). At the lower
beam currents, Ky was rather insensitive to the diameter of the
main flow orifice. This result is not surprising in view of the
fact that the volt-ampere characteristics (or discharge cham-
ber power) for the various orifices tended to be quite similar
at the lower beam currents (Fig. 4).

Figure 7 shows propellant utilization efficiency nu vs Jg for
the three discharge voltage set-points for the SERT IT mission.
At a fixed discharge voltage, gy drops as Js drops and is com-
paratively insensitive to changes in main flow orifice diameter.
This fact is rather surprising. As was seen in Figs. 4 and 5,
the discharge currents (or discharge power losses) were, at Jz
2 0.20 amp, quite sensitive to the main flow orifice diameter.
For example, at 0.25-amp beam current and 40-v discharge
potential, E; increased over 509, as the main flow orifice
chamber decreased from 0.221 to 0.198 mm.

Figure 7 also shows that over a 2:1 range of J» (which is of
interest for larger thrusters$1?) ny decreased by 18 to 26%.
In summary, for the SERT II thruster, the propellant utiliza-
tlon efficiency is virtually completely specified by the dis-
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charge voltage and beam current. It is not presently known
whether this relationship holds for different geometries,
thruster sizes, or extraction voltages.

Extraction Voltage

Figure 8 shows the effect of extraction voltage Vi on J,, no,
and E; for a ratio of net to total extraction voltage of 0.62. At
constant discharge potential AV and beam current, .J; de-
creases with increasing extraction voltage (Fig. 8a). This
drop in J; is reflected as a decrease in E;; however, at a fixed
discharge potential, 5y remains nearly constant (Fig. 8b).
Similar effects of the extraction system parameters on dis-
charge chamber losses has been previously noted for thrusters
utilizing thermionic cathodes.*8.13

Performance Variation with Mission Time
Estimates of the possible variations of several parameters

during the mission because of drift in the initial set points of

Table 1 Possible deviation of parameters from design
operating values and effect of deviation
on discharge current

Effect of
deviation on
discharge cur-
rent J

Maximum
expected devia-
tion from design

Thruster parameter operating value

Ton beam current Jz +0.005 amp  +Inecreases Jy,
—decreases J1
Net extraction voltage V; +500 v +Decreases Ji,
—increases J
Cathode current J gz +0.1 amp  4Increases Jy,
—decreases Jr
Discharge voltage AV +1.1v +Increases J,

—decreases Ji
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the power conditioning and loss in solar cell output are shown
in Table 1. The possible variation in extraction voltage is
presented as =500 v excursion from & nominal point. Ac-~
tually during the mission the extraction voltage will decrease
by about 1000 v. The other parameters shown on Table 1
can, however, either increase or decrease by the amounts
shown.

The range of performance variation about an operating
point is presented in Fig. 9. The variation in performance
shown in Fig. 9 is representative of that possible on the SERT
II mission. The solid curve is the volt-ampere characteristic
taken by varying the anode voltage with all other parameters
held constant. The upper and lower limits of the performed
“box’ are defined by the excursions of discharge voltage pre-
sented in Table 1. These excursions of discharge voltage have
been estimated at about £=39, and are due to possible drift
in the power conditioning discharge voltage set point.

The data at the right and left extremities of the perfor-
mance “‘box” represent the sum of the deviations in the thruster
electrical parameters (Table 1) which maximize or minimize
the discharge current at constant discharge voltage. Figure 9
shows that a 69 variation in 5y and a 90 ev/ion variation in
E; might occur during the mission. These variations are near
maximum, and it is likely that the performance will not vary
this much.

Neutralizer Subsystem

The following parameters are key indicators of neutralizer
performance:

ny=0.84
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Fig. 9 Range of performance during mission.
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Fig.10 Neutralizer performance as a function of flow rate
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1) The neutralizer keeper voltage with respect to the
neutralizer tip, Ve, is controlled by the neutralizer flow rate
via a feedback loop to the neutralizer vaporizer. Although
use of this control logic has presented difficulties with some
neutralizer geometries,!! no difficulties were experienced with
the SERT II geometry.

2) The beam potential V,, downstream of the accelerator
electrode varies radially and axially. Emissive probe mea-
surements presented in Ref. 15 indicate that the potential
dropped about 5 to 10 v from the axis to the beam edge. Pre-
liminary measurements have been taken by V. K. Rawlin at
NASA Lewis Research Center with a floating Langmuir probe.
These results indicate that the beam potential is a strong
function of both the neutralizer neutral flow rate and the
symmetry of the neutralizer keeper with respect to the neu-
tralizer cathode.

3) The neutralizer floating potential V, (Fig. 10) is nega-~
tive with respect to ground. The degree to which it floats
negative decreases with neutralizer mass flow rate.

1) The coupling potential, |V,| + V,, is of importance in
determining neutralizer tip lifetime, since ions may fall
through this potential from the beam to the tip, causing sput-
tering erosion of the tip. Due to the spatial variation of V,,
however, the value of the coupling potential is somewhat
arbitrarily determined.

Figure 10 shows V,. and V, vs mercury flow rate at the
three required ion beam currents. It is seen that the mass
flow at which the neutralizer operates is a strong function of
the keeper voltage. The required neutral flow rate increased
by about 509 as V. decreased from 30 to 22 v at each Jp. It
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Fig. 11 Thruster power efficiency as a function of beam

current and net extraction voltage. Ion chamber dis-

charge potential AV}, 37 v; ratio of net to total extraction
voltage R, 0.62.
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is further seen that the neutralizer performance degrades
rather strongly with decreasing Js. At fixed V..'s between
30 and 22 v, the required neutral flow rate more than doubled
as Jp decreased from 0.25 to 0.075 amp. Operation at re-
duced beam is equivalent to a radial displacement of the
neutralizer away from the beam edge. Such a displacement
can severely degrade performance.

Thruster Power Efficiency

Figure 11 shows the thruster power efficiency 7, vs J5 and
net extraction voltage V;. All thruster powers, including
coupling power, were included in these data. Figure 1la,
shows that n, was essentially constant for 0.20 < Jz < 0.25
amp and dropped off to ~0.76 at J5 = 0.075 amp. The near
constaney in 7, at high Jz is due to the large change in J; with
thrust level (Fig. 5). The power efficiency was relatively in-
sensitive to the extraction voltage (Fig. 11b). The ratio of
net to total extraction voltage was 0.62 for the data of Fig.
11b. The extraction voltages at start of mission will be V; =
3300 v and V, = —1980 v. As previously mentioned, these
voltages could degrade by as much as 169, over the 6-month
mission; this drop will lead to a decrease in 7, of ~6%.

Thruster Over-All Efficiency

The over-all thruster efficiency (yr = nenv) is plotted vs
J & and specific impulse (I,p) in Fig. 12 for a discharge voltage
of 837 v. The net extraction voltage was 3300 v for the data of
Fig. 12a and varied, at Jg = 0.25 amp, between 3600 and
2380 v for the data of Fig. 12b. The [, was obtained by
multiplying the impulse calculated from the next extraction
voltage by the over-all propellant utilization efficiency (in-
cluding neutralizer flow). It is seen in Fig. 12a that 57 de-
graded with decreasing thrust level. This reflects primarily
the decrease in propellant utilization with thrust level (Fig.
7). It was seen from Fig. 5 that at fixed discharge potential
the discharge chamber losses increase with thrust level. On
the other hand, Fig. 7 indicated that operation at the maxi-
mum discharge voltage specified by lifetime considerations
tends to maximize nu for over-all beam currents. It should
also be noted that selection of the neutralizer operating point
can influence nr (Fig. 10). Operation at 28 v neutralizer
keeper voltage, compared with 22 v, decreased the neutralizer
flow rate by ~509% and increased nr by ~2%.

Figure 12b shows that 5z will vary by ~49%, due to the
anticipated variations in extraction voltage over the mission
time. Forreference, the curve of expected future performance
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Table 2 Summary of life tests

Test
1 2 3 4

Net extraction:

Voltage Vi, amp 3000 3300 £ 100 3400 3400

Current J 3, amp 252 0.250 £ 0.005 0.250 0.250
Accelerator:

Voltage V4, v 2080 1900 £ 100 1750 1750

Current ./ 4, ma 1.2 2.1 1.52 1.50
Discharge:

Voltage A Vi, v 36.5+0.5 37.44+0.4 35.0 36

Current J7, amp 2.01 +=0.02 1.94£0.1 1.9 1.85
Thruster keeper:

Voltage Vix, v 10.54+0.5 12.0 11.0 12.3

Current J xg, amp 0.34 0.31 0.34 0.34
Neutralizer tip and vaporizer:

Voltage Nyr, v 6.7+ 0.5 7.5+£0.5 7.0+£0.1 6.60

Current Jyr, amp 2.1+0.1 2.14+0. 2.0 1.754+0.1
Neutralizer anode:

Voltage Va, v 22.1 22.04+0.5 29.9 36

Current J x4, amp 0.198 0.215 0.223 0.22
Thruster floating voltage 11 20£1.0 20.2 19.0

Vg v
Test duration, hr 1000 ~2300 223 133
Measured mass flow rates:

Neutralizer, ma 18.7

Thruster, ma 300

for 2- to 3-kw thrusters utilizing SERT IT technology? is also decreases the required neutral flow rate (Fig. 10). Life test

shown on Fig. 12b.

The SERT II thruster system was designed with single-
point operation in mind. The variation in operating param-
eters produced by various mission constraints lead to degrada-
tion of thruster performance from its nominal operating point.
As pointed out in Ref. 12, different designs and control logic
could possibly decrease the dependence of performance on
thrust level and speeific impulse.

Life Tests

Four endurance tests have been performed with flight-
type SERT II systems as of November 1968, three at the
Lewis Research Center and one at TRW Systems Ine. (Con-
tract No. NAS3-8917). The nominal operating parameters
during the tests are presented in Table 2. Tests 1 and 2 were
run at nearly similar conditions. Tests 3 and 4 differed from
1 and 2 in that the neutralizer anode control voltage was
regulated at 30 and 36 v, respectively. The results of tests 1,
2, and 3 were similar in that, with the exception of the accel-
erator grid and cathode all thruster components had an in-
dicated extrapolated lifetime in excess of 10,000 hr. In test 4
the neutralizer tip suffered some damage around the orifice.
It is felt, then, that a neutralizer anode voltage of 30 v repre-
sents a near upper limit with the present SERT II neutralizer
design.

The accelerator grid suffers from charge exchange erosion
in the form of pits over the center area and a groove near the
neutralizer. Erosion through the accelerator grid does not,
however, indicate an end of life. As explained in a companion
paper, electron backstreaming does not occur until holes of
order 0.5 em in radius are cut into the accelerator grid. This
tolerance to large geometric variation may be due in large
measure to the low beam current density near the neutralizer,
where the groove erosion takes place. Measurement of the
depth of charge exchange pits indicates that the minimum
time for the pits to erode through the grid is in excess of 5000
hr. This estimate is probably conservative because various
measurements have indicated that the rate of charge exchange
erosion decreased somewhat with time. The groove erosion
near the neutralizer is more severe than the pit erosion. The
groove wore nearly through the grid in about 2300 hr in life
test 2. Operation at increased neutralizer keeper potential

3 was operated at 30 v and measurement of the accelerator
groove at 100 and 223 hr indicated that the time required to
wear through is improved over that of tests 1 and 2. The
“frozen’ design of the SERT II thruster does not allow major
mechanical changes to be made in order to improve the erosion
conditions beyond mission requirements. However, in future
thruster systems changes such as neutralizer position may be
made to decrease erosion problems.

The discharge current started to increase, at fixed discharge
voltage at about the 2200-hr point in life test 2. The increase
in discharge current was felt to be due to an increase in the
cathode orifice diameter. Cathode wear rates increase with
increasing cathode temperature.® To reduce the steady-
state cathode operating temperature, the cathode heater and
discharge currents were reduced from 2.0 amps to 1.5 and 1.8
amp, respectively. These operating conditions should result
in cathode lifetimes well in excess of the mission time.

Concluding Remarks

This paper has presented performance of flight type SERT
IT thrusters over a wide range of operating conditions. The
following results were obtained:

1) At the start of the mission the propellant utilization
efficiency will be about 81.5% and the power efficiency about
86.5%. This yields an over-all efficiency of about 719, at a
specific impulse of about 4770 sec. The variation of extrac-
tion voltage expected over the 6-month mission will reduce
the specific impulse and over-all thruster efficiency to about
4300 sec and 687, respectively. For these values, the beam
current will remain approximately constant at 0.250 amp.

2) Thruster performance was sensitive to thrust level.
A 3:1 reduction in thrust, at constant discharge voltage,
decreased the propellant utilization and power efficiencies by
about 35 and 89, respectively.

3) The neutralizer performance is sensitive to thrust level
and neutralizer keeper control voltage. At a fixed neutralizer
keeper voltage a 3:1 reduction in thrust more than doubled the
required neutralizer propellant flow. Reduction of the neu-
tralizer keeper voltage from 30 to 22 v (the present range of
interest) increased the neutral flow rate by about 509, at
each of the three required thrust levels.
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Durability of the Hollow Cathode and Future

Applications of Hollow Cathodes

VinceENT K. RAwLIN® anp Wirniam R. KErsLARET
NASA Lewrs Research Center, Cleveland, Ohio

The SERT II thruster uses mercury-vapor-fed hollow cathodes for both the main discharge
chamber and for the neutralizer cathode. The design of these two nearly identical cathodes
was determined by a previous development program. This paper presents the re-
sults of life testing seven main cathodes and six neutralizer cathodes in experimental thruster
systems for periods up to 3438 hr. The main cathode emits 2 amp to the discharge chamber
and has at this current, a maximum projected lifetime of 15,000 hr. When emission currents
greater than 2.5 amp were drawn, the projected lifetime was sharply reduced. The neutralizer
cathode injects 0.25 amp of electrons into the ion exhaust beam and has a maximum projected
lifetime of 33,000 hr. A hollow cathode has been tested in a bell jar as a simulated neutralizer
for more than 12,000 hr. Larger hollow cathodes developed for use in large thrusters emitted
10 to 20 amp and showed no wear after testing for 234 hr.

Introduction

15-CM-DIAM Kaufman thruster, using Hg propellant,

will be used on the SERT II (Space Electric Rocket
Test II) mission.! A development program was carried out
at the NASA Lewis Research Center which specified the
optimum experimental thruster components.?™* A part of
that program consisted of endurance testing the final ex-
perimental thruster design for more than 2000 hr.

The experimental thruster was similar to the thruster
system described in Ref. 5. The major difference was that
the mereury vapor flow was not split between the cathode and
discharge chamber. Instead two vaporizers were used—

Presented as Paper 69-304 at the AIAA 7th Electric Propulsion
Conference, Williamsburg, Va., March 3-5, 1969; submitted
October 30, 1968; revision received August 14, 1969.

* Aerospace Research Engineer.

t Head, Propulsion Systems Section. Member ATAA.

one for the hollow cathode and the other for the main dis-
charge chamber. The experimental thruster also had the
advantage of being easily modified for improvements or parts
replacement.

This paper presents the endurance test results for the main
discharge cathode and neutralizer cathode used in that pro-
gram. Also discussed are two areas of concern relating to
the plasma-bridge neutralizer. The paper also presents the
results obtained with the SERT IT and larger hollow cathodes
when operated at higher emission eurrents.

Experimental Apparatus

A cross section sketch of the hollow cathode used for the
SERT II experimental neutralizer and main thruster cathode
is presented in Fig. 1 and is further described in Ref. 2. The
main thruster cathodes and the neutralizer cathodes were



